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SYNTHESIS AND CHARACTERIZATION OF SINGLE-ION
CONDUCTING POLYMER ELECTROLYTES FOR LITHIUM-ION
BATTERIES

Aneeka Zaheen Kamal

M.S. Thesis — Chemistry
June 2015

Thesis Supervisor:  Assoc. Prof. Dr. Sevim UNUGUR CELIK

ABSTRACT

Single-ion conducting polymer electrolytes have become crucial in lithium-ion
batteries due to the elimination of the polarizing effects. In this study, lithium oxalate
polyacrylic acid borate and lithium oxalate polyvinyl alcohol borate complexes were
produced and then blended with poly (polyethylene glycol methacrylate) (PPEGMA). In
addition poly (2-acrylamido-2-methyl-1-propanesulfonic acid-co-polyethylene glycol
methacrylate) copolymer was synthesized with free radical polymerization and then Li
ion was exchanged with hydrogen in the sulfonic acid group. The resulting single-ion
conducting polymer electrolytes were characterized via Fourier transform infrared
spectroscopy (FTIR). The thermal properties were analyzed with thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). The effect of PPEGMA on
the ionic conductivity was investigated with impedance analyzer and the maximum
ionic conductivity was measured as 2.89 x 10* S/cm at 100 °C for LiPVAOB-
60PPEGMA.

Keywords: Polyvinyl alcohol, polyacrylic acid, poly (2-acrylamido-2-methyl-1-
propanesulfonic acid), polyethylene glycol methacrylate, ionic conductivity, Li-ion
battery
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LITYUM IYON PILLER ICIN TEK IYON ILETKEN POLIMER
ELEKTROLIT SENTEZI VE KARAKTERIZASYONU

Aneeka Zaheen Kamal

Yiksek Lisans Tezi —Kimya
Haziran 2015

Thesis Supervisor:  Assoc. Prof. Dr. Sevim UNUGUR CELIK

o)y

Tek iyon iletken polimer elektrolitler, lityum-iyon pillerde polarize etkileri
ortadan kaldirdig1r icin ¢ok Onemli hale gelmistir. Bu calismada lityum okzalat
poliakrilik asit borat ve lityum okzalat polivinil alkol borat kompleksleri uretildi ve poli
(polietilenglikol metakrilat) (PPEGMA) ile kompozit yapildi. Ayrica serbest radikal
polimerizasyon ile poli (2-akrilamido-2-metil-1-propansulfonik asit-ko-polietilen glikol
metakrilat) kopolimeri sentezlendi ve Li iyonu ile sulfonik asit grubundaki hidrojen yer
degistirildi. Uretilen tek-iyon iletken polimer elektrolitler Fourier transform infrared
spektroskopisi (FTIR) ile karakterize edildi. Termal 6zellikler termogravimetrik analiz
(TGA) ve diferansiyel taramali kalorimetre (DSC) ile analiz edildi. PPEGMA
iceriginin iyonik iletkenlige etkisi impedans analizor ile arastirildi ve en yiiksek
ilektenlik LiPVAOB-60PPEGMA icin 100 ‘C’de 2.89 x 10™* S/cm olarak dlciildii.

Anahtar Kelimeler: Polivinil alkol, poliakrilik asit, poli (2-akrilamido-2-metil-
1-propanstlfonik asit), poli (etilen glikol) metakrilat, iyonik iletkenlik, Li-iyon pil
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CHAPTER 1

INTRODUCTION

Energy is a necessity for the modern society, a drug facilitating the needs of every
21% century human in order to sustain a normal living. In order to meet the growing
demand of energy, extensive research and development have been conducted. After
years of hard work scientists currently have been able to crack the code in producing

clean and secure energy as well as energy storage and efficient energy resources.

Electronic devices such as portable cell phones and laptops incorporate the use of
polymer electrolytes, especially ‘lithium-ion batteries (LIB’s), which are currently the
‘in thing’ in the scientific community as storage devise. LIB’s are quite in demand in
the energy industry due to their inherent low safety risks, the ability to be formed into
thin films, light weight and flexibility [1]. Compared to conventional and
electrochemical systems based on hydrocarbons LIB’s have zero carbon emission
during operation, another massive advantage [43]. Other than portable devises LIB’s are
an optimal power source for hybrid electric vehicles (HEVS), plug in hybrid electric
vehicles (PHEVs) and electric vehicles [63].

Like any other battery, the building block of a typical LIB consists of a transition-
metal oxide cathode (LiCoO,, LiMnO, etc.), carbon anode (graphite, graphene etc.), a
separator and an electrolyte. Electrolyte is one of the key components of rechargeable
LIB, it facilitates the ion transport between electrodes in the device [58]. It is essential
to develop an electrolyte with high ionic conductivity along with thermal and electric

stability.

The use of single-ion conduction is fairly a new concept that is been used in

LIB’s. Widespread commercial use of single ion systems in energy devices will require



more sophisticated polymer electrolyte formulations and a better understanding of the

nature of charge storage.

The general goal of this work is to synthesize and investigate properties of novel solid
single-ion conducting polymer electrolytes (PE’s) with ethylene oxide (EO) units for
use in LIB. Here three separate polymer electrolyte (PE) synthesis are reported, initially
polyethylene glycol methacrylate) (PEGMA) was polymerized to obtain poly
(polyethylene glycol methacrylate) (PPEGMA), which was later blended with the PE’s.

In the 1% study a novel single-ion conducting electrolyte, lithium polyvinyl
alcohol oxalate borate (LiPVAOB), based on polyvinyl alcohol, boric acid, lithium
carbonate and oxalic acid was synthesized. The obtained PE was then blended with
different ratios of poly (polyethylene glycol methacrylate) (PPEGMA).

In the 2" study polyacrylic acid, boric acid, lithium carbonate and oxalic acid
were used to synthesize lithium oxalate polyacrylic acid borate (LIOPAAB). The
resulting PE was then blended with different ratios of PPEGMA.

In the 3" and final study 2-Acrylamido-2-methyl-1-propanesulfonicacid (AMPS)
was copolymerized with several ratios of polyethylene glycol methacrylate (PEGMA)
to obtain poly(2-acrylamido-2-methyl-1-propanesulfonicacid-co-poly(ethyleneglycol)
methacrylate) copolymer. To the resulting copolymer lithium hydroxide was added for

the purpose of ion exchange to obtain a single-ion conducting PE.

The PE’s were characterized via FT-IR, TGA, and DSC. The morphology of the
PE’s were investigated using SEM. The Li-ion conductivity was measured using
dielectric-impedance analyzer and the electrochemical properties are investigated with

the help of Cyclic Voltammetry.



CHAPTER 2

LITHIUM-ION BATTERIES

2.1 INTRODUCTION

Batteries are electrochemical devices that store chemical energy and convert it
into electrical energy to power numerous devices [2, 3].The basic building blocks of a
typical battery consist of one or more cells, and each cell is made up of a positive

electrode, a negative electrode, separator and an electrolyte (Figure 2.1).

e e
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Figure 2.1 Representation of a Battery [2]

Batteries can be categorized into two important classes: primary and secondary
batteries. The chemical reactions that occur are not reversible in a primary battery
making them non-rechargeable, secondary batteries are the opposite. The chemical
reactions are reversible making it possible for them to be recharged. Such batteries can



be charged and discharged several times whereas primary batteries are used once
and disposed[4,5]

2.2 CHEMISTRY IN BATTERY

The key process of generating energy is by the substitution of atoms and ions by
the withdrawal or supplying electrons from the external circuit, in other words
electrochemical reactions taking place at the two electrodes (anode and cathode). Each

electrode undergoes electrochemical reaction known as half-cell reaction.

When a battery is being discharged electrons flow form the anode towards the
cathode. The anode is being oxidized and as the cathode accepts electrons it gets
reduced. The operation of a battery during discharge is illustrated in Figure 2.2.
Discharging is the process to convert the chemical energy carried out by the battery into

electrical energy[4, 5].

Electron flow
—_—
_ R

Flow ot amians
——

Angde
Cathode

Flow of cations
—————

Electrolyte

Figure 2.2 Electrochemical operation of a cell during discharge [5]

The electrochemical half-cell reactions occurring during discharge can be written

as follows (assuming Zn as the anode and Cl2 as the cathode):



At negative electrode: oxidation
Zn — Zn*? + 2¢°

At positive electrode: reduction
Cl, + 2" — 2CI

Overall reaction (discharge):
Zn + Cl, — Zn*?+ 2CI" (ZnCl,)

The charging of a battery is the exact opposite of discharging. The electron flow is
in the opposite direction, oxidation occurs at the positive electrode and reduction at the
negative (Figure 2.3). Oxidation and reduction both simultaneously occur at the same

electrode in a secondary battery, meaning the cathode during discharge can be anode

during charging and vice versa [4, 5].

- DC +
power supply
Electron flow +

— e —

Flow of anions
.

Cathode
Anode
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e
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Figure 2.3 Electrochemical operation of a cell during charging [5]



The electrochemical half-cell reactions occurring during charging can be written

as follows:

Negative electrode: reduction
Zn*?+2e" — Zn

Positive electrode: oxidation
2CI'— Cl, + 2¢

Overall reaction (charge):
Zn*? + 2CI' — Zn + Cl,

The separator and the electrolyte, each has its unique role in the function of the
battery. The separator for instance plays a crucial role in the whole system, to keep the
electrodes from coming in contact with each other at all times, and hence preventing
short-circuits. The electrolyte acts as a carrier medium, ferrying the ions between the

electrodes, where the chemical reactions occur to generate the electricity [4, 5].

2.3 TYPES OF BATTERIES

Secondary batteries are being used worldwide in a wide range of applications,
from automotive applications to portable devices. Currently they have gained a good
reputation as a power source for electric and hybrid electric vehicles. Examples of
secondary batteries include lead-lead dioxide (lead-acid), nickel-cadmium, nickel-metal

hydride and lithium-ion.

2.3.1 Lead-acid

Lead-acid batteries came to form with the research conducted by Raymond
Gaston Plante in 1860, the oldest known secondary battery. Lead-acid batteries are
manufactured in a range of size and design with energy densities ranging from 10-44

Wh Kg™ and 50-111 Wh dm™. Generally lead-acid batteries are used as power storage



in vehicles; however they can be used in portable devises as well. A typical lead-acid
battery is constructed with lead oxide as the positive electrode, metallic lead as the
negative electrode and sulfuric acid (37% by weight or 1.28 specific gravity) as the
electrolyte. Both the electrode are converted to lead sulfate during discharging, the
process just reverses during the charging [4, 5]. The electrochemical half-cell reactions

occurring during discharge and charging can be written as follows:
Negative electrode:

Pb — Pb®* +2¢

Positive electrode:

PbO, + 4H" + 26" — Pb*" + 2H,0

Overall reaction:

Pb + PbO; + 2 H,SO4 — 2 PbSO,4 + 2H,0

2.3.2 Nickel- cadmium

In the late 19™ century Waldemar Jungner developed the nickel-cadmium battery.
Nickel- cadmium batteries are mainly used as power supplies for stationary, traction and
aircraft engine with energy densities form 18-75 Wh kg™ and 30-220 Wh dm™. NiCd
battery is constructed with cadmium hydroxide as the negative electrode with up to 25%
iron and minute amount of Ni and graphite whereas the positive electrode is made up of
nickel oxide with cobalt oxide, and electrolytes with aqueous solutions of 20-30%
potassium hydroxide with up to 2% lithium hydroxide [4, 5].The electrochemical half-

cell reactions occurring during discharge and charging can be written as follows:
Negative electrode:

Cd + 20H — Cd(OH), + 2e~

Positive electrode:

Ni(O)OH + H,0 + &~ — Ni(OH), + OH"



Overall reaction:
Cd + 2Ni(O)OH + 2H,0 — Cd(OH); + 2Ni(OH),

2.3.3 Nickel-Metal Hydride

The construction of Nickel-Metal Hydride (NiMH) is somewhat similar to Nickel-
Cadmium battery. The positive electrode and the electrolyte is the same, the only thing
different is the negative electrode, a metal alloy combined with polytetrafluoroethylene
(PTFE). NiMH batteries are not as much powerful as NiCd batteries and less tolerant to
overloading. However they have greater energy densities ranging from 23-92 Wh kg™
and 32-332 Wh dm™ [4, 5]. The electrochemical half-cell reactions occurring during

discharge and charging can be written as follows:
Negative electrode:

MH+OH - M+H,0+e"

Positive electrode:

Ni(O)OH + H,0 + e~ — Ni(OH), + OH"

Overall reaction:

MH+ Ni(O)OH —M + Ni(OH);

2.3.4 Lithium-ion

The history of the development of the lithium-ion battery (LIB) is the quest for the
development of a high voltage battery, the higher the voltage the higher the energy. The
historical figure to invent the very first battery was Alessandro Volta (1745-1827) over
200 years ago, Professor of Physics at the University of Pavia Italy. This invention of
his became the technological sensation of the time, soon battery sales started for the
production of railway signals and telegraph [4, 5].

In the year 1859 the first secondary battery (lead-acid) was demonstrated by
French chemist Gaston Plante. Later in the mid-1970s (precisely 1976) M. S.



Whittingham demonstrated a new form of secondary battery, the very first LIB.
Eventually in 1990 Sony produced the first LIB composed of graphite anode, lithium
cobalt oxide cathode and an organic carbonate-based solution with lithium salt as the

electrolyte and has been producing ever since with some modification in the

construction. Since then, LIB’s have dominated the power storage industries for

electronic and portable devises and is preferred over lead-acid and NiMH batteries. As
illustrated in Figure 2.4 the specific energy of a secondary LIB is 5 times more than that
of lead-acid batteries and 3 times as much as a NiMH battery [2, 4].
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Figure 2.4 Energy density changes with evolution of batteries [2]
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Lithium lon batteries can be categorized according to cell shapes and component
material. The diverse shapes that it can acquire include the typical cylindrical laptop
batteries, prismatic cells for mobile devices, coin shaped batteries and pouch shaped

cells in aluminum plastic composites, as illustrated in Figure 2.5.

(a) (b)

Emlroiyte Electrolyte
X |

Anode
1/ - Separator
Y D -
= “/
= Cell can \¥ "
;uuuv\ ® Cathod
\)— Separator i
Cu| | Al Cell can
Ancde Cethode
Separator
(c) (d) Al
Separalor Cell can [ Cathode
Cathode -0 '
& Al y  Eleclrolyte
parator
»
CU = —~— Anode
Anode N
"Cu
.
& - —

Figure 2.5 Diverse shapes acquired by LIB’s: (a) cylindrical, (b) coin, (c) prismatic [2]

The building block of a typical LIB consists of a transition-metal oxide cathode,
carbon anode, a separator and polymer based electrolyte. LIB’s function by charging
and discharging chemical mechanism. During charging mechanism the lithium ions are
intercalated into the molecular structure of the electrodes (Equation 2.1). Reduction
occurs during the charging mechanism, as the lithium ions are intercalated in between

the graphite layers.
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Charge (2.1)

Ce+ X Lit+xe Li,Ce

e

N

Discharge

Discharging is the exact opposite of charging mechanism, where the lithium ions
deintercalate from the anode (graphite) (Figure 2.6). The whole cycle of charging and

discharging mechanism repeats several times in the battery [2, 5, 6].
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Figure 2.6 Lithium ion (Li") intercalation into and deintercalation out of graphite during
lithium ion battery charging and discharging. The circles represent lithium ions (Li*) [6]

Intercalation and deintercalating of the lithium ion occurs at the same electrode
during the entire cycle of charging and discharging. This phenomenon of oxidation and
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reduction both occurring at the same electrode is termed “rocking chair” or

“shuttlecock” mechanism (Figure 2.7).
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Figure 2.7 Discharge and charge processes [6]

Several studies have been conducted on oxides of lithium and a transition metal as
the cathode, lithium-cobalt oxide (LiCoO;), lithium-manganese oxide (LiMnO,),
lithium-iron phosphate(LiFePO,4) are some of the common materials used as cathodes.
Commercial LIB utilizes lithium cobalt oxide (LiCoO,) as the cathode, with
conductivity of 10° S/cm™ [5-8].

In terms of symmetry, LiCoO, are in the r3m space group, where the transition
metal and lithium ion occupy octahedral 3(a) and 3(b) sites and the oxygen ions at 6(c)
sites respectively. Resulting in a layered giant structure, with alternating cations and

anions, and with oxygen ion in a cubic shape. Whereas LiMnO, acquire spine structure,
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with Fd3m symmetry in which the transition-metal, lithium ion and oxygen ions occupy
octahedral 8(a), tetrahedral 16(c) and 32(c) sites respectively [5, 8].

A variety of carboneous materials can serve as the anode in a LIB, carbon
nanotubes, distorted carbons and graphite the major types of carbon anodes [7]. The
typical carbon anode currently in use for anode material is graphite. Graphite has layers
of carbon atoms to form a hexagonal structure, much like a bee hive as illustrated in
Figure 2.8. Weak Van der Waals forces hold the structure together in to an ABAB
stacking sequence. Atrtificial graphite can be synthesized from pyrolyzed carbon at a

very high temperature, around 3000 °C [4-6].
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Figure 2.8 Crystal structure of hexagonal Graphite [7]

The choice of electrolyte plays a key role in the function of the LIB. Currently
three major types of electrolytes are available depending on the physical state, solid,
liquid and gel electrolyte [9, 10]. The ideal choice of an electrolyte for a typical LIB is

either solid or gel electrolyte over liquid electrolyte. Keeping safety in mind it is best to
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choose solid or gel electrolyte, since liquid electrolytes can be very hazardous due to the
organic solvents being used, such as lithium hexafluorophosphate (LiPFg) or lithium
bis(perfluoroethanesulfonyl)imide (LiN(SO,C,Fs), better known as LIiBETI. The
solvents are flammable by nature and may leak causing fire, which may lead to an

explosion as well [11].

The separator which one might think is not as important as the electrodes and the
electrolyte, but in fact it has a very important role in keeping the battery intact and
functioning properly. It acts as barrier between the anode and cathode so they don’t
come in contact with each other causing short-circuit. Organic polymers such as
polypropylene (PP), polyethylene (PE) etc. are some examples that are being used in the
construction of separator. Current separators in use might have attractive mechanical
strength and electrochemical stability, but when it comes to melting temperature and
glass transition (Tg) they have a poor reputation. Numerous researches are being
conducted at the moment in order to overcome these weaknesses and to produce a novel
separator [12-14].

2.4 POLYMERIC ELECTROLYTES
2.4.1 Introduction

Peter Wright and Michel Armand, the pioneers of the polymer electrolytes (PE’s)
introduced a new class of solid ionic conductors in 1970s since Michael Faraday
confirmed the existence of ionic conductivity in solid state [15-17]. Solid polymer
electrolytes(SPE’s) have had the spot light ever since, due to the wide range of
application in electrochemical devises such as LIB, super capacitors, fuel cell, solar cell,
actuators, portable devises e.g. cell phone, laptops etc. [18-25]. A desirable Polymer
electrolyte(PE) must possess: (a) High conductivity at ambient and sub ambient
temperature [26], (b) good mechanical strength, (c) both thermal and electrochemical
stability and (d) compatible with electrode in order to be applicable in such diverse
application [27-29].
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In order to circumvent the possible issues faced by conventional liquid electrolyte,
a promising approach is utilizing SPE’s in constructing LIB’s. SPE’s tend to be safer
due to their flame resistance nature [30, 31]. Other desirable properties making them a
promising approach to circumvent the issues faced by liquid electrolytes are: (a)
flexibility, (b) lack of toxicity, (c) design and shape flexibility, (d) light weight, (e) ease
in process ability [25, 32-36] and (f) dual function as a separator and ionic conductor
[11, 36].

2.4.2 Structural features of Solid Polymer Electrolytes

Normally SPE’s are formulated by dissolving a salt species (alkali salt) in a solid
polymer host [33, 35, 37]. The complex formed by the polymer and salt supplies mobile
ions, the polymer host has a critical part in the ionic transport process of the PE. lon
transport arises in amorphous phase aided by the segmental motion of the polymer chain
[38]. In such kind of electrolyte, conductivity is believed to rise from the ion migration
through intra-inter-chain  hopping mechanism between the coordinating sites
continuously triggered by local segmental motion of the polymer chain [15]. Hence, a
promising polymer host must meet certain criteria: (a) donor atom or groups capable of
forming coordinating bond with cation, (b) minimal bond rotation barriers for simple
bond rotation of polymer chain and (c) a significant distance from the coordinating
centers for numerous intra-inter polymer bonding with cations [15, 39]. Several polymer
host such as such as poly(ethylene oxide) (PEO) [40], polymethyl methacrylate
(PMMA) , Chitosan (CS) [41], polyacrylonitrile (PAN) [42] and polyvinyl chloride
(PVC) [43] fit the criteria’s, however PEO still remains the main interest of research as
a suitable polymer host due to its ability to solvate a numerous range of alkali cation
[35, 44-46]. PEO in its pure state lacks in conductivity, at room temperature has
maximum conductivity of 10° S/cm [38]. Incorporating salts species (LiX) into the

polymer can enhance conductivity and reach between 10°® - 10 S/cm [47].

Early researchers claimed that the helical polymer chain of PEO were important
for ion transport. However, this incorrect idea got proven wrong with NMR experiments
on LiCF3;SO3. Experiments conducted by the author showed that the ion transport occurs
in indeed in the amorphous region just about the glass transition temperature Ty and the
hopping rate of cation is limited due to the comparative slow segmental motion of the
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polymer chains, hence the low conductivity. Figure 2.9 illustrates the ion transport in
PEO based PE’s. Another way to describe the low conductivity is by addressing the low
dielectric constant of PEO. Equation 2.2 gives the conductivity of the PE, where o is the

conductivity, n the concentration of charge carriers, g charge and p mobility.

s=nqu (2.1)

From the equation it is seen that the conductivity (o) is reciprocal to the
concentration of charge carriers (n). The low value of dielectric constant causes intense
ion-ion interaction which leads to ion pair formation and elevated ion aggression. The
charge carrier concentration (n) drops due to the formation of ion pairs and so does the
conductivity (o) [16].

O ¢cH, @ owygen, & cation

Figure 2.9 Representation of ion migration in PEO-based PE’s [15]



17

2.5 SINGLE-ION CONDUCTORS

Conventional SPE’s currently used in LIB’s make use of dual conducting system,
with PEO based host polymer, where salt solvation occurs due to Lewis acid—base
interaction of ether oxygen atom with the cation. The ion conduction in such kind of
electrolytes arises as the cation moves through the amorphous phase. Unlike the cation,
the anions tend to have weaker interactions with polymer chain which allows them to
move easily [30, 48-51].

Numerous research have shown the cations tend to have a very low fraction of the
conductivity (transference number), ranging from 0.3-0.5, implying majority arising
from the anion [11, 18, 28, 52]. Mobility of both the ions lead to electrode polarization,
reducing the overall battery performance as a result of high internal resistance, loss of
voltage and unwanted reactions such as dendritic growth causing an early battery
failure. Further degradation occurs in the cation conductivity due to the mobility of
both the ions [28, 48-50].

In order to cope up with the polarization complications arising from dual ion
conducting system, a new approach of single-ion conductors was recently contrived. A
single-ion conducting electrolyte is constructed from a polymeric/copolymeric lithium
salt. The anions are immobilized by covalently bonding them to the
polymeric/copolymeric backbone, permitting only lithium ion transport during
discharging and charging [35, 53]. The transference number of single-ion conductors
are close to unity since the anions become a part of the polymer chain [36] which
reduces the salt concentration gradient hence low electrode polarization [54]. Until now
several type of single ion conductors have been reported, such as comb-like polymer
[55-58], composite polymer [59-64], network polymers [63, 64] and linear polymer [64,
65].

L. M. Bronstein and group have described a composite PE consisting of
poly(ethylene glycol) and an organic-inorganic component. The resulting PE had a 0.9
Li* transference number and exhibited highest conductivity at room temperature, which
was 1 x 10™ S/cm [32].Shaowei Fang and group proposed a single-ion conducting

copolymer composed of lithium (4-styrenesulfonyl)(trifluoromethanesulfonyl)imide
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(LiSTFSI) and methoxy-polyethylene glycol acrylate (MPEGA). They reported a Li*
transference number of 0.9 and found that the conductivities of the Li[PSTFSI-co-
MPEGA] are 1-3 folds higher than the blended counter parts. The maximum ionic
conductivity achieved was 7.6 x 10° S/cm at 25 °C and 10 S/cm at 60 °C. Figure 2.10

schematically shows the synthesis of the single-ion conducting copolymer [30].

a) Lithium monomer
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b) Copolymer (1}
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Figure 2.10 Single-ion conducting copolymer [30]

Rachid. M and group proposed a single-ion conducting copolymer composed of
—S0O, N'— SO,— CF3 anionic groups associated with a lithium cation and attached to a
polystyrene chain. The resulting PE, poly(4
styrenesulfonyl)(trifluoromethanesulfonyl)imide (PSTFSI) exhibited ten times higher
conductivity (10° S/cm) compared to lithium poly(styrene sulfonate) [11].
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Figure 2.11 Synthesis of STFSIK monomer and of PSTFSI [11]

Single-ion conducting PE’s generally tend to have poor conductivities at ambient
and medium temperature, with in the range of 1 x 10 ® —1 x 10"’ S/cm [30].However if
ion diffusivity is enhanced by allowing selected organic solvents to flow into the
polymer matrix with appropriate pores to facilitate ion diffusion as suggested by Rupesh
et al., the ionic conductivity can be elevated as close to 1 x 102 S/cm at ambient
temperature. Rupesh Rohan, et al., studies proved not only do they have high ionic
conductivities, but also they seem to be both thermally and electrochemically more
superior to conventional liquid electrolytes, a perfect and safe choice for a wide range of

battery devices [53].
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CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1 MATERIALS AND METHODS

PEGMA (M, = 360g/mol) (Figure 3.1), lithium hydroxide (>98%), oxalic acid
(>99%), DMF (>99%) and lithium carbonate (>99%) were purchased from Sigma
Aldrich Chemicals. Toluene (>99.9%), AIBN, PVA (degree of hydrolization >98% M,,
= 72,000) (Figure 3.2) and AMPS (>99%) were purchased from Merck. Acrylic acid
(>99%) and boric acid (>99%) were purchased from Alfa Aesar.

3.1.1 Synthesis of poly (polyethylene glycol methacrylate) (PPEGMA)

The initial step is to successfully synthesize PPEGMA form the monomer
PEGMA using AIBN initiator at 70 °C in toluene according to Figure 3.1.

CH, n 0
OH

PEGMA PPEGMA

Figure 3.1 Synthesis of poly (polyethylene glycol methacrylate) (PPEGMA)

20
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3.1.2 Synthesis of polyvinyl alcohol (PVA) - poly (polyethylene glycol methacrylate)
(PPEGMA) based composite electrolytes

The PE was prepared by the reaction of PVA, lithium carbonate, boric acid and
oxalic acid in accordance to Figure 3.2. A homogeneous and transparent solution was
obtained after Boric acid and PVA were dissolved into distil water and heated to 80 °C
for 5 h. Then oxalic acid and lithium carbonate were added and refluxed for 24h at 100
°C. Before proceeding further the solution (LiPVVAOB) was cooled to room temperature.

(e} (0] .-O
\B/o oxalic acid \/B\ Li+
Lt H3:BO3 ——— | g o )
OH Li2CO3 > <
OH
(@) 0
PVA PVABA LiPVAOB

Figure 3.2 The preparation process of LIPVAOB

After cooling, the solution was divided equally into six parts. Then each part was
blended with different molar ratios of PPEGMA (0 %, 10%, 20%, 40%, 60% & 80%).
Known amount of LiPVAOB and PPEGMA were added to labeled vials inside the fume
cupboard and were stirred continuously for 2 h at room temperature. The blends were
then cast on labeled Teflon petri dishes and left overnight to dry at room temperature.

The blends were further dried in vacuum oven at 70 °C for 48 h.
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3.1.3 Synthesis of polyacrylic acid (PAA) - poly (polyethylene glycol methacrylate)
(PPEGMA) based composite electrolytes

Initially acrylic acid was polymerized using AIBN initiator at 60 °C in toluene.
Afterwards the PE was prepared by the reaction of PAA, lithium carbonate, boric acid
and oxalic acid in accordance to Figure 3.3. A homogeneous and transparent solution
was obtained after Boric acid and PAA were dissolved into distil water and heated to 80
°C for 5 h. Then oxalic acid and lithium carbonate were added and refluxed for 24h at

100 °C. The solution was cooled to room temperature before proceeding any further.

n n
oxalic acid
+ H3BO3 —» O O——» O 0
n 0

N Li2CO3 0y 0%
COOH \ o N\
OH )—l
0 0
PAA PAABA LiOPAAB

Figure 3.3 The preparation process of LIOPAAB

After cooling, the solution was divided equally into six parts. Then each part was
blended with different molar ratios of PPEGMA (0 %, 10%, 20%, 40%, 60% & 80%).
Known amount of LIOPAAB and PPEGMA were added to labeled vials inside the fume
cupboard and were stirred continuously for 2 h at room temperature. The blends were
later cast on labeled Teflon petri dishes and were left overnight to dry at room

temperature. The blends were further dried in vacuum oven at 70 °C for 48 h.

3.1.4 Synthesis of poly (acrylamido-2-methyl-1-prapanesulfonicacid-co-poly
(ethylene glycol) methacrylate) copolymer electrolyte

The copolymer was prepared by radical polymerization of PEGMA and AMPS
monomers according to Figure 3.4. Three different samples of copolymers were
prepared according to mole ratio (1:1/2, 1:1, & 1:2). The polymerization was carried out
in DMF and AIBN to initiate the reaction. Reactants were stirred continuously for 5 h at
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60 °C to obtain light yellow copolymer which were then cooled at room temperature.
After cooling, the copolymers were vacuum filtrated with ether to remove any trace of
monomers, later cast on labeled Teflon Petri dishes and left over night to dry in room

temperature. The copolymer was further dried in a vacuum oven at 60 °C for 48 h.

( CH, CH ) A
| °
0 o} o o c=—o0 O
H.C OH @/  ABN OH
2 /\/y S
©) n o= N \OH NH n
CH, H |
HaC C——CHj
CH,
SOgH
PPEGMA AMPS Poly(APMS-co-PEGMA)

Figure 3.4 Synthesis of Poly(AMPS-co-PEGMA)

lon exchange was carried out on the copolymer with LiOH (0.1M) solution. In
three labeled vials different copolymers samples were added along with known volume
of LiOH solution. The resulting mixture was stirred for 24 h at room temperature, later
vacuum filtrated with distil water and finally cast on labeled Teflon petri dishes to dry
overnight in room temperature . The copolymers were further dried in a vacuum oven at
60 °C for 48 h.

3.2 CHARACTERIZATION
3.2.1 FT-IR Spectroscopy

Fourier-Transform Infrared Spectroscopy (FT-IR) is one of the important and
well-known analytical techniques, for the identification of compounds and structural

determination. Virtually any state of sample can be examined with this technique.
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Liquids, solids, powder, fibres, polymers, drugs, paints, coatings etc. all can be
examined. This spectroscopy technique is based on the idea of the interference of
radiation between two beams to yield an interferogram or most commonly known as

spectrum. A typical FT-IR curve is plotted with transmittance over wavelength range.

FT-IT spectra of pure sample and composites were scanned using Bruker Alpha-
P in ATR system between 4000-400 cm™.

3.2.2 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis is form of thermal technique which measures weight
loss of a sample as it is either heated or cooled in a controlled environment. TGA is
used for the determination of thermal stability, and decomposition temperature. It can
also be used to determine the composition and for identification of polymers by
comparing thermal decompositions patterns. TGA is an essential technique used in
many industrial applications such as food, pharmaceutical and petrochemical
application. The outcome of the TG curves can be influenced by elements like the mass,
volume and physical form of sample, the shape and type of the crucible, the
environment pressure and rate of scan. Typical TG curves are plotted with weight loss
% in the x-axis against temperature in the y-axis.

Thermal stabilities of pure samples and composites were examined with
PerkinElmer Pyris 1 TG Analyzer. Samples were heated in room temperature till 750 °C

under N2 environment scanning at a rate of 10 °C/min.

3.2.3 Differential Scanning Calorimetric (DSC) Analysis

DSC is a thermal analysis technique in which a samples heat flow is measured as
a function of time and temperature. A sample of known mass is heated and cooled over
a rage of temperature and the resulting heat flow is measured. DCS technique is used to
detect transitions such as melting point(Ty), glass transition (Tg), crystallization (Tc)
and heat capacity. The glass transition is a very important parameter in order to
understand polymer transition. A typical DSC curve is plotted with heat flow on the x-

axis and with temperature on the y-axis.
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DSC measurements of pure sample and composites were carried out with
PerkinElmer Pyris 1 DSC instrument under N, environment, with a scanning rate of 10

°C/min.

3.2.4 Scanning electron microscopy (SEM)

Scanning electron microscope is a form of electron microscope; images of sample
are produced by scanning it by a focused beam of electrons. The samples morphology
and composition can be determined by SEM technique. Normally raster scan pattern is
used for scanning the electron beam. An image is produced by combing the signal that
is detected and the position of the beam. The resolution of an image produced by SEM

is more than one nanometer.

The morphologies of samples were observed with scanning electron microscopy
(SEM, Philips XL30S-FEG). Prior the SEM measurement all the samples were
sputtered with gold.

3.2.5 Impedance Spectroscopy

Impedance Spectroscopy is a technique that measures the dielectric
(conductivity) properties of a substance as a function of frequency. It is an essential
standard characterization technique used in various applications such as corrosion,

plating, batteries, fuel cells, etc.

Novocontrol dielectric-impedance analyzer was used to measure the alternating
current (AC) conductivities of the polymer and copolymer samples in the frequency
range from 0.1 Hz to 3 MHz as a function of temperature. Sample pellet (with a
diameter of 10 mm and a thickness of approximately 0.5mm) were sandwiched in

between two gold-coated electrodes.

3.2.6 Cyclic Voltammetry (CV)

CV is a form of potentio dynamic electrochemical measurement. In a typical
cyclic voltammetry experiment the working electrode potential is drawn linearly against
time. These cycles of ramps in potential may be repeated as many times as desired. A

typical cyclic voltammogram is plotted with working electrode potential current on y-


http://en.wikipedia.org/wiki/Dielectric
http://en.wikipedia.org/wiki/Dielectric
http://en.wikipedia.org/wiki/Frequency
https://en.wikipedia.org/wiki/Voltammetry
https://en.wikipedia.org/wiki/Electrochemistry

26

axis and applied voltage on the x-axis. It is an essential technique for the investigation
of electrochemical properties of an analyte in a solution.

CV of LIOPAAB-60PPEGMA polymer electrolyte was obtained with potentiostat
Metrohm Autolab (Multichannel-M101 Model). A ten-electrode test cell was
constructed utilizing stainless steel as the working electrode and Li as the counter and
reference electrode. All the scans were made between 0 and 5V at a scan rate of 10
mV/s.



CHAPTER 4

RESULT AND DISCUSSION

41FT-IR
4.1.1 FT-IR of PVA-PPEGMA based composites

FT-IR Spectra of PVA, PPEGMA, PVABA and LiPVAOB membrane are shown
Figure 4.1. Pure PVA shows characteristic absorptions at 3278, 2890, 1143 and 1090
cm™, corresponding to v O-H, v C-H, v C-C-O and v C-O, respectively [49]. After
reaction of PVA with Boric acid (PVABA) the peak at 3278 and 2890 cm™,
corresponding to v O-H and v C-H became broader and an additional new peak at 650 is
observed which is attributed to the formation of B-O bond. One major factor affecting
the IR absorption is the degree of hydrogen bonding. Hydrogen bonding tends to alter
the electron cloud, which then alters the resonant frequency of a particular bond.
Different molecules tend to have slightly different hydrogen bonding states, which leads
them to have slightly different absorption frequencies and thus the broad band. Apart
from these C-O exhibit peak at 1095 cm™ [49, 66]. In PPEGMA v C=0 exhibits a
strong peak at 1720 cm™ and the two bands seen at 1311 and 1246 cm™are due to C-O
stretching of the ester group. Apart from these v O-H and v C-H exhibit peaks at 3474

and 2870 cm™, respectively.

After the addition of lithium carbonate and oxalic acid to PVABA, the complex
LiPVAOB forms. LiPVAOB exhibits new additional peaks at 1333 and 1670 cm™,
corresponding to the anti-symmetric stretching vibration of the B-O bond and v C=0
[49, 67]. The peak seen at 3297 cm™ is attributed to v O-H, which is caused by the
absorption of water by LiPVAOB in air due to the presence of strongly polarized Li*

27
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ions [49]. The successful formation of the LiIiPVAOB is clearly evident from
these characteristic absorption bands.

Figure 4.2 represents the spectra of LIPVAOB-XPPEGMA blended with different
percentage of PPEGMA. As the level of the PPEGMA in the sample increases it is
noticed that the O-H band broadens and C-H band starts to appear which as well

becomes intense as the amount of PPEGMA in sample increases.
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Figure 4.1 FT-IR spectra of PVA, PPEGMA, PVABA & LiPVAOB



29

20%

40%

60%

Transmittance (a.u.) %

80%

T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)

Figure 4.2 FT-IR spectra of LIPVAOB-XPPEGMA X=10, 20, 40, 60 & 80

4.1.2 FT-IR of PAA-PPEGMA Composites

FT-IR Spectra of PAA, PPEGMA, PAABA and LIOPAAB membrane are shown
Fig. 4.3. PAA shows characteristic absorptions at 3306, 2932, 1655 and 1300 cm™,
corresponding to v O-H, v C-H, v C=0 and v C-O , respectively [48]. After reaction of
PAA with boric acid additional three new peaks are observed at 664, 800 and 1554 cm’
! corresponding to B-O vibration, v C-O-B-O-C and B-O-C vibration respectively. The
peak at 1625 cm™, and two peaks at 1388 and1302 cm™ may be due to C=0 and C-O
respectively. In PPEGMA C=0 gives a strong peak at 1720 cm™ and the two bands seen
at 1311 and 1246 cm™ are due to C-O stretching of the ester group. Apart from these O-
H and C-H exhibit peaks at 3474 and 2870 cm™ respectively.

The FT-IR spectrum of LIOPAAB exhibits additional two new peaks, 1321 cm™
which is attributed to the anti-symmetric stretching vibration of the B-O bond and 1180
cm™ due to C-O-C anti-symmetric stretching. Quite similar to PVA-PPEGMA
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electrolytes, the peak seen at 3207 cm™ is attributed to v O-H, which is caused by the

absorption of water by LIOPAAB in air due to the presence of strongly polarized Li*
ions [48, 49].

Figure 4.4 represents the spectra of LIOPAAB-XPPEGMA blended with different
percentage of PPEGMA. Just like the previous section, increment in PPEGMA

concentration broadens the O-H band, also C-H band appears and becomes intense.
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Figure 4.3 FT-IR spectra of PAA, PPEGMA, PAABA & LIOPAAB
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Figure 4.4 FT-IR spectra of LIOPAAB-XPPEGMA X=10, 20, 40, 60 & 80

4.1.3 FT-IR of PAMPS-PPEGMA Copolymer

FT-IR spectra of Pure PAMPS, PPEGMA and Poly (AMPS-co-PEGMA) with
different ratios of PEGMA are shown in Figure 4.5. Pure PAMPS shows characteristic
absorptions at 1015, 1234, 3303, 1412, 1317 and 1082 cm™, corresponding to 0=S=0,
SO3H, N-H, O=C-N (amide I), O=C-N (amide II) and v C-N respectively [68, 69].

The copolymers exhibited absorptions at 1723 cm™ (C=0), 1655 cm™ O=C-N
(amide 1), 1546 cm™O=C-N (amide I1), 1300 & 1280 cm™ (C-0), 1108 cm™ (C-N) and
1035 cm™ (0=S=0) respectively. These absorption bands verify the successful

formation of poly (AMPS-co-PEGMA).As X varies from 0.5 to 2 these peaks become
more intense [68].
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Figure 4.5 FT-IR spectra of PAMPS, PPEGMA & poly (AMPS-co-PEGMA) (1:X)
X=05,1&2

4.2 THERMO GRAVIMETRIC ANALYSIS (TGA)
4.2.1 TGA of PVA-PEGMA Composites

An important property for polymer electrolytes (PE’s) during application of LIB is
thermal stability. TGA provides a vague idea about the possible physical changes that
may occur during a thermal excitation in a PE when it is applied to working systems
[67]. Thermal stability of neat polymers and the electrolytes with different blending
ration of PPEGMA were evaluated by TGA.

Figure 4.6 represents the TG thermogram of neat PVA, PPEGMA, PVABA and
LiPVAOB. It is reported in the literature that PVA is stable between 215-225 °C, [49,
66], as seen the PVA being used has a degradation temperature of approximately 223
°C. The slight weight change between 0-100 °C may have been due to absorbed
humidity or the solvent may not have evaporated properly during the drying steps. The

weight loss seen above 200 °C is due to the decomposition of the polymer chain.
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Neat PPEGMA is stable up to 200 °C. The initial weight loss between 0-100 °C is
due to absorbed humidity or the solvent used may not have been removed. The final

weight loss seen at 200 °C is due to the decomposition of the polymer chain.

As seen PVABA is stable up to 221 °C, while LIPVAOB has three step
decomposition as seen in the graph. The initial weight loss between 0-100 °C is due to
the loss of oxalate complex [70]. The second weight loss is seen at 180 °C and The final

weight loss seen is probably due to the decomposition of the polymer chain around 400
°C.
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Figure 4.6 TGA curves of PVA, PPEGMA, PVABA and LiPVAOB

The thermal stability was investigated for LiPVAOB after blending with several
ratios of PPEGMA. Figure 4.7 represents the thermograms of the polymer electrolytes
LiPVAOB-XPPEGMA. From the graphs it is quite obvious all the samples have a

three-step weight loss. The initial weight change approximately at 100 °C may have
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been due to decomposition of oxalate complex [70]. The second weight loss observed
between 200-300 °C. The final weight loss around 400 °C is due to the decomposition of
the polymer chain. It is observed that the thermal stability of polymer electrolytes
increase as the amount of PPEGMA increases.

Generally LIB’s are stable up to 85 °C then again with the aid of fire-retardants
and other additives [48, 49]. PE’s containing PPEGMA have excellent thermal stability,

much higher than conventional PE’s making them a desirable choice of electrolyte in
developing of LIB’s.
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Figure 4.7 TGA curves of LIPVAOB-XPPEGMA X=10, 20, 40, 60 & 80

4.2.2 TGA of PAA-PEGMA Composites

Figure 4.8 represents the TG thermograms of neat PAA, PPEGMA, PAAOB and
LIOPAAB. It is reported in literature that PAA is stable thermally up to 210 °C [48].
The minor weight loss seen below 100 °C is due to the absorbed humidity or the solvent
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may not have evaporated properly during the drying steps. The major weight loss is
observed around 200 °C which is due to the degradation of the material.

The thermal stability of PPEGMA is approximately 200 °C, whereas for PAABA

and LIOPAAB 73 °C and 118 °C respectively.
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Figure 4.8 TGA curves of PAA, PPEGMA, PAAOB and LiIOPAAB

Figure 4.9 represents the thermograms of LIOPAAB-XPPEGMA blends with
different percentage of PPEGMA. From the graphs it is quite obvious all the samples

initial weight change approximately at 100 °C may have been due to decomposition of

oxalate complex. The second weight loss starts approximately at 200 °C which is the

main decomposition step of the polymer chain. It is observed that the thermal stability

of polymer electrolytes increase as the amount of PPEGMA increases. All the samples

tend to be stable approximately up to 200 °C.
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Figure 4.9 TGA curves of LIOPAAB-XPPEGMA X=10, 20, 40, 60 & 80

4.2.3 TGA of PAMPS-PEGMA Copolymer

Figure 4.10 represents the thermogram of neat PAMPS,PPEGMA and
poly(AMPS-co-PEGMA) with different ratios of PPEGMA. PAMPS is reported to be
stable up to 220 °C [69, 71]. For the PAMPS used in this work, the major weight loss
observed beyond 190 °C is due to the decomposition of the polymer chains; in other
word it is stable thermally up to 190 °C. The slight weight loss between 0-100 °C that is
noticed can be attributed due to the absorption of moisture.

Neat PPEGMA on the other hand is stable up to 200 °C. The initial weight loss
between 0-100 °C is due to the absorbed humidity or the solvent used may not have

been removed. The final weight loss seen at 200 °C is due to the decomposition of the
polymer chain.
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All samples of copolymers have an insignificant weight loss seen between 0 -100
°C attributed due to the absorbed humidity. A significant amount of weight loss is seen
as temperature crosses beyond 200 °C, which corresponds to the thermal decomposition

of the polymer chain. It is very clear that as the percentage of PEGMA increases in the
samples, the thermal stability increases.
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Figure 4.10 TGA curves of poly(AMPS-co-PEGMA) (1:X) X=0.5, 1 & 2 and PAMPS
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4.3 DIFFRENTIAL SCANNING CALORIMETTRY (DSC) ANALYSIS
4.3.1 DSC of PVA-PPEGMA composite

Figure 4.11 shows the DSC curves of neat PVA, PPEGMA and LiPVAOB. The
second heating curves of all samples were analyzed. Neat PVA did not have a Ty
however PVA in literature is reported to have a Tg at 88 °C [72]. PPEGMA shows a
clear and sharp T. approximately at 142 °C, whereas LiPVAOB exhibits a broad T,
approximately at 121.34 °C.
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Figure 4.11 DSC curves of Neat PVA, PPEGMA and LIiPVAOB

Figure 4.12-4.13 shows the DSC curves of the PE’s LIPVAOB-XPPEGMA. The
PE’s LIPVAOB-XPPEGMA (X= 10, 20 & 40) seem to exhibit a clear ad sharp T, at
118 °C, an indication of crystallinity in the PE’s. However LiPVAOB-60PPEGMA and
LiPVAOB-80PPEGMA exhibit T, at 147 °C and 142 °C respectively. Clearly as the
amount of PPEGMA increase the PE’s exhibit T, and starts to lose the crystalline

characteristic.
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Figure 4.12 DSC curves of LiPVAOB-XPPEGMA X=10, 20 & 40
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Figure 4.13 DSC curves of of LIPVAOB-XPPEGMA X= 60 & 80

4.3.2 DCS of PAA-PPEGMA composite

Figure 4.14 shows the DSC curves for neat PAA, PPEGMA and LIOPAAB. The
reported Tg4 value in the literature for PAA is 106 °C [73], for the PAA being used in
this work T4 was observed at 90 °C. LiIOPAAB also exhibits a sharp T, approximately
at 124 °C.



W
H

Heat Tlow Enda Down
H

Fl

40

& o
Tewperature )

Figure 4.14 DSC curves of Neat PAA, PPEGMA and LIOPAAB

Figure 4.15 shows the DSC curves of the PE’s LIOPAAB-XPPEGMA.
LIOPAAB-10PPEGMA exhibits a clear and sharp T, at 133 °C and the rest LIOPAAB-
XPPEGMA (X= 20, 40, 60 & 80) exhibit Tyat 88, 89, 91 and 92 °C respectively. With
the addition of more PPEGMA the PE’s tend to exhibit more amorphous character.
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Figure 4.15 DSC curves of LIOPAAB-XPPEGMA X=10, 20, 40, 60 & 80
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4.3.3 DSC of PAMPS-PPEGMA copolymer

Figure 4.16 shows the DSC curves for poly (AMPS-co-PEGMA) (1:X) X=0.5, 1
& 2. The reported Ty value in the literature for PAMPS is 108 °C [69].The PPEGMA
used in this work shows a clear and sharp T, approximately at 142 °C . poly (AMPS-co-
PEGMA) (1:1/2) exhibits a Ty approximately at 102 °C, poly (AMPS-co-PEGMA)
(1:1) exhibits a Ty approximately at 89 °C however poly (AMPS-co-PEGMA) (1:2) had

no visible Tg.

Heat Flow Enda Dove (mi¥] — ——

Figure 4.16 DSC curves of poly(AMPS-co-PEGMA) (1:X) X=0.5, 1 & 2 and PAMPS
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4.4 SCANNING ELECTRON MICROSCOPY (SEM)

The morphology of LiPVAOB-40PPEGMA, LiOPAAB-20PPEGMA and
poly(AMPS-co-PEGMA) (1:1) was examined by SEM and the result are shown in
Figure 4.17. For all samples a homogeneous dispersion was observed. No phase
separation was observed due to blending; however they appear to be rough and

compact.

Figure 4.17 SEM images of (a-b) LiPVAOB-40PPEGMA, (c-d) LIOPAAB
20PPEGMA & (e-f) poly (AMPS-co-PEGMA)
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4.5 IMPEDANCE SPECTROSCOPY
4.5.1 Conductivity of PVA-PPEGMA Composites

The ionic conductivity of lithium ion in PE’s containing LIPVAOB-PPEGMA
with different percentage of PPEGMA was measured by the ac impedance technique

using equation 4.1
6’ (0) =0y () =€"(0) ® & (4.1

Where ¢’ (») is the real part of the conductivity, = 2xf is the angular frequency,
€o IS the vacuum permittivity (g, = 8.852x10—14 F/cm) and (&") is the imaginary part of
the complex dielectric permittivity (e*=¢'—ie") [27, 37, 69]. The frequency dependence
of the conductivity at various temperatures has been analyzed for all samples to get a
better grasp of the ionic dynamics in the PE’s. Figure 4.18-4.21 shows the frequency
dependence of the ac conductivity (cs) at various temperatures for LiIPVAOB-
XPPEGMA. In all polymer electrolyte samples ionic conductivity increases with
elevation in temperature. As temperature elevates the movement of the ion becomes

faster, causing an increase in ionic conduction [67].
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Figure 4.20 AC conductivity versus Frequency (Hz) of LIPVAOB-20PPEGMA at
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The DC conductivity (o4c) Of the samples was obtained from the plateaus of log
oac Versus log F by linear fitting of the data’s. The conductivity isotherms are fitted in
accordance to Arrhenius equation (equation 4.2) if the system follows tends to exhibit

Arrhenius behaviour ;
In 6 =Inc,— E, /KT 4.2)

Where o, is the pre-exponential terms, E, is the activation energy and k is the

Boltzmann constant.

However if the system tends to behave in Vogel -Tamman- Fulcher (VTF) way

then the DC conductivity curve is fitted accordance to VTF equation ( equation 4.3) ;
log o = log 6, —E/[K(T-To)] 4.3)

Where o, is the conductivity at the infinite temperature, E, is the VVogel activation
energy and T, the Vogel temperature [67].

Figure 4.22 represents the obtained o4 variation of the LiPVAOB-XPPEGMA as
a function of the temperature, where the conductivity has been plotted as a function of
1000/T and is fitted according to Arrhenius equation due to its Arrhenius behavior. The
conductivity isotherm illustrates that DC conductivity isotherm strongly depends on
both the temperature and PPEGMA content.
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Figure 4.22 DC conductivities of LIiPVAOB and LiPVAOB-XPPEGMA with X=10, 20,
40, 60 & 80

lonic conductivity is achieved due to the mobility of the Li* ions. As seen in the
figure the conductivity gradually increases with the elevated concentration of the
PPEGMA in the PE’s and reached a distinct maximum conductivity for LiPVAOB-
60PPEGMA (i.e. 2.89x10™S/cm™ at 100°C). With further addition of PPEGMA the
conductivity seems to be falling. This behavior indicates the effect of segmental motion
on the ionic conductivity since PPEGMA softens the material and its positive
contribution on Li ion transport was previously reported. The decrease in conductivity
with further PPEGMA addition is due to the decrease in Li ion concentration. Hence,
LiPVAOB-60PPEGMA can be pronounced as the optimum sample for the following
series. For all samples highest ionic conductivity was achieved at 100 °C, which are

summarized in Table 4.1
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Table 4.1
Sample % Max T Te Log o, Ea
PPEGMA | Conductivity (°C) (kJ/mol)
(S/cm) at
100 °C
LIPVAOB- |10 7.46%x10” 118 -0.077 11.91
10PPEGMA
LiPVAOB- | 20 2.53x10° 118 -1.20 8.63
20PPEGMA
LiPVAOB- | 40 7.47x10° 118 -1.50 | 5.03
40PPEGMA
LiPVAOB- | 60 2.89x10™ 147 0.85 8.48
60PPEGMA
LiPVAOB- | 80 1.37x107 142 -4.60 0.27
80PPEGMA

4.5.2 Conductivity of PAA-PPEGMA Composites

Figure 4.23-4.25 shows the frequency dependence of the ac conductivity (o o) at
various temperatures for LIOPAAB-XPPEGMA. All sample exhibit higher

conductivities at high temperature and frequency.
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Figure 4.25 AC conductivity versus Frequency (Hz) of LIOPAAB-80PPEGMA at
various temperatures

The DC conductivities of the PE samples were compared in Figure 4.26 to
determine the effect of the PPEGMA on the conductivity. The graph indicates that the
conductivity strongly depends on the temperature as well as on the concentration of
PPEGMA. For LIOPAAB-XPPEGMA, the conductivity isotherm can be fitted
according to Arrhenius equation (equation 4.2).

The ionic conductivity of the PAA-PPEGMA blends reaches a distinct maximum
in conductivity when the concentration of PPEGMA is the highest. Similar to the
previous section as the concentration of PPEGMA elevates the conductivity also
elevates. However the conductivity of LiIOPAAB-80PPEGMA, LiOBPAAB-
60PPEGMA and LiOBPAAB-40PPEGMA are very close to each other, this might
suggest that as PPEGMA ratio increases the conductivity starts to drop as well due the
decrease in Li ion concentration. It is best to assume that beyond 80% PPEGMA the

conductivity will drop further.
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Figure 4.26 DC conductivities of LIOPAAB and LIOPAAB-XPPEGMA with X=10, 20,

40, 60 & 80
Table 4.2
Sample % Max Tm /T | LOg oo Ea
PPEGMA | Conductivity | (°C) (kJ/mol)
(S/cm) at
100 °C
LIOPAAB - | 10 7.21x10° 133 -0.34 |17.12
10PPEGMA
LiOPAAB - | 20 5.82x10” 88 221 | 16.50
20PPEGMA
LIOPAAB - | 40 8.77x10” 89 418 |16.00
40PPEGMA
LIOPAAB - | 60 9.86x10™ 91 3.40 |14.30
60PPEGMA
LiOPAAB - | 80 1.32x10™ 92 2.80 |13.20
80PPEGMA
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4.5.3 Conductivity of PAMPS-PPEGMA Copolymer

Figure 4.27-4.28 shows the frequency dependence of the ac conductivity (c,) at
various temperatures for copolymer electrolytes. All sample exhibit higher

conductivities at high temperature and frequency.
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The DC conductivities of the copolymer electrolyte samples were compared in
Figure 4.29 to determine the effect of PPEGMA on the conductivity. The graph
indicates that the conductivity strongly depends on both temperature and PPEGMA

content.

The conductivity gradually elevated with the elevated concentration of the
PPEGMA in the PE’s and reached a distinct maximum conductivity for copolymer ratio
1:1, similar to the previous section. The conductivity of 1:1 and 1:2 are very close to
each other, this might suggest that as PPEGMA ratio increases the conductivity starts to
drop as well. Just like the previous two studies, it is best to assume that beyond 80%

PPEGMA the conductivity will drop further, due to the decrease in Li ion concentration.
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Table 4.3
Sample Mole ratio Max Ty Log oo Ea
(AMPS:PEG | Conductivity | (°C) (kJ/mol)
MA) (S/cm) at 100
°C

1:1/2 1:1/2 | 8.13x10” 102 -3.4 4.80
1:1 1:1 3.39x10° 89 0.98 12.70
1:2 1:2 3.22 x10°® - 2.4 15.30

4.6 CYCLIC VOLTAMMETRY (CV)

Electrochemical stability deduced by CV is one of the most important criteria for

energy storage devices such as the LIB’s. CV was performed at room temperature as
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demonstrated in Figure 4.30. The electrochemical stability range of the PAA based
electrolytes was determined by running a potential sweep through the system stainless
steel/solid electrolyte/Li, in the potential range where the redox reactions for the LIB’s

occur.

LiIOPAAB-60PPEGMA displayed outstanding electrochemical stability window
of approximately 4.5 V.
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Figure 4.30 Cyclic voltammogram LIOPAAB-60PPEGMA electrolyte



CHAPTER 5

CONCLUSION

In the past couple of years several combinations of polymer and copolymer have
been employed to produce PE’s, which happen to be an excellent replacement for the
conventional liquid electrolyte. Single ion systems may not reach such high
conductivity but they tend to eliminate polarization side effects and have uniform

transference increasing overall battery efficiency.

A novel single-ion conducting PE, LiPVAOB-XPPEGMA, on the groundwork of
different molar ratios of PPEGMA was successfully synthesized. The successful
formation of LiPVAOB and of the Li-complexes were verified by the means of FT-IR.
TGA analysis showed the PE’s were at least thermally stable up to 200 °C. On the other
hand DSC results suggested that the samples tend to lose crystallinity as the amount of
PPEGMA increases. All the samples were homogeneous as suggested by SEM analysis.
The ionic conductivity of the PE’s increased with PPEGMA ratio as well as the
temperature, which suggests Arrhenius behavior in all the PE’s. The sample LiPVAOB-
60PPEGMA showed highest conductivity of 2.89 x 10" S/cm at 100 °C.

Novel LIOPAAB-XPPEGMA a single-ion conducting PE was successfully
synthesized. Just like the previous work, FT-IR deduced the successful formation of
LIOPAAB and of the Li-complexes. LIOPAAB-XPPEGMA PE’s exhibited thermal
stability up to 200 °C as well. DSC illustrated homogeneity and amorphous
characteristic, which increased as the amount of PPEGMA increases. Further
homogeneity was confirmed by SEM analysis. All PE’s displayed Arrhenius behavior,
the ionic conductivity increased with increase in amount of PPEGMA and temperature.
The sample LiPVAOB-80PPEGMA showed highest conductivity of 1.32 x 10 S/cm at
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100 °C. With CV it was verified that the PE’s were electrochemically stable as
well. The sample LIOPAAB-60PPEGMA displayed outstanding electrochemical
stability window of approximately 4.5 V.

Novel poly (AMPS-co-PEGMA) was successfully synthesized by free radical
polymerization. With FT-IR studies the formation of the copolymer and the Li-
complexes were verified. The copolymers were stable thermally up to 200 °C. Single
Ty peaks in DSC verified the homogeneity and illustrated amorphous behavior. SEM
analysis confirmed further homogeneity in all samples. The ionic conductivity in
samples depends on both the amount of PPEGMA and the temperature, suggesting
Arrhenius behavior. The sample poly (AMPS-co-PEGMA) (1:2) showed highest
conductivity of 3.22 x 10 S/cm at 100 °C.

The obtained electrolytes displayed both propitious thermal properties and
morphology. The given electrolytes showed the highest conductivities up to 2.89 x 10™
S/cm and are thermally stable at least up to 200 °C. These PE’s have reasonably high

ionic conductivities and can be recommended for application to LIB’s.
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