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ABSTRACT

Today, the development of photovoltaic (PV) technology based on solar energy is vital
to overcome the continuous depletion of fossil fuels which bring various environmental
impacts particularly global warming and air pollution. The electrolyte of a PV cell is
one of the most essential components. Highly efficient electrolyte is crucial for high-
performance photovoltaic cell. Liquid electrolytes have yields to produce high
efficiency cell over other types of electrolytes, however, it has drawbacks of leakage
and corrosion with low volatility. To overcome these issues, solid electrolytes motivate
us to undertake among the most promising candidates due to excellent chemical and
physical stability, improved durability with wider operating temperature and stay
steady. Therefore, this research was intended to develop a highly efficient solid
electrolyte. In this study, a solid polymer electrolyte (P-Na-S) comprising
poly(acrylamide-co-acrylic acid), sodium carboxymethylcellulose (Na-CMC), sodium
sulfide (NaxS) blend has been fabricated by solution casting method. To fabricate solid
polymer electrolytes containing of (P-Na-S), with and without ethylene carbonate (EC)
as plasticizer. The concentration of Na;S was added with varied range from 10 to 50
wt.% salt. Electrochemical Impedance Spectroscopy (EIS) technique, FTIR and XRD
were used to characterize electrical and optical properties. Consequently, polymeric
plasticizer, ethylene carbonate (EC), was then added to the certain amount of (P-Na-S)
to investigate the effect of the plasticizer on the electrolyte performance. The EC
concentration was varied from 10 to 50 wt%. Based on the electrical conductivity
measurement, the optimum electrolyte composition was found to be 30 wt.% Na,S salt
and 40wt.% EC plasticizer. The highest conductivity of further salt was 9.82 x 10”7 Scm’
Yachieved at 30 wt.% Na,S. The addition of EC from 10 to 50 wt.% caused an increase
in the conductivity from 1.06 x 10 at 10 wt.% EC to the maximum 2.74+ 2.52 x 10
Scm™! at 40wt% EC which signify (P-Na-S)-EC. From the impedance measurements,
the lowest activation energy for the electrolyte without EC was 0.36 eV, which was
estimated for the electrolyte of 30wt% Na>S. Meanwhile, for the electrolyte with 40wt%
EC, aminimum activation energy dropped to 0.16 eV. This study gives a comprehensive
description of electron transport through intramolecular circuits of covalent bonds and
jonic compound from tunneling to thermally activated hopping. It exhibits that higher
conductivity is associated with lower activation energy. FTIR measurements revealed
that the peaks of the relevant functional groups shifted when the different concentrations
of NayS salt and EC were added, indicating chemical interactions among materials
added. XRD analysis showed the polymer electrolyte improved largely the amorphous
region when Na»S was added. However, the addition of EC increased again crystallinity.
This work explores based on ion activities and movement of these electrolyte systems.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND
Nowadays, the use of non-renewable energy sources of fossil fuel such as oil, coal, and
natural gas has led to critical environmental concern worldwide, including greenhouse
effect and air pollution. Researchers predicted the primary energy source is facing a
rapid depletion. Therefore, an introduction of renewable energy source such as
hydroelectric, wind-power, and solar energy became essential. Among renewable
energy sources, solar energy has several benefits as it is free, clean, and environment
friendly. Solar energy can be converted into electricity using photovoltaic cells.

Photovoltaic system converts light energy directly into electricity by utilizing
semiconductor materials. Semiconductors achieved electrical conductivity by
combining p-typc and n-type semiconductor materials to form a p-n junction. The p-
type semiconductor produces holes that can accept electrons, and it is referred as the
electron acceptor. Similarly, the n-type semiconductor material doped with an impurity
atom to create free negative charge electron is considered as the electron donors. It
brought into an interface between the p-type and the n-type regions called as p-n
junction semiconductor materials. The semiconductor free charge carrier (clectron-hole
pairs) generates clectrons from the valenee band to the conduction band by exciton in a
p-n junction.

Solar cells come in three different technical generations. Crystal silicon (c-Si1)

used in the phase of first generation includes mono-crystalline silicon (mono-Si) and



polycrystalline (multi-Si) materials fabricated in thick and rigid semiconductor devices,
making it high cost. Amorphous silicon (a-Si), cadmium Telluride (CdTe), and copper-
indium-gallium-di-selenide (CIGS) are the second-generation solar cells and appear as
thin film solar cells. Organic photovoltaic cells (OPVs), dye sensitized solar cells
(DSSCs), and quantum-dot sensitised solar cells (QDSSCs) are among the third
generation low-cost, thin-film solar cells (Semonin et al., 2012).

The advantages of quantum dot sensitized solar cells are light harvesting
materials with tuneable structure band gap in QD semiconductors, which can reduce
light scattering cffect and improve long-term stability through size and composition
control (Wu ct al., 2019). There are four main features of QDSSC including (i) wide
band gap semiconductor of TiO2 coat on a glass substrate that act as photo-anode, (i1)
QD semiconductor absorbed TiO: to act as a sensitizer, (iii) an electrolyte with (vi) a

counter electrode. (Surana & Mehra, 2018).

1.1.1 Operating Principle of QDSSC

When cell illuminated, light is captured by QD semiconductor to create electron-hole
pairs (excitons).t Excited electron state with superior energy injects into the conduction
band of TiO,. Conductor glass that coated by TiO; allows charge transfer to external
cell where electron through outer circuit travel to the counter electrode. The counter
electrode’s function is to make electrons possible to get across the outer circuit to the
cell, while the redox couple act as a hole scavenger to regenerate the ground state energy
level of QD. Then clectrons continue to flow in to the counter clectrode in outer circuit
(Wu et al., 2015). A general illustration of a QDSSC and its operation mechanism is

presented in Figure 1.1.
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Figurel 1 Strueture and mechanism of QDSSC (Jun, Carcem, & Arol. 2013)

1.1.2 Electrolyte in QDSSC

A capdidate for electrochemical devices is the conductive polymer clectrolytes, Studies
on development of malenals for electralyte application tor high performance QDSSC
is essential. Cost-efiective polymer electrolyte has been developed to improve QDSSC
efficiency (Duan et a1, 2015: Duan et al, 2014). Polymers are frequently used as the
host in solid polymer electrolyles (SPEs) since they exlubit high room temperature ionic
conduetivity of approximately 10~ S.cm. Some polymers have been investigated for its
applicubility in QDSSC, includimg poly(vinylidene fluoride-co-hexafluoropropylene)
(PVdF-co-HEP) (Selvakumar et ul., 2016). polyacrylonitrile (FAN) (Sikkanthar et al,,

2016), and poly(vinyl cliloride) (PVC) (Deraman, Mohained, & Subban, 2014).



Meanwhile, due to high water absorption and rapid copolymerization, the
poly(acrylamide-co-acrylic acid) is often selected as the monomer base for polymeric
electrolyte materials. It is a water-soluble polymer that can trap large water loads due
to its hydrophilic polymer chains (Kumaran et al., 2018), as it displays strong electrical
and transport properties, Na-CMC is also used as a host polymer for electrolytes
(Mingsukang et al, 2017).

To produce a new material with specific physical properties, researchers are currently
focusing not only on one polymer as a host but also two or thrée blended polymers. In
this research, the solid composite polymer electrolyte modifies the polysulphide redox
reaction. The electrolyte consists ideally of poly (acrylamide-co-acrylic acid)
and Sodium-carboxylic-methylcellulose (Na-CMC) mixing ratios according to the
optimum Sodium sulfide (Na2S) concentrations and compositions of the supporting
electrolyte (Trausel et al., 2014). The present challenge, however, is to blend poly(AM-
co-AA) / Na-CMC/ NaS as a functional unit of ionic conductive electrolytes to
investigate electrical and chemical properties for the QDSSC.

While electrolytes as liquids produce high conductivity in many energy devices
compared to solids electrolyte (Dissanayake, 2006), solid electrolyte have the benefits
of preventing leakage and degradation of electrolyte. Therefore, with a new workable
approach for QDSSC, we chose solid polymer electrolyte to make a solid polysulphide
redox pair. Chemical symbols or abbreviations used with three letters of (P-Na-S)
indicates the electrolyte of the polymer mixture is found as an integral part of the
structure formation QDSSC: FTO- (TiO2-CdS)/(P-Na-S)-Pt-FTO thin film PV module.
The design of the assembled QDSSC cell containing an electrolyte is shown in Figure

1.2. The electrolyte for QDSSC applications, however, is the focus of this work.
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Figurel.2: TiOs and CdS with electrolyte and platnum joined between twa FTO
substrares as a QDSSC cell

1.2 PROBLEM STATEMENI]

Redox electrolytes significantly influence hoth the efficiency and stability of QDSSCs.
It 15 a medium which transfers charges between counter electrodes and photoanodes for
the regeneration of oxidized QDs, QDSSC needs lor certain clectrolyles with a redox
couple. The redox couple stumulate the sensilized oxidization to provide the elecmon.
L Infortunately, matenials for electrolyte! redox system that could be used in QDSSC are
limited. The electrolyte plays a key vperational efficiency for the QDSSCs performunce
(Lee & Chang, 2008). The QDSSC based on the iodide electrolyie have been introduced
for the first time, but it yields a poor conversion cfficiency (Lee & Chang 2008).
Meanwhile. Diguna et al, gained an efficiency of 2.7% only with Na:5 hauid electrol yte
(Diguna et al, 2007). However, conventional lLigud electrolytes possess several
tisadvantages such as leakages of corrosive solvent and electroiytic degradation of
electrolyte. Poor long-term stability due to the evaporation as well as low safety

performance because of using the flammable c-ganie solvent (Ramesh et al., 2011 and



Yang et al., 2008). Other drawbacks are low operating temperature range (-15 to 60),
difficulty in handling and manufacturing due to the presence of liquid phase in the
electrolytes. Therefore, the researchers came up with a brilliant idea to replace the
conventional liquid electrolytes that is solid state electrolytes. Conductive solid polymer
electrolytes (SPEs) were firstly prepared by Wright (1975). Apart from high safety
performances, solid electrolytes possess some other advantages. These advantages are
negligible vapor pressure, high energy density and operating temperature range (-40 to
150), photochemical and chemical stabilities. The most promising candidates are solid
electrolyte. The major downside, however, is less effective due to charge transfer,
hindering suitable application. The solid polymer electrolyte based on sodium sulfide
(NazS) with its ionic properties introduced by (Friedrich,1914) inspires us to embark on
a systematic study of how to make an electrolyte function properly in this project.. This
sodium sulfide salt is then blended with poly(acrylamide-co-acrylic acid) and sodium-
carboxy methyl cellulose (Na-CMC) to make an electrolyte. The electrolyte
composition play an important role on the efficiency of QDSSC cells. There is no study

reported in the literature on this kind of electrolyte.

1.3 RESEARCH PHILOSOPHY

The solar cell mechanism can be divided into three processes: charge generation. charge
separation, and charge transportation. Charge separation and charge transportation
efficiencies need to be improved to enhance the solar cell performances. The aim of this
research is to build a thin-film solid polymer electrolyte for QDSSC. This cell has the
same working principle as dye sensitized solar cell (DSSC). The dye component of
DSSC is replaced by cadmium sulfide (CdS) sensitized into titanium dioxide (TiOz2) in

QDSSC system. The objective of the research is to fabricate a polymer blend with new



technique to enhance the photovoltaic performance of QDSSC. Thus, the present
approach is used to study the effect of various amounts of the salt on the ionic
conductivity of the solid composite polymer electrolyte comprising poly(acrylamide-
co-acrylic acid) and sodium carboxy methyl cellulose (Na-CMC) based sodium sulfide
(NazS). As a result, we adopt the novel approach and method with different blend
materials to develop a redox couple of polysulfide to improve the conductivity of

electrolyte into the QDSSC applications.

1.4 RESEARCH OBJECTIVES
The following are the research objectives:

1. To fabricate solid polymer electrolytes consisting of poly(AM-co-AA),
Na-CMC, and sodium sulfide (Na;S), with and without ethylene
carbonate (EC) as plasticizer.

1l. To characterize the optical and electrical properties of poly(AM-co-AA)/
Na-CMC based electrolyte.

il Analysis the ionic conductivity of both electrolytes.

1.5 THE SCOPE OF THE STUDY

Fabrication of ionic solid polymer electrolyte using poly(acrylamide-co-acrylic acid)
and sodium carboxy methyl cellulous (Na-CMC) based on sodium sulfide (NaxS)
blends, as well as electrical conductivity optimization, is the focus of this research
project. Then, various amount of ethylene carbonate (EC) additive is added to increase
the conductivity of polymer composites. Lastly, characterize with Electrochemical
Impedance Spectroscopy (EIS), Frontier Transform Infrared (FTIR), and X-Ray

diffraction (XRD).



1.6 RESEARCH METHODLOGY

The developments of solid polymer electrolytes (SPE) makes with poly(acrylamide-co-
acrylic acid) and sodium carboxy methyl cellulous (Na-CMC) with ratio 1:9 and various
sodium sulfides (Na;S) salt from 10 to 50 % which represents with (P-Na-S) at the
beginning and characterize by EIS, FTIR and XRD to optimize through ionic electrical
conductivity measurements and evaluations. Then, enhance the improved electrolyte
with variation of Ethylene carbonate (EC) plasticizer from 10 to 50 % which represents
with (P-Na-S)-EC to increase the conductivity and elucidate with identical equipment’s
to appraise of ionic electrical conductivity measurements. Ultimately, explore the
values for both solid polymer electrolytes conductivity with and without plasticizers.

The details are shown step by step in two main divisions with flow diagram in Figure

1.3.
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1.7 ORGANIZATION OF THE THESIS

Chapter One presents an overview the energy sources and further alternatives of the
renewable energy source, which leads research to the solar energy consumption that
came to the photovoltaic technology. Chapter Two present of the literature review
through mechanism and advantages principles of QDSSCs with the solid polymer
electrolyte (SPE). Chapter Three explained the research method with materials selection
for electrolytes and characterization technique with the Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction spectroscopy, and Electrochemical impedance
spectroscopy (EIS). Chapter Four contains the results and discussion on synthesis and
characterization of SPE polymer (P-Na-S) electrolyte base on Na>S. Chapter Five
presents the effects of the addition EC plasticizer on electrolyte based on ethylene
carbonate (EC) on the performance of electrolyte. Chapter Six presents the overall
results and discussions on both the electrolytes with and without EC. Finally, Chapter

Seven present the conclusion.

10



CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

A major part of the green living society involves the use of alternative energy sources
to replace our consumption of traditional fossil-fuel generated electricity. One of
alternative energy can be generated by solar cell, which has become an increasingly
popular way to power residential and commercial structures. Solar cell is derived
directly from the sun’s natural light and its use is both environmentally friendly and
cost effective over the long term. Scientists believe one year energy of the sun onto our
planet earth is ten thousand time more than the universal energy consumed in the year.
Moreover, 1% of the sun merely produces energy from solar cells, which can be
sufficient for the energy supply of the universal population. The conversion of solar
light into electricity is currently a promising renewable source potential that has been
established by photovoltaic (PV) technology. It converts visible light (photons) into
clectricity (voltage) that is direct current (DC). Photovoltaic cells are an integral part of
solar clectric energy systems, which are becoming increasingly significant as alternative
sources of utility power.

For the first time, in 1839, French scientist Alexander Becquerel explored a PV
system. Ten decades later, however, researchers understand the actual method of using
sunlight to create an electrical voltage with PV materials (Grétzel, 2001). Through the
light radiation, the electron in the solar cell absorbs energy from the doped
semiconductor molecules, extracting it to create electron-hole pairs and transfer electron
(B. Li, Wang, Kang, Wang, & Qiu, 2006). PV cell is a system that transfer light into
electricity when exposed to light by generating current at the inner combination of two

semiconductor materials.
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Meanwhile, PV has been furniture for powering satellites in galaxy in the mid-
twentieth century (Bosi & Pelosi, 2007), cathode shield (Kharzi, Haddadi, & Malek,
2006), telecommunications (Johnson, Billigmeier, & Lieb, 2005), motioning systems
(Al-Busaidi, 2005), distant utility-connection, housing and industrial construction
(Chow, He, & Ji, 2006). As the price of tools decreases and the cost of fossil fuels is
rising, PV use is increasing worldwide (Nguyen & Lehman, 2008).

Three generations of solar cell devices exist in the market. The first generation
is crystalline silicon. The second generation is called thin-coating inorganic layers,
which is made of low-cost materials, namely crystal, stainless steel, and polymers; the
cxamples of these substances are copper indium selenide (CulnSe»), cadmium telluride
(CdTe), amorphous silicon (a-Si) and copper indium gallium sclenide (CIGS). The third
generation is known as Dye-sensitized solar cell (DSSC), Quantum dot solar cells
(QDSSC), and PV polymers. The great competition in photovoltaic equipment
generates novel materials to improve optical and electrical production features in high-
performance and low-cost PV cells.

Our main research work is focused on the development of materials and their
successful application on Quantum dot sensitized solar cells (QDSSC). For the
operation of a QDSSC, a good electrolyte with a redox mediator is required Therefore,
the electrolyte chosen has played a major role in determining the QDSSCs’
performance.

2.2 QUANTUM DOT SENSITISED SOLAR CELL (QDSSC)

The dye-sensitized solar celfs with inorganic ruthenium known as a dye developed in
1990 were mitially cheap and the most compatible solar cells offered (M. Wang et al |
2010). Then, from DSSC, numerous studics have moved on (o the development of different

dyes for PV cells. These studies apply organic and inorganic dyes for DSSC (Buraidah et
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al,, 2011; Hagberg et al., 2008). Due to its important Opto-electronics properties,
investigators moved the application of DSSC to the quantum dot (QD) by modifying the
dye (R Vogel, Hoyer, & Weller, 2002; Ralf Vogel, Pohl, & Weller, 1990). Quantum dot
sensitized solar cells (QDSSC) are fabricated via following four steps - a mesoporous
Ti0. layer upon supporting substrate acting as a photoanode, Quantum dots attached upon
TiO:. layer playing role of sensitizer, an electrolyte with redox couple and a platinum coated
counter electrode. QDs are nano-scale semiconductors based on physical and chemical
properties that are not independent of size in characteristics materials. QDs are remarkably,
such as energy spectrum tenability, small radiation scale, proper photo-stabilization, wide-
range excitation scale, and high co-efficient of absorption with multiple excitations
(Gonzalez-Pedro et al., 2010; Kamat, 2008).

Cadmium chalcogenide from Cdx (x = S, Se or Te) QDs concentrated more on
QDSSC research many years ago. This identifies Cdx capable of absorbing an effective
photon including a large energy gap of roughly 1.3 eV with an energy gab range of 2.25
eV, 1.73 eV and 1.49 for CdS, CdSe and CdTe, respectively (Peter, 2011). With QD altering
scale, and band gap can be better tuned to a preferred option of energy gap. As a resuit, the
physical and chemical dimensions of Cdx QD for research applications need to be

comprehend.

2.3 ADVANTAGES OF QDSSC
The quantum dot solar cell (QDSSC) is absorber material is quantum dots. The QD
hybrid polymer QD, Schottky junction cell, hetero-junction QD, rainbow solar cell-
based, QD solar cell co-sensitized QD and dye, and solar cell sensitized QD (QDSSC)
are all example of QD process-based structures (Kamat, 2008).

Meanwhile, the QDSSC configuration approach has recently emerged as a

significant PV cell effect. The fundamental working principle of QDs as sensitizers is
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like that of DSSC dye particles (Kamat, 2008), which can absorb a broad range of
wavelengths in electromagnetic (EM) waves. QDs have a unique mechanism that allows
for easy material processing (Loiudice et al., 2014), inexpensive (Tang et al., 2011),
elasticity and high absorption in the making of the cell. Increases quantum performance
by wide intrinsic dipole moments account for quick and efficicnt charge separation to
add their coefficients, band gap tenability via size power, and multiple exciton

generation (MEG) (Cheng et al., 2016) could be a promising option for Si cells.

2.4 THE QDSSC MECHANISM

Process and operational for potential efficient applications can be given to clarify the
mechanisms of different photo-sensitization processes. Dyes and quantum dots (QDs)
are sensitized to two kinds of photovoltaic (PV) cells third generation, the former being
the abbreviated (DSSC) dye-sensitized solar cell. The latter is known as the quantum
dot sensitized (QDSSC). The DSSC and QDSSC have three main components.

The photo-anode is the part where either the dye's molecules or the quantum
dots (QDs) absorb light. The sensitizers are connected to the surface of the
semiconductor (usually TiO») surface. For tast electron transfer, the conduction band
(CB) of the semiconducting material should be at a lower level than the lowest
unoccupied molecular orbital (LUMO) of the dye molecules or QDs conduction band.

With a similar framework, QDSSC's working mechanism 1s like DSSC, as
shown in Figure 2.1. Electrons are moved from the working electrode to the counter
clectrode through an external circuit. As the charge carrier mediator, the clectrolyte,
most commonly a solution of redox couples or a hole conductor. Electrolyte clectron
donation produces the ground state of QDs, which is usually sodium sulfide (NaxS) and

clemental Sulphur (S) used 1o acquire redox polysulfide (§77/S577) pairs, which can
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prevent chalcogenide QDs from degrading electrolyte. Another oxidation then nccurs
in the electrolyte interface of the photo-anode, in the electrolyie (Kouhnavard et al.,
2014).

Reduced species (S7) form holes at the photo-electrode (TiD2/QDs) and, more
specifically, at the photo-anode/electrolyte interface 1s the redox couples working
mechanism (2.1 & 2.2 reactions),
52+ 2T 8§ (2.1)

S4 527y = 853 (x=2-5) (22)

U TIETTRIPTRET AT
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Figure 2,15 Structure of QDSSC

The oxidized specics (S ions) are transformed (o 8% by trupping electrons at the
electrolyle on counter electrode interface alter the ion diffusing siep in the polysulfide vedox
couple electrolyte. Electrons thus migrate to complete the cirewit through the external

load (Ren, Li. & He, 2015) (2.3 reaction).
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S2- 4 2e” - S22, +5% (2.3)

The S?7/ S redox pair will effectively mediate the carrier for cadmium
chalcogenide QDSSC. Consequently, there are some variations in levels of Fermi
between the redox potential in the electrolyte and the electron in the photo-electrode,
which produces voltage. The outcome of QDSSC devices produce electricity from
sunlight, and the cell efficiency is determined using the equation below (Fukui et al.,

2009).

me
n= /_.._P 24

Jm and Vn, stand for voltage and density on the real maximum power density at
the operating level, where P representing the power density. The fill factor (FF) can

calculate efficiency as follows (Ye et al., 2016).

JseXVoe XFF 100 (2.5)

n(%) = =—

Voc and Jsc, respectively represent open circuit voltage and short current
density (mA/cm2). The direct density-voltage current (J-V) curve has been depicted in
Figure 2.2. Light intensity, absorption, inject efficacy, and the production of oxidized
dye are all effects in Jsc. Both the semiconductor Fermi level and the dark current level

are dependent on Voc.
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Figure 2.2: The J-V curve plots of QDSSC
(Pan, et al. 2018)

Differences between the semiconductor Fermi level and the redox potential of
the hole conductor determine the maximum value of the open-circuit voltage. The
proportion of the inner (Jm x Vm) to outer rectangular (Jsc xVoc) fields determines by

FF at the ideal and real PV cell.

FF = nm (2.6)

JseXVoe

While the J-V curve touches the outer rectangular field, evaluating that FF is
equal to one. FF is affected by various factors. One of these variables (a band counter
electrode, for example) is high inner resistance, which reduces the fill factor (FF) and

overall efficacy. An electron could be carried to the outer circuit by an incident photon.
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Short-circuit photocurrent (Isc) at different wavelengths of excitation (A) can be
used to measure the potential of an incident photon delivering an electron to the outer

circuit. We can measure the by:
IPCE (%) = [1240 X I, (A/cm®)]/[A(nm)] X Iinc (W /m?)] x 100% 2.7

where Iinc represents the incident of light power. Jsc is attained through
combining IPCE (A)and the photon flux density F (A output into the incident light

wavelength spectrum (1). It represents Jsc as follows (Grinis et al., 2010):

Jse = [ af (DIPCE (A)dA (2.8)

(q) stands for an electron charge. We can employ the following equation to calculate
IPCE:

IPCE (\) =LHE () X @ing X1 (2.9)
That ¢y, represents the quantum production of electron injection, 1. represents

the efficiency level of electrons injected at the back touch collection, and LHE shows
the light-harvesting efficiency (Luque & Hegedus, 2011). The LHE wavelength could

be achieved as follows:

LHE =1-T =]-](-Absorbance (2.10)

QDs absorb light, which is called absorbance. The injected electron numbers are
equivalent to stored electron numbers on the TCO; thus, the loss of an electron is

attributed exclusively to charge recombination. Consequently, 1.it is measured as:

n6=1_39_=__185_=1_.[£s_c_] @.11)

Jinj [Jsc+Jr] Toc
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Jinj refers to the current of electron injection from QDs to the anode, then J; refers
to current density recombination. Ts stands for the time of electron transit. T, refers to

the recombination period, and Jsc is current density of the short circuit. A striking
feature of a solar cell considers as internal quantum efficiency (IQE), which illustrates
how absorbed photons® efficiency in the external cireuit is turmed into the current,

We can measure the solar cell of [QL at a given wavelength (IQE 1) by utilizing
IPCE and LHE for a perfect solar cell after calculating light absorption by the TCO

substrate (%Ttco) calculated as follow: (Fuke et al., 2010)

IQE = IPEC

= 1% Trcg xLHE]  Pinj X7e (2.12)

A typical solar spectrum of 1.5G (global) air mass (AM) is utilized for cell
structure derived from the direction length of light, which requires entering the surface
through the atmosphere. Then the spectrum is generally normalized to a 1000W/m?

standardized irradiance or (100mW/m?) (Fuke et al., 2010).

2.5 ELECTROLYTE

Our current research focuses on electrolytes, which play a critical role in sustaining
photovoltaie action i QDSSC through o repeneration mechanism involving redox
species. A redox couple in the clectrolyte for regencrating QU and hole transport to the
counter electrode is one of the essential components of QDSSC (Zhu, Song, & Lian,
2013). Even though polyiodide is utilized and acts as an electrolyte in DSSC, the most
desirable and appropriate electrolyte in QDSSC is polysulfide (Bhambhani, 2018).
Electrolyte cénductivity and electron mobility in TiO; layer affect the energy
conversion efficiency of the QDSSC cell. (Lee et al., 2008). An effective system is

defined primarily through the density of current short-circuit (Jsc). fill-factor (FF). and
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open-circuit voltage (Voc). These critical variables can be affected by electrolytes and
have influenced the counter electrode of QDSSC efficiency.

The value of Jsc, for example, is influenced by transporting of the redox couple
in electrolytes (Sun et al., 2017). The fill factor (FF) could also affect catalyst potential
of counter electrode for redox reaction (Du et al., 2016; Jiao et al., 2017). The value of
Voc directly affected by redox electrolyte pairs (Kouhnavard et al., 2014). The Voc is
a potential difference between the Fermi level of TiO; and the redox potential presented
in the electrolyte.

The major reason for employing polysulfide in the QDSSC because it has
chemical compatibility and stability with the metal chalcogenides. Polysulfide solid
polymer electrolyte made better photoconversion efficiencies for QDSSC (Baharun et
al., 2020). In the literature, a range of procedures of making electrolyte have been used
with various combinations of components such as methanol, ethanol, water, and some
ionic additives in various concentrations as shown in Table 2.1.

Table 2.1: The type of liquid polysulfide electrolyte in QDSSC

NaaS S Methanol Additive Ethanol | Water References
M M (ml) (ml) (ml)
(Mora-Ser6 &
0.5 0.1 - 0.1M NaOH - 25
Bisquert, 2010)
(Mora-Ser6 &
0.5 0.1 - - 20 5
Bisquert, 2010)
(Chakrapani et
0.5 2 17.5 0.2 M KC1 - 7.5 al., 2011)
(Prasad et al.,
0.5 0.1 5 - 17.5 2.5
2018)
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According to Ingle et al., 2020, the distilled water-based polysulfide electrolyte

(Naz2S + 8) has a significant impact on the overall cfficiency of QDSSCs compared to

the methanol-based polysulfide electrolytes (NaOH+ NaxS +S). Jiao and co-worker

reported that co-solvents polysulfide electrolytes have a greater cell efficiency

(Jiao et al., 2017). Water and ethanol has been found as the perfect solvent for preparing

liquid electrolytes (Jun et al., 2013).

Many experiments have been conducted to improve the polysulfide electrolyte,

such as controlling the redox mediator concentration (Liao et al., 2015) and using a

solvent modification (Li et al., 2011).

Jovanovski and co-worker presented the opportunity of using a pyrrolidinium

ionic liquid electrolyte that comprises $>7/S,2~ (Jovanovski et al, 2011). Table 2.2 show

the QDSSC performance having liquid polysulfide electrolytes.

Table 2.2. Liquid electrolyte for QDSSCs

QDs Electrolyte CE Jsc Voc | FF n References
(mA.cm?) | V %
| (Seoletal.,,
CdS/CdSe Na,S /S + KCl Au 17.30 0.63 | 38.0 |4.15
Mecthanol/Water 2010)
Cd (CH;COOH), +
cthylene diamine tetra
acctic acid disodium salt
HTS/CdS (EDTA) + Naz2SeSO;3 Pt 7.53 0.49 | 27.0 | 1.0l (Yuetal,
} ) 2011)
+Se powder + Na;SO3
+watef
CdTe/CdSe Na2S /S Cu:S 19.6 0.61 | 57.0 | 6.76 | (Wang et al.,
2013)
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Water/HCI
NasS +S
CIS/ZnS
Polysulfide/KCl (Pan et al.,
CuzS 20.7 0.59 | 58.0 | 7.04 2014)
Na;S /S
(Zhao et al.,
CdSe/Te Water Cu2S 20.8 0.65| 60.5 | 8.21 2015)
CdSe NazS /S CuzS 15.65 0.74 | 51.0 |5.92 | (Zhaoetal.,
2016)
methanol/deionized
water/KC|
NaxS /S (Yangetal.,
2015)
ZnSe/CdS/CdSe
Deionized water Cu-S 20.8 0.71 | 64.0 | 9.48
CdS Na,S /S/ GPE CuzS 12.40 0.55] 0.41 |2.77 | (Raphael,
Jara &
Schiavon,
2017)
CdS Na,S/S CZTS 11.47 0.59 | 60.5 | 4.09 Patel &
polysulfide/glycerol/PEG Gobhel, 2019)
/Pt
PbS NaxS/S /cellulose acetate | Pt 9.95 0.46 | 34.75 | 1.51 | (Dissanayake
nanofibers et al., 2020)
NaS /S
Poiyvinylpyrrolidone CU:S 9.82 0.57| 68.0 | 3.82 (Ma F et al,
(2021)
/Deionized water
CdS/CdSe
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Although liquid electrolyte exhibited higher efficiency, there are some

disadvantages such as leakage and corrosion. New materials have been developed to

replace conventional liquid electrolytes (Mingsukang et al., 2017).

In addition, a quantum dot-sensitized solar cell is fabricated by sandwiching a

solid electrolyte between distinct alloy counter electrodes, most commonly a CdS-

sensitized anode. The use of solid electrolytes and various hole conductors for

researchers tend to replace the liquid electrolyte in QDSSCs to improve their stability.

The composition and performance of selected solid electrolytes is shown in Table 2.3.

Table 2.3. Solid electrolyte for QDSSC's

Jsc Voc | FF n
QDs Electrolytes CE References
(mA.cm?) | V %
(Fan &
CdS poly(ethylene oxide) - - - - - | Maier, 2006)
/succinonitrile /NazS
CdS PVP/NayS/ S CoSe 2.84 0.67 | 28.9 | 0.55 | (Duanetal.,,
2014)
CdSe PEO-PVDF with - - - - - (Yang
S/TMAS and S/NaxS &Wang,
2015).
Duan et al.,
CdS Plastic crystal CoSe 3.65 0.67 | 52.7 | 1.29 2015)
/succinonitrile /NaxS
(Arya &
- PEO-NaPFe+SN - - - - - Sharma,
2018)
PVC/PMMA/LICF; Aziz, ct
- SO3/EC - - - - - | al.,2018)
(Baharun ct
- NaCMC/EC/polysulfide - - - - - al., 2018)
(Baharun et
CdS/ZnS Na-CMC/Na,S/S Pt 4.92 041] 045 | 09 al., 2020)

CoSe: cobalt selenide, CuS:copper sulfide, TMAS: tetramethylammonium sulfate
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2.6 QUANTUM DOTS (QDs) SENSITIZERS

Quantum dots have a greater extinction coefficient than traditional dyes, which might
result in lower dark current and improved solar cell efficiency. Furthermore, using hot
electrons transfer (HET) from QDs to create numerous electron—hole pairs per photon
is conceivable due to the impact ionization effect. Hishikawa (2005) explains that QD
semiconductors are considered spherical nanomaterials with special optical features.
There are some advantages of using QDs: the first advantage is that hot carrier injection
(HC1) forms the highly excited state to the TiO; of CB by irradiating light (Williams et
al., 2013). The second advantage refers to carrier multiple exciton generation (MEG)
(Semonin et al., 2011). Thirdly, as quantum confinement outcome, the band gap and
properties are tunable and size dependent which enhances the separation of the charge
and absorption of solar cells (Laban & Etgar, 2013). Due to their unique
photosensitization properties, the researcher studied different QD materials for
QDSSCs application. These materials are PbS, CdS, CdSe, CdHgTe, ZnSe, Ag-S.
CdTe, and InP. Because of their ease of preparation and characterization, CdS and CdSe
are commonly used as QD materials (Jun et al., 2013). Much research has been
conducted in recent years to enhance the absorption range of light in the solar spectrum
through tuning the photoelectrode by using different QDs with various bandgaps. Using

integrated QD systems, conversion efficiencies were significantly improved.

2.7. TRANSPARENT CONDUCTING FILMS (TCFs)

A very significant element of QDSSCs is transparency conducting films or TCF. They
are thin films of materials covered on certain substrates that conduct materials. Two

well-known substrates are indium tin oxide (ITO) and fluorine-doped tin oxide (FTO).
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In visible light, the ITO layer exhibits a higher transparency (80-90%) and poor thermal
stability compared to transparency (80.786%) of FTO glass. The optical band gap

energy of ITO and FTO glass projected 3.75 eV and 3.65 eV, respectively.

2.7.1 The Working Electrode

CdS as quantum dot (QD) embedded in a TiO> layer coated on FTO glass. The
photogenerated electrons are transferred to an electron-transport layer by the QD active
layer, which absorbs sunlight. As working electrodes of QDSSC, a semiconductor
coated on fluorine doped tin oxide (FTO) typically consists of TiO» with a wide band
gap of 3.2 eV and QD adsorbed onto the semiconductor sheet. When exposed to light,
QD acts as a sensitizer, forming electron-hole pairs. Due to these intriguing
characteristics, semiconductor QDs with a relatively small band gap have been

identified as candidates for the performance of QDSSC cell.

2.7.2 The Counter Electrode

Counter Electrode (CE) is another vital component of QDSSCs which accepts electrons
of the external circuit. The CE performs as an electro-catalyst for redox species and
transferring electrons to the sensitizer for regenerating the electrons. The most widely
used element for preparing good CE is platinum (Pt). In the QDSSCs, a thin film of Pt

is coated on FTO glass layer and used as a CE.

2.8 ELECTROLYTE MATERIAL SELECTION FOR QDSSC
In this research, we have chosen poly(acrylamide-co-acrylic acid) and sodium
carboxymethyl cellulose (Na-CMC) with sodium sulfide (Na:S) as competent

clectrolyte for QDSSC. We have chosen polymer blend based on acrylic acid and
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acrylamide as monomers to enhance the electrolyte features because of the fast co-
polymerization velocity and high water affinity (K. Park, Chen, & Park, 2001). The host
polymer was sodium carboxymethyl cellulose (Na-CMC). Polymer electrolytes based
on Na-CMC have shown good performance with ionic conductivity (Zhang et al., 2016).
Also, used sodium sulfide (Na;S) as a charge carriers in the electrolyte (Ahmed, 2016).
The advantages of polymer blend is thermal stability, higher mechanical strength and

salt provide ionic charge carrier to enhance the conductivity of electrolyte.

2.8.1 Poly(Acrylic Amid- Co-Acrylic Acid)

As monomers acrylic acid (AA) and acrylamide (AM) are two important water-soluble.
Polyacrylic acid (PAA) is a polymer produced from acrylic acid, which is a monomer.
The polymer has some cross linking between the chains, and the large chains contain
thousands of monomer units. Polyacrylic acid, on the other hand, is extremely
hydrophilic, as carboxylic acid groups are the only polymer that can form hydrogen
bonds with water molecules. Because of its benefits as a conductivity improver and
filler, as well as its good electrical-thermal characteristics. It is ideal for a variety of
electrochemical device applications (Wieczorek et al.,1995). Figure 2.3 illustrates the

chemical formula for poly(acrylamide-co-acrylic acid).

m n

R=H

Figure.2:3 Compound formulation of poly(acrylamide-co-acrylic acid)
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The structure of polyacrylamide and polyacrylic acid are illustrious below:

:--CHzmHC!: DXC _OH

=0 -4-. C~..
| TGO LT
NHz | H H n

= 4N = ad

acrylamide (AM) acrylic acid (AA)

2.8.2 Sodium Carboxymethyl Cellulose (Na-CMC)

The sodium salt of carboxymethyl cellulose is sodium carboxymethyl cellulose (Na-
CMC). Na-CMC considered a linear polymeric cellulose derivative with varying rate of
carboxymethyl substitution. Na-CMC is a polyelectrolyte that is anionic and water
soluble. Besides, it was indicated that homogeneous solution with Na-CMC would be
beneficial in stabilizing electrochemical output, resulting in better conductivity of
electrolyte in comparison with poly (vinylidene fluride) (PVdF) (Dahbi et al., 2014).

Figure 2.4 shows the chemical formula for Na-CMC.

OCH2COONa OH
m OCH;COOW OCH,COONa
OCH:COONa

Figure 2.4: Compound formulation of sodium carboxymethyl cellulose (Na-CMC)
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2.8.3 Sodium Sulfide (Na:S) Salt

The sodium sulfide salt is extremely favorable due to having a high energy density in
operating conditions. Also, it is easily available and economically inexpensive. In
addition, sodium sulfide hydrate salts (Na;S.nH20) have a high energy density of 2.66
GJ/m? when changing from pent-hydrate to hemihydrate at the right temperature and
pressure (Trausel et al., 2014) system. The chemical reactivity of sodium sulfide (Na,S)
salt has been recognized, and stabilized salt with cellulose is advantageous because it

improves mechanical properties. Figure 2.5 shows the chemical formula for Na;S.

2-

+ o A N +
Na Na

Figure 2.5: Compound formulation of Sodium Sulfide (Na>S) salt

The reason to select poly(AM-co-AA) is that it often acts as the monomer base
because of fast copolymerization and high-water modality. It is a water-soluble polymer
and able to entrap massive loading of water due to its hydrophilic polymer chains
(Kumaran et al., 2018). The effect of salt concentration Na»S on poly(AM-co-AA) has
not to be explored yet. Also, the Na-CMC is often used as a host polymer for
electrolytes as it shows good electrical and transport ionic properties (Samsudin et al.,
2014). 1t is a low-cost natural polymer with good filming ability, good adhesion, and
high hygroscopicity. It has a three-dimensional network and polymer chains with
presence of both hydroxyl and carboxylate groups on which exhibits characteristics of
excellent stability in alkaline solution, superabsorbent, and strong coordination with

metal ions (Feng et al., 2016).
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2.9 SALT CONCENTRATION EFFECT

There are three main factors that affect the conductivity of a solution are the
concentrations of ions, the type of ions, and the temperature of the solution. The
development of the mixing of several solvents to achieve the desired properties is a
more practical key. It is noteworthy that since electrolytes react with active materials
such NaxS salt, the surface chemistry at the anode and cathode is also central to cell
performance. Therefore, the design of new electrolyte systems should also consider the
properties of the solid electrolyte interphase at the electrodes. The ionic conductivity of
the NazS will increases in the (P-Na-S) electrolyte as the content of polymer and high
viscosity decreases at a fixed salt concentration. The level of ionic conductivity
increased as the polymer concentration decreased in the Na»S conditions, since
solubility decreases with polymer concentration. The reasons are: (i) At the same salt
concentration, the NaxS salt complex has a higher level of conductivity than of the
poly(AM-co-AA)/Na-CMC composite.

(i1) The viscosity of the (P-Na-S) blends electrolyte decreases as the amount of NaxS
increased.

This linear correlation indicated that, the conductivity value is strongly affected by
solubility, and thus the salts with low viscosity showed high ionic conductivities. This
may be due to an increase in the ion mobility of the salts. When the solvent's solubility
is high, the conductivity undergoes as a result of the lower conductance. The capacity
of water to conduct an electrical current is measured by its conductivity. Because
dissolved salts and other inorganic compounds carry electrical current. conductivity
rises as the salt concentration rises, and electrical conductivity in materials is caused by

the movement of electrically charged particles.
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2.10 PLASTICIZER

One of the methods for enhancing the efficiency of the electrolyte is to plasticize
polymer electrolytes by adding chemical additives. Plasticizers, for instance, ethylene
carbonate (EC), propylene carbonate (PC), diethyl carbonate (DEC), and dimethyl
carbonate (DMC) often enhance polymer electrolyte performance (K. H. Lee, Park, &
Kim, 1999). In this work is incorporated ethylene carbonate (EC) into Na-CMC and
poly(AM-co-AA) to augment the thin film’s conductivity. By complexing polysulfide
ions with the functional group of ECs, the amount of polysulfide ions in the electrolyte
increased within the presence of poly(AM-co-AA) and Na-CMC films. As a result,
ionic conductivity increases. The rise of ionic conductivity caused by the adding of EC

due to either ion mobility or number density of ions (M. Park et al., 2010).

2.11 SUMMARY

The focus of literate review was electrolyte integrated with quantum dot synthesized
solar cells QDSSC. The process of QDSSC and mechanism with various electrolytes,
includes liquid and solid electrolyte functions in QDSSC discussed. Over several years
extensive research has been conducted in electrolyte areas to enhance the QDSSC
performance with different electrolytes. The development of electrolytes for QDSSC
applications was also addressed with liquid and solid function. There are several
parameters for improve the electrolyte conductivity includes plasticizer and salt
concentrations. The chapter discussed the selected materials to develop an electrolyte
for the photovoltaic efficiency of QDSSC. Finally, the material choices are explained

in this study to apply for a new polymer blend electrolyte.
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CHAPTER THREE

METHODOLOGY

3.1 INTRODUCTION

The flow chart of experimental works performed in this project has been described in
Figure 1.3. In this chapter, the details of the materials used, the preparation of polymer
electrolytes (without and with ethylene carbonate (EC)), and their characterizations,
which comprise of Electrochemical Impedance Spectroscopy (EIS), Fourier transform

infrared spectroscopy (FTIR), X-ray Diffraction Spectroscopy (XRD) are explained.

3.2 MATERIALS

The essential parts of the electrolytes (P-Na-S) consist of poly(acrylamide-co-acrylic
acid) (abbreviated as poly(AM-co-AA)) and sodium-carboxy methyl cellulose (Na-
CMC) as the polymer hosts, sodium sulfide (Na;S) as the salt, and ethylene carbonate

(EC) as the plasticizer. The materials used in this study are tabularised in Table 3.1.

Table 3.1: Chemical structures of materials used in this work.

Material Chemical structure Manufacturer

Poly(acrylamide-

co-acrylic acid) Sigma Aldrich
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Sodium
carboxy methyl
cellules

(Na-CMC)

OH OCH:COONa OH OH

OCH,COONa OH

Sigma Aldrich

Asia pacific

Sodium sulfide S specialty
NI
Na Na chemicals
Ethylene Merck
carbonate

Using the chemicals presented in the Table 3.1, the following two types of polymer

electrolyte with and without EC were prepared:

a) Poly (AM-co-AA)/ Na-CMC/ NazS

b) Poly (AM-co-AA)/ Na-CMC/ NayS/ EC

3.3. POLYMER ELECTROLYTE PREPARATION

3.3.1 Poly(AM-co-AA)/ Na-CMC/ Na:S Electrolytes

Solid poly(AM-co-AA)/ Na-CMC/ Na;S electrolyte or (P-Na-S) blends with and

without EC plasticizer were produced using the solution cast technique.

0.05-gram poly(AM-co-AA) powder ana 0.45-gram sodium carboxy methyl

cellulose (Na-CMC) powder were mixed at 1:9 ratio and dissolved in 15 mL purified

distilled water at room temperature for one hour in this process. The fixed amount ratio
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of poly(acrylamide-co-acrylic acid) based on pervious works give the highest dielectric

constant.

After that, a variable amount of sodium sulfide (Na;S) by (10, 20, 30, 40, and

50 wt. %) was added while stirring and continuously mixed for another two hours to

create a homogeneous solution.

Subsequently, the solution was poured into a clean glass petri dish, and the

solvent was allowed to gradually evaporate in the vacuum oven at 40 °C for seven days.

To remove all traces of water, the film was dried in a desiccator. Table 3.2 shows the

detailed composition of the samples used in this research.

Table 3.2: Composition of materials used to prepare polymer electrolyte

Sample P{AM-co-AA) Na-CMC Na;S salt
(2) @ (%) | (2)

A 0.05 045 10 0.05

B 0.05 045 20 | 0125

Cc 0.05 0.45 30 | 0.175

D 0.05 045 40 033
E 0.05 045 50 0.5

3.3.2 Poly(AM-co-AA)/ Na-CMC/ Na:S/ EC Electrolytes

In this study, ethylene carbonate (EC) is used as a plasticizer to improve the conductivity

of the thin film, leading to increased ionic conductivity. Various amount of ethylene

carbonate (EC) by (10, 20, 30, 40, and 50 wt.%) were added and continuously stirred to
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obtain (P-Na-S)-EC with the highest conductivity. The solution was then casted onto a
glass petri dish and kept at 40°C for seven days in the vacuum oven to get thin film
formation. The concentration of poly(AM-co-AA), Na-CMC and Na;S are fixed at 0.05
g,0.45 g, and 0.176 g respectively. The detailed composition of polymer electrolyte with

addition of EC used in this research is shown in Table 3.3.

Table 3.3: Polymer electrolytes prepared with and addition of ethylene carbonate (EC)

EC
Sample %) ®
C1 10 0.075
C2 20 0.169
C3 30 0.289
C4 40 0.45
C5 50 0.676

Subsequently, the fresh thin layer formation after seven days, the film layer was
removed from the petri dish. Three circular specimens with diameter of 2 cm were cut
from the thin film for electrochemical impedance spectroscopy (EIS) measurement.
Figure 3.1 shows the produced thin film and how the specimens for EIS characterizations

are prepared.
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Figure 3.1: The thin film layers was removed and cut into three sections for EIS
measurements
3.4 CHARACTERIZATIONS OF POLYMER ELECTROLYES
3.4.1 Electrochemical Impedance Spectroscopy (EIS)
A tiny sinusoidal potential was applied across the samples to measure the current. The
voltage was as low as 10 mV. Between two stainless-steel blocking electrodes, solid
polymer electrolytes were arranged. In a Cole-Cole plot diagram, negative imaginary
impedance was plotted against real impedance. A range of complex impedance values,
known as Z* values, was measured in the range of 50 Hz — 1 MHz.
Real impedance (Z,) and imaginary impedance (Z;) were calculated to obtain the values
of Z*.
The equation below was applied to measure the Z; and Z; values.
Z=|(w)|cosb 3.1
Zi=)(w)|sinb (B.2)
In complex impedance data, Z" is characterized by its real (Z,). and imaginary

(Zi) part utilizing the equation below:
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Z'=Z—iZ; (3.3)
where, i = V/—1.

3.4.1.1 Ionic Conductivity Measurement

Ry, the bulk resistance was measured from the Cole-Cole plot intercept to the real

impedance axis. The electrical conductivity of the samples () was calculated using the

following equation (Cao et al., 2010):

t

Where, (t) represents the section thickness, and (A) represents solid electrolyte of lateral
surface area.

The Electrochemical Impedance spectroscopy (EIS) was measured by HIOKI
3532-50 LCR Hi-Tester device from 50 Hz to 1 MHz between 30°C to 100°C, at Center
for Ionic University of Malaya (CIUM).
3.4.1.2 Calculation of Activation Energy (Ea) for Ion Conduction
The increase in free volume and polymer segmental motion may be responsible for the
enhanced ionic conductivity at higher temperatures (Moniha et al., 2018). The polymer
chain segment receives adequate energy to vibrate and produce a larger free volume
surrounding the polymer when the SPE is subjected to higher temperatures. (Hafiza &
Isa, 2018). As a result, mobile ion migration across the polymer matrix is increased.
The nature of ion transport in Arrhenius type films at elevated temperatures is nearly
identical to that in ionic crystals, where ions can hop onto neighboring empty sites,
resulting in enhanced ionic conductivity (Kumar et al., 2012). When an ionic mobility
requires intermolecular ion hopﬁing, the conductivity changes as a function of the ions
thermal hopping frequency (Baskaran et al., 2006). The relationship (P-Na-S) of

conductivity-temperature is also influenced by the free-volume model, which indicates
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that the polymer matrix contains large amorphous phase free-volume cages. It is
observed that more spaces are formed at higher temperatures because of accumulated
kinetic motion, resulting in more movable ions and higher ionic conductivity in the (P-

Na-S) electrolyte.

The activation energy is calculated using the Arrhenius equation, which

considers the temperature dependency of the rate constant.

Eq
o= aoexp(-E) 3.5)
logo = loga, — 2 (0.4343) (3.6)

E, = Activation energy, ¢ = Ionic conductivity, R= Gas constant (8.31 J.mol'K'"),
T =Absolute temperature, and g, = Pre-exponential factor. Figure 3.2 illustrates a

straight-line based on Equation (3.6)

loge

T

Figure 3.2: The slope gradient with Log o against 1/T

3.4.2 Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR method of analysis employs infrared light to scan samples and monitor
chemical features as a frequency function, wavelength, and wavenumber (Shen et al.,

2011).
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The relationship between electromagnetic energy E (1), frequency f(Hz). wavelength L

(jim), wavenumber v (em™) can be expressed us follow:

E=h.f=""=heov (3.7)

Where b represents Plank’s constant (6.63210™ J-5), "¢ represents the light
velocity in vacuum (2,9979 = 10* ms"'), Infrared encrgy is defined as eloctromagnetic
radiation containing the wavenumbers (1) between 13300 cm! and 3.3 om |, There are
typically three aress in the infrared area; far-inlrared (200-3.3 cm'') areas, middie-
infrared (4000-200 em') and near-infrared (13300 - 4000 em™'), The mid-infrared
region corresponds to the energy of fundamental vibration bands of orgamic compounds;
Therefore, FTIR Is broadly emploved in characlerization of orgame materials, An
infrared spectrum considered o be exclusive o each material.

Onee radiation is transferred (hrough a specimen, the radiation portion may be
absorbed by the specimen if a change occurred in the dipole moment through the
vibration. The transmission 7 relaled with he intensity of the transmitted beam / to that

of the invident beam [, as revealed in Figure 3.3 and Equation 3.8,

Concentration of sample

+

Imcident beam: Transmjtted beam. F

J
Lzngth of gptical path

Figure 3 3: Defimon Of ransmission



T = Tl-x 100 % (3.8)

0

The IR spectrometers can be separated into two collections: Fourier transform
infrared spectrometers (FTIR) and diffusing infrared spectrometer (IR). In an IR
spectrometer, a grating monochromator is used to scatter a polychromatic radiation
source into diverse spectral basics. An interferometer is employed to produce an
interferogram in an FTIR spectrometer in which all wavelengths are gauged
simultaneously, resulting in quicker selection and better signal compared to noise ratio
dispersive devices. The Michelson interferometer is the most widely used, as shown in
Figure 3.4. The interferogram is formerly Fourier transformed, yielding the spectrum,

as shown in Figure 3.5. (Bykov, 2008).

fixed muror

removable

compartment
detector

Figure 3.4: Construction of Michelson Interferometer
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Figure 3.5: Relationship Between Spectrum and Interferogram

Interferogram referred to the signal format gained through an FTIR spectrometer.
Different wavelengths will produce peak readings at various regions for a broadband
signal if the optical path difference (OPD) is augmented. However, the interferogram
improves a complicated oscillatory signal with falling amplitude.

In this project, Perkin Elmer Spectrum 100 Fourier Transform Infrared
Spectroscopy (FTIR) spectrometer at Polymer Laboratory, International Islamic

University Malaysia (ITlUM) was used, with the wave number range 400 to 4000cm™.

3.4.3 X-ray Diffraction (XRD)
The X-ray diffraction technique is a non-destructive analytical method for identifying
chemical composition, crystal structure, thin films, and physical materials’ features. It
can measure the X-ray beam’s scattered intensity of a sample by adjusting the incidents
angle and radiation wavelength.

The X-rays are produced by using a cathode ray tube which is filtered to generate

monochromatic radiation, collimated to concentrate, and fixed to the specimen.




Constructive interference (or diffracted ray) is produced by interacting the incident rays
with the specimen when circumstances fulfilled the Bragg's Law (#A=2d sin 0). This
law connects the wavelength (1) of electromagnetic radiation to the lattice spacing (d)
in a crystalline sample and the diffraction angle (6). The transformation of the
diffraction peaks to d-spacings permits the materials identification since each crystalline
material own a range of specific d-spacings. This is typically obtained by comparing d-
spacings with standard reference patterns.

Figure 3.6 illustrates the constructive interference that occurs according to the

Bragg's Law:

ni=AB + BC,
AB=BC
nA=2AB,

Sin 6=AB/d
AB=d sin0,

n A=2dsin6

A= 2dnk1.SinOnk

Figure 3.6: Deriving Bragg’s Law: nA= 2dsin6
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A sample holder, an X-ray detector, and an X-ray tube are the three primary
elements of an X-ray diffractometer. These spectra include various elements, K and
K. Ka1 with shorter wavelength which has twice the intensity as Kq2. The wavelengths
used are unique to the target material (Cu, Fe, Mo, Cr).

It 1s important to achieve monochromatic X-rays required for diffraction by
filtering using foils or crystal monochrometers. The frequently used material for single-
crystal diffraction is copper, with CuK radiation = 1.5418A. These X-rays are well
collimated and centrally directed onto the sample. When the detector and sample are
revolved, the intensity of X-rays is subsequently recorded.

As the geometry of the incident X-rays affects the sample meeting the Bragg
equation requirement, a peak in intensity and constructive interference happen. This X-
ray signal is recorded by a detector that processed and transformed the signal to a count
rate yielding to a printer or computer monitor. By scanning the sample within a space
of 26 angles, all relevant lattice diffraction directions of the specimen can be gained. By
passing the diffraction peak to d-spacing, the material can be noticed since every
material has a unique d-spacing array as compared to standard reference patterns.

In this study the X-ray Diffraction spectroscopy (XRD) was measured with
Bruker, D2 Phaser equipment at Surface Engineering Laboratory, International Islamic

University Malaysia (ITUM) with CuKq radiation.
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3.5 SUMMARY

The materials selection for electrolytes was poly(acrylamide-co-acrylic acid), sodium
carboxymethyl cellulose (Na-CMC) and sodium sulfide (Na;S). Also, EC plasticizer
was used to improve the conductivity. The chapter presents the preparation method of

the electrolyte in details, as well as characterization techniques for the specimens

through EIS, FTIR, and XRD.
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

4.1 INTRODUCTION

The outcomes of characterization (P-Na-S) and (P-Na-S)-EC electrolyte films as an
ionic conductive polymer explained in this chapter. FTIR spectroscopy, Impedance
spectroscopy (EIS), and XRD characterization are the three main phases to identify the
experiments. The results of each sample characterizations were addressed during this

investigation at each phase.

4.2 FTIR CHARACTERIZATIONS OF (P-NA-S) POLYME
The presence of common functional groups in the polymeric chains was distinguished
by FTIR characterization. The functional group of individual and mixed materials was

measured in four steps. These steps are described in detail in the following sequence.

4.2.1 FTIR of Poly (Acrylamide-co-Acrylic Acid) Powder and Film Formation

The FTIR spectra in Figure 4.1 were used to interpret functional groups of
poly(acrylamide-co-acrylic acid) powder and film formation. The FTIR spectra of
poly(AM-co-AA) powder and film were measured at a wavenumber between 4000 to

400 cm™.



Poly(acrylamide-co-acrylic acid)
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Figure 4.1: Poly (AM-co-AA) powder and film characteristic peaks
The FTIR spectra of poly(acrylamide-co-acrylic acid) powder and film
formation presented in Figure 4.1. In the spectra of FTIR powder, the peaks observed
were at 3308 cm™ corresponding to N-H stretching of acrylamide. The peaks at 2200
em™!, 2958 em™,1656 cm™!, 1415 cm™,1047 cm™! are assigned to C-H, C=0, COO, and
C-O stretching, respectively. The band association affecting the vibration groups of
polymeric segments by FTIR spectra. The formation of a co-polymer of acrylamide and
acrylic acid is shown with the wavenumber. The broad bands that appeared indicate the
formation of acrylamide and acrylic acid co-polymer. Due to N-H and O-H stretching
peaks in the range of 3296-3186 cm™! belong to polyacrylamide and poly(acrylic acid)
respectively.
1. Asymmetrical and symmetrical stretching of C-H band was found in the
symmetric group dipole moment changes considerably are going in and out
at the same time and asymmetric stretch going in opposite directions at 2927

and 2950 cm’!, respectively.
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2. Carbonyl stretching vibration C=0 connected to the carboxyl group gives
an absorption peak at 1678 cm™ in poly(AM-co-AA). This peak C=0 group
connected to the amide group gives absorption peak at 1602 cm™ in poly
(AM).

3. Symmetric and asymmetric COO" stretching, found in poly(AM-co-AA)
spectra at 11405cm™" and 1402 cm™! respectively.

4. The peak at 506 cm™ belong to C-C of amid group.

Table 4.1 FTIR spectra of poly(AM-co-AA) by wavenumbers powder and film

formation.

Table 4.1: poly(AM-co-AA) functional groups powder and film

Functional Powder Film formation References
group Wavenumber (cm™) | Wavenumber(cm™)
N-H 3308 3296 Nesrinne &
Djamel,
O-H 3200 3186 2017)
C-H 2958 2950
(Erizal,
C=0 1656 1645 2012)
COO 1415 1402
(Solpan et
C-O0 1047 1044 al., 2003)
C-C 510 506

These results indicate that during the polymerization process, the carboxylic
groups of poly (AA) are dissociated into COO-, which then forms co-polymer
complexes with the cationic groups of poly (AM) through electrostatic interaction

(Solpan et al., 2003).

46



4.2.2 FTIR of Powder and Film Formation Sodium Cellulose Carboxylic (Na-
CMCO)
The following FTIR phase, initiated by Na-CMC powder and film to distinguish the

functional group which can be seen in Figure 4.2.

Sodium carboxymethyl cellulous (Na-CMC)
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Figure 4.2: FTIR spectra of Na-CMC powder and film

The FTIR spectra of Na-CMC powder presents in Figure 4.2. The band at
3236 cm™! appear due to the O-H group. The band at 2880 cm™! assigned to C-H
group. The peak at 1653 cm™! shows carboxymethyl ether group. The band about 1422
cm” and 1335 cm™ assigned to CH, group. The band at 1042 cm! is due to COO
group.

Also, in Figure 4.2 illustrates the FTIR spectra of Na-CMC film as follow:

1. The broad band at 3216 cm™ assigned to the hydroxide layer O-H stretch.

Assigned to band interaction of hydrogen bonding for hydroxyl stretching.
2. At 2870 cm™, the C-H bound stretching to the ring carbon hydrogen atoms

appeared.

47



3. vibration of COOH of carboxylate groups take the lead at 1586 cm™.
4. In addition, the symmetric and asymmetric bands are assigned to -COO-
stretching in carbonyl groups at 1322 and 1020 cm™ region (Luna-Martinez
et al., 2011).
5. The band 489 cm™ belong to nanocomposite material carbon base with
multiphase solid film of Na-CMC.
The IR spectra of functional groups shown the founding of the peaks for powder
and film formation of Sodium carboxy methyl Cellulose. The various FTIR functional
groups with different wavenumber shown in Table 4.2.

Table 4.2: The functional groups and structural formula of Na-CMC

Functional Powder Film formation References
group Wavenumber (cm™ | Wavenumber (cm’
1 1
) )
O-H 3236 3216 (Sunardi, 2017)
C-H 2880 2870 (Lopez et al.,
2015)
COOH 1653 1586
CH: 1422 1415 (Luna-Martinez et
al., 2011)
CcO 1335 1415
COO 1042 1020 (Bertuzzi &
Gottifredi, 2007)
C-C 496 489
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4.2.3 The Film Formation of Poly(Acrylamide-co-Acrylic Acid) and (Na-CMC) by
FTIR Study

The FTIR spectra was used to characterize a film created by mixing poly(AM-co-AA)
and Na-CMC. The IR spectra confirm the formation of poly(acrylamide-co-acrylic acid)

and sodium cellulose carboxylic (Na-CMC).

Poly(acrylamide-co-acrylic acid): Na-CMC film
100
1]
80
3 70
T 8
)
§ ®
§ 3
=y
0
0
4000 3%0 3400 300 2000 200 200 1900 1690 1%0 1000 W0 0
Wavenumber (cm!)

Figure 4.3: poly(AM-co-AA) and Na-CMC film by FTIR spectra

In Figure 4.3 shows the functional group of two blend materials with film formation.

I. FTIR spectra measurement of O-H hydroxide group assigned to broad

band stretching region at about 3220 cm.

o

The C-H attached stretching to the circle carbon hydrogen group

approximately at 2872 cm™.

3

The stretching vibration of COOH of carboxylate assigned at 1585 cm™.
4. The band is assigned to C=0 asymmetric stretching of carboxylate anion

at 1415 cm’! and another sharp peak is associated with the symmetric
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stretching mode of carboxylate anion at1321 cm™ (Suo et al., 2007), in the

same direction of the -C=0 group of acrylic acid.

The FTIR spectrum of the absorbent polymer reveals new characteristic
absorption bands which stretching in carbonyl groups at 1021 cm™ attributed to C-O
stretching. Furthermore, the band observed at 1163 cm™ assigned to C-N Carbon nitride
stretching. Detailed that polyacrylate has carboxylic acid sources related to CMC, it
could have chemical association with components of alloy materials that normally have
hydroxyl groups on the surface, resulting in improved capacity retention (Masiak et al.,
2007). The Table of 4.3 shown the poly(AM-co-AA) and Na-CMC functional groups

by FTIR spectra.

Table 4.3: The functional groups of the Poly (AM-co-AA) and Na-CMC film

Functional Film formation References
group Wavenumber (cm™)
O-H 3220 (Magalhdes et al.,
C-H 2872 2012)
COOH 1585

Coo 1415-1320 (Suo et al., 2007)
C-N 1163

o 031 (Pourjavadi et

al.,2003)

4.2.4 FTIR of (P-Na-S) with Different Na:S Concentrations
The changes on vibrational modes of Na-CMC and poly(AM-co-AA) were investigated
with interaction of Na:S by comparing the samples with different Na>S addition.

I. At this range, stretching approaches for -CH are moderately weak. the more

relevant band occurs between 1653 to 1394 cm™ in samples B and C respectively
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due to the uneven and concurrent stretching of the polymer correspondence
COO- group.

. The presence of the interaction band hydrogen structure was confirmed by the
minimal wavelength peak in poly (AM-co-AA). Typical points for -C-N are set
at about 1428 cm™! in sample A, for acrylamide. In sample C, the peak showing
at about 1394 cm! is due to acrylic acid by -NH; groups.

. Next, on the Figure 4.4, the fingerprint area from sample A to D at 542 to 699
cm™! shows the probability of the -C-C-groups with a larger peak round of 617
cm’!, which is 30% salt of (P-Na-S) electrolyte.

. For pure poly(AM-co-AA), the characteristic peak for sample A, B, C, D, and
E are at 3325, 3272, 3435, 3175, 2969 cm™ attributed to -NH stretch acrylamide
overlapped with O-H stretch.acrylate with C-H and amide group C=0 stretch
asymmetric and symmetric COO- stretch, respectively (Nesrinne, et al., 2017,
Jing et al., 2019).

. The characteristic peaks of pure Na-CMC due to the hydroxyl group (O-H
stretch), carboxylic group (C=O stretch) and ether group (C-OH stretch) are
observed at 3272, 1653 and 1394 cm™ (Lin et al., 2005; Bao et al., 2011) from

sample B to C, respectively.
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(P-Na-S) film with various Na:S salt
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Figure 4.4: FTIR spectrum of (P-Na-S) with various wt. % salt

6. After incorporation of NaxS salt into polymer blend thin film, the O-H stretch of
hydroxyl group for sample A, C and D are observed that have been shifted to
higher wavenumber which is from 3325 cm™ to 3435 and 3175 cm’,
respectively.

7. In addition, the peak at O-H stretch is remain the same 3272 cm’! for sample B
while shifted to lower wavenumber at 2969 ¢m™! 1o sample E. Besides, the €O
stretch of carbonyl group for sample C to E are observed that have been shifted
to higher wavenumber which is from 1394 cm-1 to 1427cm™, respectively.

8. Furthermore, the C-OH stretch of ether group for sample B, C, and D, are
observed that have been shifted to higher wavenumber which is from 837cm’!
to 845, 861 cm-1, respectively.

A carboxyl group (C-OH) is considered a functional group that includes a
hydroxyl group (O-H). carhony! group (C=0) attached to a similar carbon atom.

Since most of the peaks for all samples contuining Na-S have been shifted. it can be
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deduced that there is an interaction between pure polymer blend thin film based on
Na-CMC and poly(AM-co-AA) and Na;S salt. These peaks showed homogeneous
electrolytes of polymer salt made over all the compositions of materials. As evident
from the bands labelled, the IR spectra confirm the forming of carboxylic sodium

cellulose. Table 4.4 show the functional groups with wavenumbers.

Table 4.4: Functional groups of (P-Na-S) electrolyte with various Na,S

Functional Wavenumber (cm™) References
group
Sample A B C D E (Deka &
Kumar,
N-H 2013)

O-H 3325 | 3272 | 3435 | 3175 | 2969
C=0 1428 | 1653 | 1394 | 1420 | 1427 | (Vlachy et

. 200

Con 1997 [ 837 | 845 | 861 | 850 | 2209
(Suo et al.,

CC S427| 554 | 617 | 699 | 542 | o0

Lastly, in Figure 4.4, the absorption range increases from 542 cm™' sample A till
617 cm™ to sample C, when added the salt from 10 to 30 wt.% Na,S. Furthermore, by
adding more salt, the peak shifted from 617 cm™ to 699 cm’! wavelengths to the solid

surface with more salt concentrations from sample C to D, respectively.

4.2.5 FTIR Characterizations of (P-Na-S)-EC Plasticizer
The plasticizing of the (P-Na-S) electrolyte by Ethylene carbonate (EC) to improve
electrolyte conductivity. FTIR spectroscopy, used for the experimental research and

functional groups of (P-Na-S)-EC.
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Figure 4.5 shows the FTIR spectra of (P-Na-S)-EC polymer plasticizer complexes. The
various EC concentrations by (10, 20, 30, 40, and 50 wt.%) shows the FTIR peaks of
factional group in polymeric chains through different ethylene carbonate (EC) addition.

To check the interaction among poly(acrylamide-co-acrylic acid) and sodium
carboxylic callous (Na-CMC) with Na;S and EC plasticizer, the FTIR spectra of the

samples studied. The absorption spectra confirm the formation of (P-Na-S) -(EC) as an

evident from bands that listed in the Table 4.5.

(P-Na-S) Film with various EC
I
J"‘\, ] W 10{ wt. SEC

3308

§ 4 wt %EC
2956

!- O-H 'y

&' wt EC
3248

S0 00 MO 00 300 2600 200 1900 600 1300 KM WO 00

Wavesnmber (cw))

Figure 4.5: FTIR spectroscopy of (P-Na-S)-EC various plasticizers

1. In the polymer electrolytes, the C-O stretching vibration of the plasticizer
took place at 1363 cm’! appear at 40 wt. % EC sample (4).

2. Also, the highest peak at 2944 cm™ closely comes next by peaks at 1363 and
1038 cm™! attributed to the C-O stretching and C-H of (P-Na-S)-EC (Balan

et al., 2019) from the sample (4).
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3. The 580 cm™ band belong to EC, and 559 cm™ has changed to 562 upon

addition plasticizer assigned to C-H; (from sample 4 to 5) due to the rise of

EC from 40 to50 wt. %.

This shows occurred the polymer plasticizer complexation. The chemical formula of all

materials and the functional groups are presented in Table 4.5.

Table 4.5: Functional group through various EC

Functional Wavenumber (cm™) References

group
Sample 1 2 3 4 5 (Balan et al.,

OH 3308 | 2956 3265 2944 3248 2019)
C=0 1432 | 1505 1362 1363 1373 (Rahmari et
C-H 1044 900 1037 1038 1038 al., 2011)
C-0 860 846 845 846 861 (Ramesh &
CH> 616 685 580 559 562 Ling, 2010)

4.2.6 The Comparison of FTIR Results for Both Electrolytes

(i) The Figure 4.4 illustrates the FTIR spectra of (P-Na-S) by various Na.S salts:
1- Spreading of the O-H group and NH group indicates the possibility of - NH
existence and - OH on sulphonic acid around the range.

2- The stretching of -CH moderately is weak, which is shown decrease the polymer

to stretch the dangling chain slightly.
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3- The group of COO reveals irregular movement and simultaneously stretches
around the range. The fingerprint area shows a probability of a C-C group include
a broad peak at 30 wt.% NaxS salts.

These peaks indicate that all blend compositions produce homogeneous polymer

salt electrolytes.

(ii) The fixed sulfide (NayS) salt and various (EC) plasticizers to new peaks are
observed by Figure 4.5 as follow:

1- From the range down to up of 30, 20, to 10 wt.% EC, the band around 760
cm’! vanished because of less EC. Therefore, extra peaks in EC become
visible and transformed from the sample (4) to (5) by 40 to 50 wt.% EC
attributed to C-Ha> group.

2- In 40 wt.% plasticizer, the C-O group seems to stretch vibration in the sample
(4).

3- The outstanding peaks are matching to O-H stretching group and the C-H in
all samples.

4- The greater important broadband chain polymeric attributed to the C-O
stretching vibration by 40 wt.% EC in the sample (4).

Observing these peaks illustrates that polymer salt plasticizer has taken place.
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4.3 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS)

4.3.1 Conductivity Measurement of (P-Na-S) Electrolyte

To evaluate the conductivity of a polymer electrolyte film, EIS have been conducted.
The composition of (P-Na-S) electrolytes characterized with various salt
concentrations. The Figures of 4.6 to 4.10 shown the Col-Col plot with bulk resistance

of (10, 20, 30, 40, and 50 wt.%) salt additions in the electrolyte.
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Figure 4.6: The Cole-Cole plot show the bulk resistance Ry of a 10% NaxS salt
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Figure 4.7: The Cole-Cole plot show the bulk resistance Ry, of a 20% NaxS salt
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Figure 4.8: The Cole-Cole plot show the bulk resistance Ry, of a 30% NaxS salt
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Figure 4.9: The Cole-Cole plot show the bulk resistance Ry of a 40% NaxS salt
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Figure 4.10: The Cole-Cole plot show the bulk resistance Ry of'a 50% NaxS salt
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Figure 4.11 shows the conductivity related to salt concentrations. It illustrates

for 10, 20, 30, 40, and 50 wt.% salt content to the (P-Na-S) electrolytes at room

temperature.
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Figure 4.11: The conductivity by various wt.% NaoS salt shown at room temperature

The conductivity of (P-Na-S) electrolyte film improved when added 30 wt.%
NaS. Then, the conductivity decreased over 30 wt.% salt. There is a close relationship
between the ionic conductivity and the solubility of integrated salt. The solubility
around charge-transport ions will decrease with the addition of Na,S, resulting in
increased ion mobility. However, (P-Na-S) electrolyte films augmented because the
effect of certain NayS salt. When increasing the Na;S content more than 30 wt.% ion
aggregation occurs, which casing lowering the number density of mobile ions. As a

result, by rising the salt more than 30 wt.%, the conductivity dropped.
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Table 4.5 shows the (P-Na-S) electrolyte conductivity of 5 different sample by

various NaS salt concentration at room temperature.

Table 4.6: The conductivity of various salt concentration at room temperature

NasS salt Conductivity (o)
(wt.%) Scm™!
10 (1.49 + 1.73) x10°®
20 (1.89 + 3.29) x10°®
30 (9.82 + 1.51) x107 *
40 (8.42 +1.01) x10°8
50 (4.08 £ 5.54) x10°®

The highest conductivity take place by 30 wt. % salt, which is about (9.82 +
1.51) x 1077 Sem™. The polymer blend containing 30 wt. % NasS salt shown the highest
conductivity (*) at room temperature. When adding the salt, will increase the
conductivity with more ion movement. This process continues till the high level of
concentration, then limit the ions free to travel. As a result, the conductivity reduces as

the salt concentration increased.

4.3.2 Conductivity Measurement of (P-Na-S)-EC Electrolyte

This part the different amounts of EC were added to the (P-Na-S) electrolytes and then
conductivity was measured by EIS. The composition of (P-Na-S)-EC electrolytes
characterized with various EC concentrations. The Figures of 4.12 to 4.16 shown the

Col-Col plot with bulk resistance of (10, 20, 30, 40, and 50 wt.%) EC additions in the
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electrolyte. In addition, the Figures show how the bulk resistance (Rp) was evaluated

for (10, 20, 30, 40, and 50 wt.%) EC sample plasticizers for solid polymer electrolytes.
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Figure 4.12: The Cole-Cole plot illustrates the bulk resistance Ry, by 10 wt.% EC
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Figure 4.13: The Cole-Cole plot illustrates the bulk resistance Ry by 20 wt.% EC
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Figure 4.15: The Cole-Cole plot illustrates the bulk resistance Ry by 40 wt.% EC
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Figure 4.16: The Cole-Cole plot illustrates the bulk resistance Ry by 50 wt.% EC

Less electrical resistivity of bulk resistance (Rp) reflects a highest conductivity
(o) by 40wt. % EC in the electrolytes based on the Cole-Cole plot in Figure 5.5.

Figure 4.17 shows the various conductivity of ionic (P-Na-S)-EC plasticizer
electrolyte at room temperature. The (P-Na-S)-EC film electrolyte has a highest

conductivity about (2.74 + 2.52) x10™* S.cm™' by 40wt.% of EC plasticizer.
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Figure 4.17: The different conductivity by various wt.% EC shown at room temperature

The conductivity improved as the EC content increased from (10, 20, 30, 40,

and 50 wt.%) until the maximum conductivity was reached the highest, and then

decreased over 40 wt. % EC.

The ionic conductivity is associated to the plasticizer. The EC has a high donor
number (16.4), a low molecular weight (88.06 g mol™), and the value of dielectric
constant was (¢ =89.6) (Baharun et al., 2018). When EC added, the charge-transporting
jons will be reduced and lead to increased ion mobility.

Furthermore, due to salt dissociation, the EC high dielectric features might
decrease between the salt’s anion and the cation. The existence of EC in the (P-Na-S)
film rise with the increase of salt ions of NasS to the complex of the functional group
of EC. This leads to an increase in ionic conductivity. However, increasing the EC
content caused in ion accumulation which indicates lowering the number density of

mobile ions beyond 40%. As a result, as the EC content was increased, the conductivity
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decreased. (Kadir, et al., 2010). Tale 5.2 indicates the conductivity of electrolyte (P-Na-

S)-EC with various sample of EC at room temperature.

Table 4.7: The conductivity of various FC' concentration at room temperature

EC Conductivity (o)
(Wt.%) Sem’!

10 (1.06 £0.47) x 10

20 (1.43+0.53) x 10

30 | (2.39£2.46) x 107

40 (2.74£2.52) x 107+

50 (8.19+0.54) x 107

‘The polymer plasticizer containing 40 wt. % LC shows the highest room

temperature conductivity (*).

lonic conductivity is found to be an important factor in polymer electrolytes
containing Na;S salt and EC. The conductivity was increased with the addition of salt
due to fast ion mobility. It can be deduced that higher amount of salt increases the
number density of mobile ions and the maximum value attained with certain amount.
Then, the addition of salt decreased the conductivity due to neutral aggregates which
states by re-association of ions (Kadir et al., 2010).

The salt dissociates into ions generates pores between polymer chains and free
volume space, preparing ion-transporting channels. This might be assigned to salt
aggregation, resulting in crystallinity increase, squeezed ion transport channels, or

reduced free volumes Na;S salt caused ion diffusion reduction.
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Furthermore, the additional of EC can decline thickness of polymer round the
charge transport ions, which lead to more mobile of ions. However, more EC caused
aggregation of ions that make decreases in conductivity at higher EC content. (Kadir et
al., 2010; Deka, & Kumar, 2013). In addition, the polymer chain was unable to
effectively transfer extra salt in the EC. This process reduced ion migration and

decreased the diffusion (Zhang et al., 2016).

4.3.3 Activation Energy Measurement

4.3.3.1 Activation energy of (P-Na-S)

The activation energy (Ea) is another significant parameter to consider analyzing ion
migration. It signified the energy associated with ion migration at the same time. The
influence of activation energy states on the desirable condition and ion migration
requires smoother ion transformation. Figure 4.18 shows all plots generates for utilizing
the Arrhenius equation to calculate the energy activation (Ea) using the slope of the

linear ratio.
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Figure 4.18: Arrhenius plot containing various (NazS) via In ¢ versus 1000/T
temperature

In Figure 4.13 shows the temperature range used for various sample between
303 K to 373 K. Itis logical to declare that all samples are i perfect harmony with the
Arrhenius equation. It is obvious the conductivity of five samples has conducted
pathways with the minimum activation energy. Table 4.6. illustrates the evaluation of

activation energy based on conductivity results of the electrolyte.

Table 4.8 Activation energy of various salt concentration for the (P-Na-S) electrolyte

NaxS Activation Energy (Ea)
(wt.%) salt (eV)
A 0.81
B 0.58
C 0.36
D 0.60
E 0.88
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4.3.3.2 Activation energy of (P-Na-S)-EC

The energy activation (Ea) for (P-Na-S)-EC is measured by the gradient linear fit via

log o versus 1000/T. Figure 4.19 shows the value Ej, fitted lines polts.
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Figure 4.19: Indicates the In o versus 1000/7 graphs for various EC plasticizer

The ions needed minimum energy to leap from one vacant region to another,
resulting in charge conduction, known as activation energy. As a result, ion hops with
a lower barrier, have the highest conductivity which discovered in the (P-Na-S)-EC
electrolyte at 40 wt.% EC by activation energy. The polymer electrolytes become more
amorphous as plasticizer has been added to the network of polymer. This allows for
faster ion movement, leading to the increase the conductivity. The rise in number
density of mobile ions is mostly duc to the increased conductivity by plasticized EC.
Table 419 presents comparison of conductivity and activation energy by various 1C

contents.
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Table 4.9: Shows via various EC comparison the conductivity with activation energy

EC Activation Energy (E.)
(Wt.%) (eV)
0.47
0.29
0.18
0.16
0.36

DN D] W] —

The highest conductivity of various samples was achieved by 40 wt. % EC
plasticizers and lowest activation energy which shown in Table 5.3.

In the electrolyte containing salt and EC, the value of activation energy (Ea) is
lower. This indicates the longer chain or bulkier groups holding components that
essential to greater energy with shorter chain compounds to overcome the energy
barrier. Conductivity decreased after extra salt or EC. As seen in Table 6.1, the
electrolytes of ionic conductivity (P-Na-S) indicate high value by 30% Na;S salt. Then
the highest conductivity value occurs when additional (NaxS 30 wt.% + EC 40 wt. %)
mixed to the electrolyte of (P-Na-S)-EC about 9.82 x107 S.cm™ to 2.74 x10*S.cm™,
respectively.

Table 4.10: Energy activation and conductivity through of NaS salt and EC plasticizer

Factors 30 wt. % NaaS 40 wt. % EC
o (S/cm) 9.82 x107 2.74 x10*
E;(eV) 0.36 0.16

The energy activation of ion conduction was calculated based on the

Arrhenius relation: o = gyexp(— %). The results show that lower the energy of
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activation specifies the higher ionic conductivity. The ion could easily overcome the
energy barrier to move, provided that the energy activation for ion conduction was

relatively lower. This improved ionic mobility and increased ionic conductivity

4.4 DIELECTRIC STUDY OF (P-Na-S) ELECTROYTE
To examine the conductivity behavior of polymer electrolytes, we can use dielectric
analysis (Aziz, 2018; Kumar & Bhat, 2009). It is considered a favorable method to
examine the mechanism of ion transport and polymer segmental relaxation in polymer
electrolytes. The impedance spectroscopy technique plays a key role in providing
information about the electrical attributes of materials and their convergence area while
conducting electrodes. The research measured the films conductivity with poly(AM-co-

AA)/Na-CMC/NaxS with a frequency range from 50Hz to 1 MHz.

4.4.1 Frequency Dielectric Constant (Er) at Selected Temperatures

The conductivity behavior of polymer electrolytes is investigated using
dielectric evaluation. The complex permittivity function is a material property that is
affected by temperature, polymer electrolyte structural identity, and applied field
frequency (Aziz et al., 2019; Okutan & Sentiirk, 2008). Besides, depend on the cherpical

composition and the method of preparation (Rahaman et al., 2015; Chandran & George,

2016).

The diclectric characteristics of the sample (A, B, C, D, and E) with various
NS salts at different temperatures from 303K to 373K are shown in figure 4.20 {o
4.24,
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Figure 4.20: Frequency dependence of the dieleetric constant (E) with 10% salt
of the electrolyte at differcnt temperatures
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Figure 4.21. Frequency dependence of the dielectric constant (E, ) with 20% sali
of the electrolyte at different temperatures
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Fieure 4.23: Frequency dependence of the dielectric constanr (Ey) with 40%, sali
of the electrolyte at different temperatures
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Figure 4.24: Frequency dependence of the dielectnic constant (E;) with 50% salt of
the clectrolyre at different temperatures

Charge carrier density, known as carrier concentration, measured by number of
charge camer per volume. There 15 a long period in the low frequency region, the
maobile jons tend 1o accumnulale al the clectrolyte interface, leading in electric field
reversal with time This leads tn higher diclectrie constant (Er) value. Because of the
increasing in carrier density at higher temperatures, it is obvious that the values of (k)
increases (Nithya & Selvan, 200 1). Furthermore, ot high temperatores, lon aggregates
re-dissaciate, resull in a rise in carmier density or the amount of free lons (Tamilselvi &

Hema, 2014).

The dielectric constant (E,) reduced sharply while (he requency increased. [his
reduction occurs, it is because there wuas a decrease in space charge palarization
influence. In the high-frequency region, it is found fhai the value of By 1s almost
constant with frequency. This happens hecause the periodic reversal of (he eleetrie ficld

occurred so {ast, and the charge carriers did nol go* sufficient fime to orient themselves
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irl the field direchion. Hence, there 15 no excess wn diffusion in the direction of the field
which led to the decrease in the valucs of dielectric consiant { Deraman et al., 2014),
Consequently, the dielectric constant (E:) remaned almost unchunped, However, it

raised with the mising femperature at a taken frequency (303K-373K).

The frequency dependence at room temperdture, on the other hund, 1s shown in

Figurc 4.25,
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4.25: Frequency dependence of dielectric constant (E:) viasamples of (P-Na-5)
polymer electrolytes at rooim temperature
Figure 4.25 shows the dielectric constant’s (E;) of lhe frequency dependence for
polymer blend (P-Na-3) clectrolyte. It shows there s a variation in dielectnic constani
with frequency for different sall concentrations. Furthermore, the slight crease n
charge carriers within the polymer clectrolyte was reflected m the erease in the
diclectric constant (Ex), As a result, the diclectric characleristics of the sample (A, B. C,

0. und B} at room lemperan~e are showr In Figure 4.25. For all selected samples, the

73



variance of the real part of the dielectric constant with frequency is around 303K

temperature, as measured by (log E;) versus (log o).

4.4.2 Frequency Dependence of Loss Tangent (tan d)

The frequency dependence of permittivity and loss tangent in the presence of interfacial,
ionic, and electronic polarization mechanisms. The effect of the experimental frequency
range on the relaxation time spectrum is investigated in this work. Figures 4.18 to 4.22,
illustrates function of frequency for loss tangent (tan 6) at various temperature values

to obtain a deeper understanding of the relaxation process.
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Figure 4.26: The loss tangent (tan 6) of (P-Na-S) electrolyte at 10 wt.% salt
with preferred temperatures
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Figure 4.27: The loss tangent (tan &) of (P-Na-S) electrolyte al 20 wi salt

with preferred temperatures
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Mgure 4.28; The loss tangent (tan o) of (P-Na-5) electrolyte at 30 wi, % salt
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Figure 4.29- The loss tangent (tan &) of (P-Na-S) electrolyte ar 40 wi.% salt
with preferred remperatures
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Figure 4.30: The loss tangent (tan &) of (P-Na-8) clectrolyte at 50 wi.% salt
with preferred temperatures

From Figures 4.26 to 4,30 it can be observed that the peaks shifted to lugher
frequency with temperature. 1t shows that the relaxation time of mobile 10ns decreases

wilh the increasing temperature. The phase shifi liss been estimated to be particularly
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small. At higher frequencies, however, the polarization is slow in the electric field. Due
to the polarization relaxation time and the field duration, a resonance state is achieved
when the loss tangent (tan 6) is maximum (Yu, et al., 2008).

Figure 4.31 illustratcs variations of loss tangent (tan 8) at room temperature with

frequency of the (P-Na-S) polymer electrolyte.
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Figure 4.31: The loss tangents (tan 8) variation with frequency of (P-Na-S)
electrolyte at room temperature

Figure 4.31 shows when salt is added to the polymer host, the relaxation peak moves to
the high-frequency side. The presence of diclectric relaxation processes and a decrease

in relaxation time are evidenced by a shift in the loss peak and @ movement i position.

4.4.3 AC Conductivity of Dielectric Properties

The alternating-current (AC) clectrical propertics in the clectrolyte depends not only the
mobile ions which cause the direct-current (DC) ;:onductivity but also relatively ions,
or dipoles. With the calculated frequency range, the spectrum is divided into two distinct

areas. The low-frequency spike is caused by space charge polarization at the blocking

79



electrodes and notices electrode-electrolyte interfacial phenomena (Hasegawa &
Yamamoto, 1994) The conductivities frequency dependence of log (gaz) is shown in

Figures 4.32 to 430,
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Figure 4.32. Measurement of Log o by 10 wi% salt of (P-Na-S) at selected
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Ficure 4. 33 Measurement of Log o, by 20 wi.%4 salt of (P-Na-S) at selected
Femperaure
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Figure 4.34: Measurement of Log o, by 30 wt % salt of (P-Na-S) at selected
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Figure 4.36: Measurement of Log ay by 10 wit.% salt of {P-Na-5) at selected
temperature

The complexed polymer eleciralyte of DC conductivity (oy:) comes next after

ihe frequency-independent platean area. The value of de conductivity at all temperatures
is obtained to the zero-frequency region, log (Ga) versus Loy (w) seems to be hinear ar

higher lemperatures leading fo de conduction (Ramesh & Arofl 2001), The other

compositions appear to have a similar paftern of dependence.
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As shown in Figure 4.29, the log ¢ ac was used at room temperature for different

concentrations of salt.

*A BC +D E

log (04

(Log o (Hz))

Figure 4.37: Log () conductivity with frequency spectra vs. Variation
log (Oac) of (P-Na-S) electrolyte at room temperature

The mobility of charge carriers tends to be high in the high-frequency areas.
Therefore, the conductivity rises with the frequency. The change of conductivity tends
to stabilize at high frequencies. The conductivity behavior can be divided according to
the frequency in Figure 4.37. In the low-frequency field, the conductivity tends to be
constant and is referred to dc conductivity.

4.5 DIELECTRIC STUDY OF (P-Na-S)-EC ELECTROYTE

It is a method for understanding the carrier transport propertics of polymer clectrolytes
by studying the ion transportation mechanism in conjunction with the polymer phase.
The complex electrolyte feature is the material properties affected by temperature, the

polymer electrolyte character, and the frequency of the applied region (Aziz et al,
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2019). The films’ conductivity with (P-Na-S)-EC plasticizer were used to measure the

frequency ranging from 50Hz to 1 MHz.

4.5.1 Frequency Diclectric Constant (E,) at Selected Temperatures

The effect of temperature on the dielectric constant is such as frequency. Suppose
temperature rises, polar molecules’” mobility increases, which led to an increase in the
diclectric constant. In low temperature, the molecules’ alignment in the dielectric
material seems difficult. If temperature rises, the dipoles moment become dominant in
the dielectric materials leading to a rise in the dielectric constant.

Generally, when the frequency rises, the net polarization materials fall because
each polarization performance stops contributing, and its dielectric constant falls. The
reason is that the changes in structure in a phase change and the dielectric constant relies
heavily on the structure.

It can be seen in Figures 4.38 to 4.42, The dielectric constant (E;) values rise at
higher temperatures because there is a rise in carrier density, resulting in the rise of free
ions number or carrier density. The measurement of dielectric properties with various

EC contains (10, 20, 30, 40, and 50wt. %) in the range of 303K to 373K temperatures.
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Figure 4.38: Dielectric constant’s frequency (log EJ by 10 wt % EC plasticizers al
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Figure 4.40: Dielectric constant’s [requency (log E;) by 30 wi. % EC plasticizers at
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Figure 4.41: Dielectric constant’s frequency (log E) by 40wt %y BC plasthiosers at
prefermed temperatures
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As n result, resources have increased carrier concentrition and mobility, which

led 1o increased conductivity. Based on the findings, it can be expected that dielectric

analysis as a useful tool for siudying the conductivity measurements of the polymer

electrolytes.
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Figure 4.43: Dielectric constants of frequency (log E;) dependence using different
wt. % EC plasticizers

The dielectric frequency versus constant frequency at room temperature is shown
in Figure 4.43. The continuous frequency (log E:) was conducted for five
experimentations of electrolytes (P-Na-S) with different EC plasticizers. As you can see
in the graph, the solid lines represent the relevant result. There is a direct link between
dielectric constant and free charge carrier numbers, and it is enhanced once the salt has
been added to the polymer matrix. Electrolyte polarization persistence causes a higher
value related to the dielectric constant at lower frequency, which is related to the

increase of the total dissociation of the salt ions.

4.5.2 Dielectric Loss Tangent (tano)
Figures 4.44 to 4.48, shows the loss tangent versus frequency via electrolyte (P-Na-S)

by different EC, known as the lees tangent.
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Figure 4.47; The tangent loss’s (1an &) frequency for polymer blend
by 40wt % EC plasticizers
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To understapd the varaton of ac conductivity with the frequency, the remons

plot of figures divided into three different regions: the first region is low-frequency. the
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second region is moderate-frequency, and the third region is high-frequency. In the
current configuration, all graphs indicate a singular relaxation peak, showing ionic
conductivity. The temperature affects the molecules, which leads to the migration of

thermally excited carriers from energy levels, which improves AC conductivity.
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Figure 4.49: Frequency dependence of loss tangent (tand) electrolytes membrane
at room temperature with various EC

In Figure 4.49 The relaxation peak moves to the high-frequency side, showing

quicker ion dynamics movement from one coordinate region to the next at the room

temperature. It is because a reduction in relaxation time with equilibrium concentration.
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4.5.3 Measurement of AC Conductivity of Dielectric Properties

Figures 4.50 to 4.54, shows the dielectric conductivity measured for polymer

electrolytes (P-Na-S)-EC at (303 to 373 K) temperatures.
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Figure 4.50: Spectra conductivity of polymer electrolyte (P-Na-S) by 10 wt. % EC at
preferred temperatures
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Figure 4.51: Spectra conductivity of polymer electrolyte (P-Na-5) by 20 wt. % EC at
preferred temperatures
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Figure 4.53: Spectrn conductivity of polymer electrolyte (P-Na-5) by 40 wi, % EC at
preferred temperatures
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Figure 4,54- Spectra conduchivity of polymer electrolyle (P-Na-8) by 50 wi. % EC at
preferred leniperatures

Within (he caleulated frequency range. the spectrum is divided into two distinet

areas. The low-frequency spike is cliaracterized to charge polanmzation space at the
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blocking electrodes and explains electrode-electrolyte interfacial phenomena
(Yamamoto et al. 1994). This might be backed up by the frequency plateau area
related to 6 ¢ of the polymer electrolyte complex. The conductivity value of & g at all
temperatures is obtained by the plateau area to frequency of zero. The mobility of
charge carriers tends to be high in the high-frequency region; therefore, the frequency

of conductivity enhances (Ramesh & Arof, 2001).
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Figure 4.55: log (o, ) conductivity versus Log (o) with different (P-Na-S)-EC
electrolyte at room temperature

In Figure 4.55 at room temperature with the addition of plasticizer, the overall
effect shows various in conductivity range. When the frequency region is low, the ac
conductivity dispersion shows at higher frequencies. Apart from dispersion in the region
of low frequency, the deviation from o dc is more notable on the plasticizer.
Plasticization causes a divergence from the dc value, which shows in the conductivity

range, appear in the low-frequency region. It is because of increased ionic conduction.
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4.6 XRD PATTERN WITHOUT SALT, BY Na:S AND EC PLASTICIZER

The crystallinity and amorphousness of the samples were determined using X-ray
diffractometer. X-rays with 1.5406 A° wavelengths were produced by Cu Ko source
between 10 to 80 degrees with 20 angle.

Figure 4.56 shows the XRD diffraction pattern for poly (acrylamide-co-acrylic

acid) and sodium cellulose carboxylic (Na-CMC).
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Figure 4:56 Shows polymer with Poly (AM-co-AA) and Na-CMC withoutNa,S salt

The sample did not have any sharp peaks in XRD patterns, with only a large
peak at 20 = 20° of polymer networks (Varaprasad & Sadiku, 2017) as shown in Figure
4.56. The XRD peaks are low and broad due to the small size effect and incomplete

inner structure of the particle.

The higher conductivity with 30% salt was used for the XRD pattern. Figure
4.57 shows the XRD patterns of (P-Na-S) polymers and their complexes with 30 wt.%

salt. Visual inspection reveals that the solid polymer electrolyte is partially amorphous.
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Figure 4.57: Shows polymer with Poly (AM-co-AA) and Na-CMC by 30 wt.% NauS salt

In Figure 4.57 can be seen the recrystallization of salt at 28 = 16657 und
32.41°(Baharun et al.. 2018). The crystalline peak is also visible at 20 = 5597 when
the sodium sulfide sall is added, the sample becomes more amorphous. which should
improve ion migration in the electrolyre (Li et al.. 2005). Upon further salt. specifies
thal the polviner is unable (o accommeodate all the salt added during film formation, An
changes in the polymer matrix which causes an up-shifting of the XRD peak, indicating
polymer-salt interaction due to cation (Na+ ion) complexation (Arya & Sharma, 2018),
There is evidence that salt can influences the composition ot the blend polymer matrix,
lons can disrupl (he regular arrangement of the salt polymer backbone and aggregate
through non-polar hydrophobic chams, disrupting the erystalline phase of the polymer
and causing the (P-Na-8) film W become amorphous.

In Figure 4.58 shows the specific XRD diffraction peaks (20) wilh 40 wi%s EC

plasticizers for the pulymerie clecirolyte in the range of 10 fo 80 degree.
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Figure 4.58: Indicates XRD diffraction for 40 wt. % EC

The characteristic peaks (20) of semi-crystalline (P-Na-S)-EC electrolyte film,
appear in the range between 20 and 60 theta degrees. It shows recrystallization at
maximum peak about 33.7 and 56.1 ° which are attributed to the salt and EC. The excess
salt recrystallized on the surface of the film in two regions. In fact the sample should
become more amorphous for enhance ion migration in the electrolyte (Li et al., 2005).
On the other hand, the pattern shows recrystallized texture by additional EC. As a result,

the polymer complex is unable to accommodate all the salt added during film formation

by additional EC.

4.7 ANALYSIS OF MOBILE ION CONDUCTIVITY
As discussed in earlier sections, the electrolytes in QDSSCs are responsible, not only
for the regeneration electron but also for charge transport between anode and cathode

in the solar cell. Numerous efforts have been made to design novel and efficient
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electrolyte formulations to achieve optimal performance for QDSSC. This electrolyte
has been developed by solution casting technique. The current work, two-step method
was used to prepare electrolyte based on NaxS salt and EC in solid polymer electrolyte
(SPEs). The use of water as the only solvent for the S*/Sx % redox mediator would
assure the realization of safe, cheap, and eco-friendly materials for electrolyte.
Activation energy (Ea) and ionic conductivity at room temperature for each sample are
listed in Table 4.8. According to the Table, at room temperature ionic conductivity
(RTIC), initially increases with Na,S concentration until a maximum conductivity is
obtained at (9.82 £ 1.51) x107 Scm™ for the electrolyte containing 30% NayS salt.
Further increase of Na,S concentration above 30% shows a decline in RTIC. At more
than 30% Na,S salt, mobile ions are getting too close to one another, and thus lead to
neutral ion pairs and/or aggregates formation. This reduces the concentration of free or
mobile charges. The bulky ion aggregates also have lower mobility as compared to free
ions. The variation of (Ea ) with Na,S content is in opposite trend to that of conductivity.
This phenomenon suggests that the low activation energy promotes an easier migration
from one donor site to another and consequently results in higher ionic conductivity
(Buraidah et al., 2009). On the other hand, EC added to increase the conductivity and
set between 10 to 50 % which reaches 40% maximum conductivity at (2.74£2.52)x10
4Scm!. Adding of plasticizers in polymer electrolyte is one of the most effective
approaches to improve the mobility of ionic or/and the interfacial interaction
among ionic and polar groups in polymer chains. The choice of plasticizer and its
concentration can affect film permeability and mechanical properties (Sheldon et
al. 1989 & Roy et al.,2009). The other advantage of plasticization is to modify the
polymeric matrix and provide the enhanced conductivity. In general, low

molecular weight and high dielectric constant additive, such as, ethylene
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carbonate (EC), is used to modify the permeability of the polymer film (Bhide et al.,
2007). The addition of plasticizer in polymer matrix tends to decrease the glass
transition temperature and increase deformability, elasticity, abrasion resistance,
and elastic recovery in the electrolyte system. Use of plasticizers also increases the
salt-solvating power which leads to an increase in amorphous content of the
polymer matrix and tends to dissociate ion-pairs into free cations and anions
thereby leading to an overall enhancement in conductivity. As a result, this change
indicates the polymer-salt-plasticizer interaction as well as the decrease in

crystalline behavior of the composite electrolyte.

4.8 SUMMARY

This chapter presents the result and discussion of the FTIR with the functional groups
of poly(acrylamide-co-acrylic acid) powder and film formation and Na-CMC
individually . Then, explains the FTIR spectra with poly(acrylamide-co-acrylic acid)
and Na-CMC film formation with and without salt. Also, describes the findings and
discusses the functional group of polymer chains with different NaxS salts and ethylene
carbonate (EC) by FTIR technique. In addition, Impedance spectroscopy (EIS)
measures the conductivity from 10, 20 ,30 ,40, and 50 wt.% of salt and EC addition
separately. Following, measure the activation energy of both electrolyte for ionic
conductivity of electrolytes and activation energy with optimum achievement by salt
and EC. Consequently, discussed the dielectric study through dielectric constant (E;),
frequency dependence of loss tangent (tan §). and AC conductivity of all samples with

the fixed temperature from 303 to 373 K. Lastly. the XRD patterns shown studied
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without salt and the enhanced 30% Na,S salt and 40% EC to differentiate crystallinity

and amorphous concept through the highest electrical conductivity.
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CHAPTER FIVE

CONCLUSION

5.1 CONCLUSION

Two distinct sets of polymer electrolytes were prepared based on Na,S with and
without ethylene carbonate (EC) and characterized by FTIR, XRD and EIS techniques
to achieve the objectives related to the preparation and characterization of (P-Na-S)
electrolytes. To begin, five polymer electrolytes based on Na,S were prepared and
characterized using FTIR, XRD, and EIS techniques. Higher conductivity at 9.82 x 10
7' S.cm™! was attained by the (P-Na-S) with 30 wt.% Na,S salt. To increase electrolyte
enhancement, which was another goal of this research, different percentages of EC
based (P-Na-S) were selected as an additive to improve the conductivity that obtained
by 40 wt.% EC at 2.74 x10* S.cm™.

Consequently, the minimum activation energy was verified by the Arrhenius
equation with approximately 0.36 eV and 0.16 eV for additional salt (30 wt.%) and EC
(40 wt.%) respectively. Effect of salt and plasticizer on dielectric behavior, electrical
conductivity, and other physical property was clearly visible on the pristine electrolytes.
The better electrical conductivity depends on the combination of plasticizers. The
maximum conductivity was obtained with (Na,S salt 30 wt.% + EC wt. 40%).

FTIR spectra, shown the characteristic bands are shifted, and no new peaks
observed after the mixing of components with additional salt and EC. The XRD shows
extra salt for the polymer electrolytes and additional EC grow into more amorphous and

reduces crystallinity.
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Developing new knowledge based on previously existing survey by doing thorough and
innovative research for the reason that of achieve new outcomes based on unique
materials and a new strategy to specifying the contribution to the knowledge by analysis

and data collection of acceptable results.

7.2 RECOMMENDATIONS

1- The conductivity of solid polymer electrolyte has been optimized. Nevertheless,
still there are rooms need to be improved for higher conductivity of the
electrolyte.

2- Further study needs to be carried out to expand this research in the future. The
findings provide the following understandings for the future research.

3- More research on ion activities and movement of these electrolyte sys-tems,
transmission numbers would provide more insight into the literature.

4- If proper materials are added, they might modify the (P-Na-S) electrolyte.

5- Another study may add more knowledge to the research by modelling of (P-Na-

S) and (P-Na-S)-EC plasticizers.
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