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Abstract

ABSTRACT

In this work, the aim is to develop a solid polymer electrolyte (SPE) system based on
biopolymer. From X-ray diffraction (XRD) technique, the blend of 80 wt.% starch and
20 wt.% chitosan is found to be the most amorphous blend. This starch-chitosan blend
ratio is used as the polymer host in preparation of two SPE systems (salted and
plasticized) via solution cast technique. Interaction between the materials is confirmed
by Fourier transform infrared (FTIR) spectroscopy analysis. In the salted system, the
incorporation of 25 wt.% ammonium chloride (NH4Cl) has optimized the room
temperature conductivity to (6.47 + 1.30) x 107 S cm™. In the plasticized system, the
conductivity is enhanced to (5.11 + 1.60) x 10* S cm™ on addition of 35 wt.% glycerol.
The conductivity is found to be influenced by the number density (n,) and mobility (&)
of ions. Conductivity trend is verified by XRD, scanning electron microscopy (SEM)
and differential scanning calorimetry (DSC) results. The temperature dependence of
conductivity for all electrolytes is Arrhenian. From transference number of ion (#,)
measurement, ion is found as the dominant conducting species. Transference number of
cation (¢,) for the highest conducting electrolyte (P7) is found to be 0.56. Linear sweep
voltammetry (LSV) result confirms the suitability of P7 electrolyte to be used in the
fabrication of an electrochemical double layer capacitor (EDLC) and proton batteries.
The EDLC has been characterized using galvanostatic charge-discharge and cyclic
voltammetry (CV) measurements. The primary proton batteries have been discharged at
different constant currents. The secondary proton battery has been charged and

discharged for 40 cycles.
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Abstrak

ABSTRAK

Penyelidikan ini bermatlamat untuk membangunkan satu sistem elektrolit polimer
pepejal berasaskan biopolimer. Daripada teknik pembelauan sinar-X, campuran yang
mengandungi 80% kanji dan 20% kitosan adalah campuran yang paling amorfus.
Nisbah campuran kanji-kitosan ini digunakan sebagai perumah untuk penyediaan dua
sistem elektrolit (bergaram dan berplastik) dengan menggunakan teknik penuangan
larutan. Interaksi antara bahan-bahan disahkan oleh analisis spektroskopi inframerah
transformasi Fourier. Dalam sistem bergaram, pencampuran 25% berat amonium
klorida telah mengoptimumkan nilai kekonduksian suhu bilik kepada
(6.47 £ 1.30) x 107 S cm™. Dalam sistem berplastik, kekonduksian meningkat kepada
(5.11 + 1.60) x 10* S cm™ dengan pencampuran 35% berat gliserol. Didapati bahawa
nilai kekonduksian dipengaruhi oleh kepadatan dan mobiliti ion. Trend kekonduksian
disahkan oleh analisis-analisis pembelauan sinar-X, pengimbas mikroskopi elektron dan
pengimbas kalorimetri pembezaan. Kebergantungan kekonduksian terhadap suhu untuk
semua elektrolit adalah bersifat Arrhenius. Daripada pengukuran nombor pemindahan
ion, didapati bahawa ion adalah spesis berkonduksi yang dominan. Nombor pemindahan
kation untuk elektrolit berkonduksi tertinggi (P7) adalah 0.56. Dapatan pengimbasan
voltametri linear mengesahkan kesesuaian elektrolit P7 untuk digunakan dalam
fabrikasi kapasitor elektrokimia dua lapisan dan bateri-bateri proton. EDLC tersebut
dicirikan melalui eksperimen-ekesperimen cas-nyahcas galvanostat dan kitaran
voltametri. Bateri-bateri proton primer telah dinyahcas pada arus malar yang berbeza.

Bateri proton sekunder telah dicas dan dinyahcas sebanyak 40 kitaran.
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Chapter 1 Introduction to the Thesis

CHAPTER 1

INTRODUCTION TO THE THESIS

1.1 Research Background

Nowadays, the demand for safer and more efficient electrochemical devices has
increased due to the growing interest in electronic devices and electric vehicles.
Currently, liquid electrolytes are widely used in commercial devices. However, this type
of electrolyte tends to make some devices bulky and heavy, thus lowering the specific
energy and specific power densities of these devices (Yap, 2012). Besides, the use of
liquid electrolyte also bears the high risk of leakage and can cause corrosion during
packaging (Osman, Ghazali, Othman, & Isa, 2012). Due to these drawbacks, solid

polymer electrolyte (SPE) is a good candidate to replace liquid electrolyte.

Ion conducting polymer electrolytes have become an interesting area in solid
state ionics due to their prospective application in solid state electrochemical devices
(Tamilselvi & Hema, 2014). Fenton, Parker, and Wright (as cited in Noor, Ahmad,
Rahman, & Talib, 2010) were the first to report on polyethylene oxide (PEO)-inorganic
salts complexes as SPEs. Later, Armand, Chabagno, and Duclot (as cited in Schaefer et
al., 2012) proved the possibility of PEO-alkali metal salt complexes as commercial
electrolytes. Since then many polymers have been investigated, mostly synthetic
polymers like polyvinyl alcohol (PVA) (Noor, Majid, & Arof, 2013), polyvinyl chloride

(PVC) (Subban & Arof, 2004), polyvinyl pyrrolidone (PVP) (Ravi, Kumar, Mohan, &
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Rao, 2014) and poly e-caprolactone (PCL) (Woo, Majid, & Arof, 2011a, 2011b, 2012,
2013). The works are mainly focused on the improvement in ionic conductivity and
mechanical strength, as well as chemical, thermal and electrochemical stabilities of

polymer electrolytes to realize their potential application in electrochemical devices

(Ramesh, Winie, & Arof, 2007; Sim, Majid, & Arof, 2014).

Natural polymers are worth to be investigated due to their natural abundance,
low price and environmentally friendly nature (Noor et al., 2012). These polymers are
usually used in the pharmaceutical (Ogaji, Nep, & Audu-Peter, 2011; Kulkarni, Butte,
& Rathod, 2012), food (Alp, Mutlu, & Mutlu, 2000; Wang, Yang, Brenner, Kikuzaki, &
Nishinari, 2014) and biomedical (Mahoney, Mccullough, Sankar, & Bhattarai, 2012)
applications. Natural polymers can also be used to prepare SPEs (Aziz, Abidin, & Arof,
2010a, 2010b; Majid & Arof, 2005). Natural polymers are able to be processed as

membranes or films with excellent transparency (Noor et al., 2012).

The choice of polymer blend as an electrolyte host is due to the fact that polymer
blending is one of the effective techniques to optimize the ionic conductivity (Buraidah
& Arof, 2011; Reddy, Kumar, Rao, & Chu, 2006; Xi et al., 2006). Polymer blends have
become commercially and technologically more important than the fabrication of homo-
polymers and copolymers because blending allows one to create a new material with
specific properties for the desired application at a low cost (Tamilselvi & Hema, 2014).
In this work, the blend of corn starch and chitosan is chosen as the polymer host. Report
by Xu, Kim, Hanna, and Nag (2005) suggested that starch and chitosan are compatible
and can interact with each other. Starch-chitosan blend has been extensively studied for

tissue engineering (Nakamatsu, Torres, Troncoso, Min-Lin, & Boccaccini, 2006),
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biomedical (Baran, Mano, & Reis, 2004) and food packaging (Tripathi et al., 2008)

applications.

Ionic source is one of the main constituents in an electrolyte because of its
strong influence on the electrolyte’s properties such as conductivity, amorphousness and
thermal stability. Alkali metal salts, inorganic acids and ammonium salts are widely
used for preparation of SPEs as reported in the literature. Among the alkali metal salts,
lithium is the most preferred for polymer electrolyte studies due to the small size of
lithium ion (Li*) which provides high gravimetric Coulombic density (Johansson,
1998). Besides, lithium ion conducting electrolytes have a wide potential window
(Ghosh, Wang, & Kofinas, 2010). However, due to the safety issue associated with
lithium battery, attention has been given to proton conducting electrolytes to serve as

electrolyte in device application.

1.2 Objectives of the Present Work

The objectives of this work are as follow:

1. To develop proton conducting starch-chitosan blend based polymer electrolytes
by solution cast technique.

2. To characterize the samples using electrochemical impedance spectroscopy
(EIS) to identify the highest conducting electrolyte. Further characterization
using various techniques will be done to strengthen the EIS results.

3. To optimize the conductivity by adding glycerol as plasticizer.

4. To fabricate and to test an electrochemical double layer capacitor (EDLC)

employing the optimized conducting electrolyte.
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5. To fabricate and to test proton batteries employing the optimized conducting

electrolyte.

1.3 Scope of the Thesis

This thesis is divided into ten chapters. In Chapter 2, a general introduction and
literature review on electrolytes, polymers, polymer blend, plasticization, EDLC and
proton battery will be discussed. The details of electrolytes preparation and
characterization techniques will be the main focus in Chapter 3. The electrochemical

devices fabrication and characterization are also presented in this chapter.

Since starch-chitosan blend host is used in this work, the most suitable ratio of
the blend to be chosen as the polymer host will be determined. This is because the
amorphousness of the polymer host is a crucial factor for ion conduction (Kadir,
Aspanut, Yahya, & Arof, 2011; Kadir, Majid, & Arof, 2010). Thus, Chapter 4 will
present the X-ray diffraction (XRD) studies on different ratios of starch-chitosan blend

to determine the most amorphous blend, thereby selecting the polymer host.

Chapter 5 discusses the interaction of polymer-polymer, polymer-salt, polymer-
plasticizer, salt-plasticizer and polymer-salt-plasticizer, resulted from Fourier transform
infrared (FTIR) spectroscopy studies. These are necessary as these interactions can
affect the ionic conductivity and conductivity mechanism of the ions (Yap, 2012). The
conductivity of the electrolytes will be described in detail in Chapter 6. Further in this
chapter, transport analysis as well as XRD, scanning electron microscopy (SEM),

differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) results
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will be discussed to strengthen the conductivity result. The other electrical properties of
the electrolytes such as dielectric and conduction mechanism will be described in detail

in Chapter 7.

The highest conducting electrolyte in this work will be chosen for fabrication of
an EDLC and proton batteries. The characteristics of the devices are presented in
Chapter 8. Chapter 9 discusses the overall results presented in this thesis and finally

Chapter 10 summarizes the thesis with some suggestions for further works.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The science of energy storage is an important branch of technology nowadays,
as portable electronic devices such as laptops, mobile phones, digital cameras and
tablets are becoming increasingly multifunctional which demands high power energy
resources. Electrochemical devices such as batteries (Ali, Subban, Bahron, Yahya, &
Kamisan, 2013; Kufian et al., 2012; Noor et al., 2013), solar cells (Arof, Aziz, et al.,
2014; Buraidah, Teo, Majid, & Arof, 2010; Jun et al., 2013), EDLCs (Asmara, Kufian,
Majid, & Arof, 2011; G.P. Pandey, Kumar, & Hashmi, 2011; Syahidah & Majid, 2013)
and fuel cells (Nara, Momma, & Osaka, 2013; Shuhaimi, Alias, Kufian, Majid, & Arof,
2010) have been vigorously studied due to the rise in popularity of the portable
electronic devices. The studies include the performance of the devices, electrode

materials and ionic conductors.

Ionic conductor or electrolyte is a key component in electrochemical devices
since ionic conduction has strong influence on the device performance (Hofmann,
Schulz, & Hanemann, 2013; McBreen, Lee, Yang, & Sun, 2000; Park, Zhang, Chung,
Less, & Sastry, 2010; Rao, Geng, Liao, Hu, & Li, 2012; Takami, Sekino, Ohsaki,
Kanda, & Yamamoto, 2001). Liquid electrolytes are preferable due to their high ionic

conductivity (Deepa et al., 2002; Perera & Dissanayake, 2006). However,
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electrochemical devices containing liquid electrolyte are exposed to problems such as
leakage, corrosion and solvent evaporation at high temperature (P.-Y. Chen, Lee, Vittal,
& Ho, 2010; Lee, Chen, Vittal, & Ho, 2010; Lee, Lin, Chen, Vittal, & Ho, 2010).
Therefore, SPEs have received wide attention for their thermal stability, ability to
eliminate corrosive solvent and harmful gas formation, and low volatility with easy
handling (Ramesh, Liew, & Arof, 2011). The study on polymer electrolytes was
disclosed by Fenton et al. (as cited in Noor et al., 2010). However, their work did not
receive much attention until Armand et al. (as cited in Periasamy et al., 2002; Schaefer
et al., 2012) reported the possibility of PEO-alkali metal salt complexes as commercial
electrolytes. Their work has encouraged further studies on the new polymer electrolyte
systems. The examples of SPE systems with their room temperature conductivity are

listed in Table 2.1.

Table 2.1: Examples of solid polymer electrolyte systems.

Electrolytes Conductivity (S em™) Reference
PEO-(NH4),SOy4 9.3 x 107 Maurya, Hashmi, & Chandra, 1992
Chitosan-LiNO3 2.7 x10* Mohamed, Subban, & Arof, 1995

PEO-NH4SCN ~10° Srivastava, Chandra, & Chandra,
1995
PEO-3CdS0O4.8H,0O 5.5%x 107 Zain & Arof, 1998
PVC-PMMA- 2.06 x 10°° Ramesh, Yahaya, & Arof, 2002
LiCF;S0;
Starch-NH4NO;3 2.83x 107 Khiar & Arof, 2010
Chitosan/PVA- 1.77 x 10°° Buraidah & Arof, 2011
NH4I
PVP-KIO, 1.42x 10" Ravi et al., 2014
Where;
3CdS0,.8H,0 = cadmium sulphate NH,NO; = ammonium nitrate
KIOQ, = potassium periodate NH,SCN = ammonium thiocyanate
LiCF3SOj; = lithium triflate (NH4),SO4 = ammonium sulfate
LiNO; = lithium nitrate PMMA = polymethyl methacrylate

NH,I = ammonium iodide
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2.2 Polymers

A polymer is a macromolecule composed of repeated subunits, i.e. monomers.
Polymers already have a wide range of applications in our daily life including plastic
bags, contact lenses, plastic bottles and electronic components. The ability of polymers
to host ionic conduction has lead towards the development of polymer electrolytes.
Generally, polymers are insulators since their conductivity is very low (Shuhaimi,
2011). To form a complexation with salt, a polymer should have polar groups on the

polymer chain to solvate the salt effectively (Sadhukhan, 2011).

There are two types of polymers:-

¢ synthetic polymers, and

e natural polymers.

2.2.1 Synthetic Polymers

Synthetic polymers are chemically manufactured from separate materials
through the polymerization. Most of them are derived from petrochemicals and regarded
as non-biodegradable (Lu, Xiao, & Xu, 2009). Examples of synthetic polymers are
Teflon, polyethylene, epoxy, polyester and nylon. Although synthetic polymers possesss
advantages like predictable properties, batch-to-batch uniformity and easily tailored, the
widespread use of non-biodegradable polymers is a contributor to environmental
problems (Lu et al., 2009). This is because the solid waste from these materials take up

a thousand years to degrade (Azahari, Othman, & Ismail, 2011). Besides, the non-
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biodegradable polymers are quite expensive, not suitable for temporary use and
insoluble in most solvents (Lu, et al., 2009; Ma, Yu, He, & Wang, 2007). Hence
reseachers have turned their attention to natural polymers to overcome problems

encountered by synthetic polymers.

2.2.2 Natural Polymers

Natural polymers or biopolymers are produced from raw materials found in
nature. They are usually biocompatible and biodegradable (Kucinska-Lipka, Gubanska,
& Janik, 2014; Yu, Dean, & Li, 2006). Therefore the use of natural polymers gives
lesser negative impact on the environment than synthetic polymer (Rodrigo, 2012).
Three major classes of natural polymers are proteins, polyesters and polysaccharides
(Aravamudhan, Ramos, Nada, & Kumbar, 2014). For the use in electrolyte, proteins and
polysaccharides are best candidates to replace synthetic polymers due to their
abundance in environment (Varshney & Gupta, 2011). The examples of polysaccharides
are starch, cellulose, chitin, carrageenan, chitosan, agarose and pectin. Polysaccharides

are polymers composed of many monosaccharide units linked by glycosidic bonds.

2.3 Starch

Starch is a mixture of linear amylose (poly-ai-1,4-D-glucopyranoside) (molecular
weight of 10*-10° g mol™) and branched amylopectin (poly-a-1,4-D-glucopyranoside
and o-1,6-D-glucopyranoside) (molecular weight of 10°-10® g mol™), where it is

regenerated from carbon dioxide and water via photosynthesis in plants (Averous &
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Pollet, 2012; Ghoshal, 2012; Teramoto, Motoyama, Mosomiya, & Shibata, 2003).
About 70% of the mass of a starch granule is amorphous, which consist mainly of
amylose, while ~ 30% 1is crystalline, which contain primarily of amylopectin
(Ochubiojo & Rodrigues, 2012; Sajilata, Singhal, & Kulkarni, 2006). The chemical

structures of amylose and amylopectin are depicted in Figure 2.1.

H
(@) " 1 CHOH . a-1,4°-linkage
o
H .H
HO Son T #_1__ CHOH
\:IIA
HO H
OH
H O,M%W
(b) %, | GH,OH
o

Figure 2.1: Structure of (a) amylose and (b) amylopectin (Lu et al., 2009).

Starch is biodegradable, renewable and inexpensive material (Araujo, Cunha, &
Mota, 2004; Zhang & Sun, 2004). Starch is the main material in industries such as
coatings and sizing in paper, carpets and textiles (Biswas, Willet, Gordon, Finkenstadt,
& Cheng, 2006; Neelam, Vijay, & Lalit, 2012). Starch is sourced from corn, potato,
rice, wheat, cassava, tapioca and other staple foods (Agudelo, Varela, Sanz, & Fiszman,

2014; Luk, Sandoval, Cova, & Muller, 2013; Singh, Singh, Kaur, Sodhi, & Gill, 2003).

10
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Starch is a hydrophilic material and can form mechanically poor film (Guohua et al.,
2006; Hejri, Seifkordi, Ahmadpour, Zebarjad, & Maskooki, 2013). The mechanical
strength and hydrophobicity of starch film can be improved by using acetic acid as the
solvent (Gonzalez & Perez, 2002; Xu & Hanna, 2005). It is reported that when starch
reacts with an acid, the water solubility of the starch granules is enhanced (Ochubiojo &

Rodrigues, 2012).

The preparation of starch based polymer electrolytes is initiated by gelatinization
of starch powder in the solvent (Teoh, 2012). Gelatinization of starch is a process that
breaks down the intermolecular bonds of starch molecules in the presence of water and
heat, allowing the hydrogen bonding sites to engage more water (Ubwa, Abah,
Asemave, & Shambe, 2012). The gelatinization temperature varied from 55-82 °C,

depending on its source (Ubwa et al., 2012, Shelton & Lee, 2000).

2.3.1 Starch Based Polymer Electrolytes

The use of starch as a host in electrolyte has been widely reported as shown in
Table 2.2. Starch-salt complexation is expected to occur at the functional groups in
amylose. This is because the cations of salt would be more easily attached to the
amylose compound rather than the amylopectin since the a-1,4-D-glucosidic linkages of
amylose are more stable and less steric than the o-1,6-D-glucosidic linkages of
amylopectin (Khiar & Arof, 2010). Besides, ions are preferably mobile in amorphous
region, which is mainly composed of amylose in starch. Different starches contain

different proportion of amylose as shown in Table 2.3.
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Table 2.2: Examples of starch based solid polymer electrolytes with their room temperature
conductivity.
Electrolytes Conductivity (S cm™) Reference
Starch-NH,NO; 2.83x 107 Khiar & Arof, 2010
Starch-LiPFg ~ 10”7 Ramesh et al., 2011
Starch-NH4I 24 %10 M. Kumar, Tiwari, & Srivastava,
2012
Starch-Lil 4.68 x 107 Khanmirzaei & Ramesh, 2013
Starch-NaClO, 7.19 % 10° Tiwari, Srivastava, & Srivastava,
2013
Starch-AgNO3 1.03 x 10” Shukur, Sonsudin, et al., 2013
Starch-LiClO4 1.55x 10” Teoh, Ramesh, & Arof, 2012
Where;

AgNO; = silver nitrate

LiI = lithium iodide

LiPF¢ = lithium hexafluorophosphate
LiClO, = lithium perchlorate
NaClQ, = sodium perchlorate

Table 2.3: Some starches and their amylose content.

Sources of starch | Amylose content (%) Reference
Corn Refiners Association, 2006;
Hegenbart, 1996; Jane, Xu,
Corn 25-28 Radosavljevic, & Seib, 1992; Ning,
Xingxiang, Haihui, & Jianping,
2009
Potato 20 Corn Refiners Association, 2006;
Hegenbart, 1996; Jane et al., 1992
Tapioca 15-18 Corn Refiners Association, 2006;
Hegenbart, 1996
Rice 20 Hegenbart, 1996
Wheat 25 Hegenbart, 1996; Maningat, Seib,
Bassi, Woo, & Lasater, 2009
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24 Chitosan

Figure 2.2: Structure of (a) chitin and (b) chitosan (Hejazi & Amiji, 2003).

Chitosan consists of 1,4 linked-2-deoxy-2-aminoglucose obtainable by N-
deacetylation of chitin (Xu et al., 2005). Both polysaccharides are sourced from shrimp,
lobster and crab shells. The deacetylation process removes the acetyl groups from the
molecular chain of chitin, thus leaving an amino group (Samar, El-Kalyoubi, Khalaf, &
El-Razik, 2013). Chitosan has been studied as a food packaging material (Schreiber,
Bozell, Hayes, & Zivanovis, 2013), dietary fiber (Muzzarelli, 1996) and potential carrier
for drugs (Sinha et al., 2004). The properties of chitosan are influenced by the degree of
deacetylation, the distribution of acetyl groups, chain length and molecular weight

distribution (Li, Lin, & Chen, 2014; Park, Marsh, & Rim, 2002). Chitosan is highly
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soluble in acidic solution (Jones, 2010). The chemical structures of chitin and chitosan

are depicted in Figure 2.2.

2.4.1 Chitosan Based Polymer Electrolytes

Chitosan has been widely developed as a host in electrolyte. Chitosan-salt

interaction can occur between the conducting charge species with the oxygen or

nitrogen atoms which contain lone pair electrons (Arof, Morni, & Yarmo, 1998; Yahya

& Arof, 2003). FTIR studies on chitosan-NH4NOj3 electrolytes by Majid and Arof

(2005, 2008) revealed that cation of the salt attached to the polymer based on the

shifting of the carboxamide, amine and hydroxyl bands in the spectra (Majid & Arof,

2005, 2008). Examples of SPEs based on chitosan with their room temperature

conductivity are listed in Table 2.4.

Table 2.4: Examples of chitosan based solid polymer electrolytes with their room temperature

conductivity.
Electrolytes Conductivity (S em’™) Reference
Chitosan-NH4NO; 2.53x 10 Majid & Arof, 2005
Chitosan-NH4Br 438 x 107 Shukur, Azmi, et al., 2013
Chitosan-AgCF3SOs; 425x10% Aziz et al., 2010a
Chitosan-LiN(CF3S0,), 5.1x10° Ali et al., 2005
Chitosan-NH4CF3SOs ~10° Khiar, Puteh, & Arof, 2006
Chitosan-AgNOs; 2.6x 107 Morni, Mohamed, & Arof, 1997

Where;
AgCF;S0; = silver triflate

LiN(CF3S0,), = lithium trifluoromethane sulfonimide

NH,Br = ammonium bromide

NH,CF;SO; = ammonium triflate
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2.5 Polymer Blend

A blend is formed when different polymers are mixed together without covalent
bond formation. Polymer blending is usually cheaper and less time consuming for the
production of materials (Marsano, Corsini, Canetti, & Freddi, 2008). This method is a
versatile or an alternative way to develop new materials with a desirable combination of
properties (Lu & Weiss, 1991). Besides, the resulting blend often exhibit better
properties than any one of the component polymers. For example, the blending of
chitosan-PEO has decreased the tendency to spherulitic crystallization of PEO
(Zivanovic, Li, Davidson, & Kit, 2007). Kadir et al. (2010) reported that PV A-chitosan
blend film is more amorphous than the pure PVA film and pure chitosan film. The ionic
transference number of starch-methyl cellulose blend film is higher than pure starch and
pure methyl cellulose films (El-Kader & Ragab, 2013). Conductivity of polymer
electrolytes has been reported to be improved by using polymer blend host (Kim, Park,
& Rhee, 1996; Rajendran & Mahendran, 2001). Examples of polymer blend based

electrolytes are listed in Table 2.5.

Table 2.5: Examples of polymer blend based electrolytes with their room temperature
conductivity.

Electrolytes Conductivity (S cm™) Reference
Chitosan-PEO-NH4NO; 1.02 x 10™ Kadir, Aspanut, Yahya, &
Arof, 2011
PVC-PMMA-LiCF;S0; 2.06 x 10° Ramesh et al., 2002
Chitosan-PVA-NH4I 1.77 x 10°° Buraidah & Arof, 2011
Starch-PEO-NH4NO; 2.81 x 107 Ramly, Isa, & Khiar, 2011
Methyl cellulose- 4.99 x 10° Hamdan & Khiar, 2014
chitosan-NH4CF;SO5
PV A-chitosan-NH4sNO; 2.07 x 107 Kadir et al., 2010
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2.5.1 Starch-Chitosan Blend

Starch based products were reported to possess many disadvantages, such as
brittleness, sensitive to water and low in mechanical strength (Kampeerapappun, Aht-
ong, Pentrakoon, & Srikulkit, 2007; Mathew, Brahmakumar, & Abraham, 2006; Wu &
Zhang, 2001). In order to overcome these problems, starch has been blended with other
polymers (Miyamoto, Yamane, Seguchi, & Okajima, 2009; Ramly et al., 2011; Xu et

al., 2005).

Salleh, Muhamad, and Khairuddin (2009) reported that the interactions between
hydroxyl groups of starch and amino groups of chitosan in starch-chitosan blend results
a good miscibility between both polymers. The existence of starch provides more
transparent films while chitosan can reinforce the mechanical strength of the films
(Salleh & Muhamad, 2010; Salleh et al., 2009). Zhai, Zhao, Yoshii, and Kume (2004)
state that the addition of chitosan into starch film improved the formation condition and
ductility of the films. The conductivity of starch-NH4NO; had been increased from
2.83 x 10° S cm™ t0 3.89 x 10° S cm™ when starch was blended with chitosan (Khiar
& Arof, 2010, 2011). Starch-chitosan-LiClO, obtained a conductivity of
3.7 x 10* S cm™, which is higher compared to 1.55 x 10° S cm™ by using starch as a

single polymer host (Sudhakar & Selvakumar, 2012; Teoh et al., 2012).

2.6  Proton Conducting Polymer Electrolytes

In proton conducting SPEs, H" ions (or proton) are the cations responsible for

the ionic conduction. Proton conducting SPEs have been recognized for their suitability
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in the application of low energy density devices (Pratap, Singh, & Chandra, 2006).
Strong inorganic acids such as phosphoric acid (H;PO4) (Yan et al. 2011; Prajapati,
Roshan, & Gupta; 2010) and sulfuric acid (H,SO4) (Raj & Varma, 2010) have been
used as proton provider in SPEs. However, polymer electrolytes employing inorganic
acid suffer from chemical degradation and mechanical integrity making them not
suitable for practical applications (Hema, Selvasekarapandian, Sakunthala, Arunkumar,

& Nithya, 2008).

From a report by Srivastava and Chandra (2000), two different methods,
alternating current (ac)-direct current (dc) combination technique and coulometric
investigation had been used to determine the positive charge carrier responsible for
ionic conduction in polyethylene succinate (PESc)-NH4ClO, electrolyte. The authors
concluded that the transporting cation is found to be H' ion. In PEO-NH,;SCN
electrolyte, H" ion is found to be the charge carrier in the electrical transport from
coulometric investigation (Srivastava et al., 1995). Shuhaimi, Alias, Majid and Arof
(2008) inferred that the conducting charge species in K-carrageenan-chitosan-NH4NOj3
electrolyte is H' ion. Reports from the literature concluded that in polymer-ammonium
salt complexes, the cation responsible for ionic conduction is H' ion. The ammonium

ion (NH;") has an ideal tetrahedral structure as shown in Figure 2.3.

— 0 _+
|
N-..., H
A

Figure 2.3: Structure of NH4" ion.
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As shown in Figure 2.3, four hydrogen atoms are bonded to a nitrogen atom.
Under the influence of an electric field, the most weakly bounded hydrogen atom in
NH4" can be easily dissociated. The dissociated H" ion can move from one site to
another. The vacancy left by the ion will be filled by another H" ion from the
neighbouring site. This kind of protonic conduction is known as Grotthuss mechanism
(Buraidah, Teo, Majid & Arof, 2009; Kadir, Aspanut, Majid, & Arof, 2011; Kreuer,

1996; Majid & Arof, 2005).

Many ammonium salts have been employed in SPEs, for example NHsCF3SO;
(Deraman, Mohamed, & Subban, 2013), NH4sSCN (Woo et al., 2012), ammonium
fluoride (NH4F) (Aziz, Idris, & Isa, 2010) and ammonium chloride (NH4CI) (Vijaya et
al., 2013). Table 2.6 lists the examples of proton conducting SPE systems with their

room temperature conductivity.

Table 2.6: Examples of proton conducting solid polymer electrolytes with their room
temperature conductivity.

Electrolytes Conductivity (S cm™) Reference
Starch-NH4NO; 2.83x 107 Khiar & Arof, 2010
PVA-chitosan-NHsNO; 2.07 x 107 Kadir et al., 2010
Methyl cellulose-NH4F 6.4 x 107 Aziz et al., 2010
PCL-NH4SCN 1.01x 10" Woo et al., 201 1a
Starch-NH4I 2.4x 10" M. Kumar et al., 2012
PVC-NH,CF;SO; ~ 107 Deraman et al., 2013

In the present work, NH4Cl has been chosen as the dopant. Hema,

Selvasekarapandian, Arunkumar, Sakunthala, and Nithya (2009) have doped PVA with
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15 mol% NH4CI and reported a conductivity value of 1.0 x 10° S cm™ at ambient
temperature. PVP-NH4Cl polymer electrolyte system obtained a room temperature
conductivity of 2.51 x 10° S em™ (Vijaya et al., 2012). A system of polyethylene glycol
(PEG) doped NH4Cl obtained an optimum room temperature conductivity of

9.58 x 107 S cm™ (Polu & Kumar, 2011).

2.7 Plasticization

The conductivity of SPEs can be enhanced by using plasticization method
(Buraidah & Arof, 2009; Woo et al., 2013). Plasticizer with low viscosity and high
dielectric constant can increase the mobility of carriers as well as improve salt
dissociation (Rajendran, Sivakumar, & Subadevi, 2004). When more salt is dissociated,
the number of charge carriers will increase hence improves the conductivity (Yap,
2012). Addition of plasticizers can increase the amorphous content of the electrolytes as
well as lower the glass transition temperature (7,) (Ibrahim, Yasin, Nee, Ahmad, &
Johan, 2012; Pradan, Choudhary, Samantaray, Karan, & Katiyar, 2007). When the
polymer interacts with plasticizer, the dipole-dipole interactions between the polymer
chains can be weakened (Ramesh & Ling, 2010). The amorphous phase is then become
more flexible thus increases the segmental motion of polymer (Osman, Ibrahim, &

Arof, 2001; Ramesh & Ling, 2010). This phenomenon reduces the 7.

The use of plasticizer in polymer electrolyte is one of the easiest and practical
ways to maximize the conductivity. Table 2.7 shows the effect of plasticizer on room

temperature conductivity of various SPE systems.
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Table 2.7: Examples of plasticized solid polymer electrolytes with their room temperature
conductivity.

Electrolytes Conductivity (S cm'l) Reference
PEO-LiCF;S0; 3.3x10° Johan & Ting, 2011
PEO-LiCF;SO;-DBP 6.0 x 10
Chitosan-PVA-NH4NO3 2.07 x 10° Kadir et al., 2010
Chitosan-PVA-NH,NO;-EC 1.60 x 107
PCL-NH,;SCN 4.6x10° Woo et al., 2013
PCL-NH,SCN-EC 3.8x 107
Methyl cellulose-NH4NO3 2.10x 10° Shuhaimi et al., 2010
Methyl cellulose-NH4NO;- 1.14x 10™
PEG
Where;
DBP = dibutyl phthalate EC = ethylene carbonate

2.7.1. Glycerol

Glycerol (molecular formula, C3HgO3) is a low toxicity alcohol and virtually
nontoxic to both human and environment (Tan, Aziz, & Aroua, 2013). Glycerol has a
wide range of applications in pharmaceutical (Breslin & Stephenson, 1985), cosmetics
(Polaskova et al., 2012) and microbiology (da Silva, Mack, & Contiero, 2009)
industries. Glycerol has a dielectric constant (&jyceror) Of 42.5. The chemical structure of

glycerol is depicted in Figure 2.4.

CH,OH

H— C— OH

CH,OH

Figure 2.4: Chemical structure of glycerol.
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In this work, the use of glycerol as plasticizing agent is due to the fact that
glycerol is the most compatible plasticizer for starch based film (Curvelo, de Carvalho,
& Agneli, 2001; Marcondes et al., 2010). Besides, glycerol has high boiling point of
290 °C and low melting point of 18 °C (Speight, 2002). Low melting point of glycerol
ensures that it will not solidify at room temperature, which may limit the ion mobility.
High boiling point ensures that glycerol will not boil in the temperature range of present

study. Table 2.8 shows the examples of SPE systems with glycerol as plasticizer.

Table 2.8: Examples of solid polymer electrolytes with glycerol as plasticizer with their room
temperature conductivity.

Electrolytes Conductivity (S cm’™) Reference
Starch-LiClO4-glycerol 5.05x 107 Dragunski & Pawlicka, 2002
Chitosan-HCl-glycerol 9.5x 10" Pawlicka, Danczuk, Wieczorek,

& Zygadlo-Monikowska, 2008

Gelatin-acetic acid- 45x% 10 Vieira, Avellaneda, & Pawlicka

glycerol (2007)
Starch-LiOac-glycerol 1.04 x 107 Shukur, Ithnin, & Kadir, 2014
Chitosan-HCIl- 22 %107 Pawlicka et al., 2008
LiCF;S0s-glycerol
Chitosan-NH4Br- 2.15% 10™ Shukur, Azmi, et al., 2013
glycerol
Where;

HCI = hydrochloric acid

2.8  Ionic Conductivity

Ionic conductivity is one of the crucial characteristics in the study of ionic
conductor. In principle, ionic conductivity (o) is related to the number density (n,),

mobility (&) and charge (g) of ion as shown in Equation (2.1).
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o =n,lg 2.1)

From Equation (2.1), the conductivity can be increased when the number density and
mobility of ion increase. To ensure the increment of the number density and mobility of
ion, the concentration of ionic source in an electrolyte should be increased as depicted

in Figure 2.5.
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Figure 2.5: Room temperature conductivity of PAN-LiBOB electrolytes as a function of
LiBOB concentration (Arof, Amirudin, Yusof, & Noor, 2014).

From Figure 2.5, the conductivity of polyacrylonitrile (PAN)-lithium
bis(oxolato)borate (LiBOB) electrolyte increases as the concentration of LiBOB
increases. According to Arof, Amirudin, et al. (2014), the increasing conductivity with
increasing LiBOB concentration is a result of either an increase in number density
and/or mobility of ion. Using a method based on impedance spectroscopy, the authors
proved that the increasing conductivity could be attributed to the increase in those

parameters.
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2.8.1 Rice and Roth Model

The Rice and Roth model (as cited in Idris, Majid, Khiar, Hassan, & Arof, 2005;
Kadir et al., 2010; Majid & Arof, 2005) can be employed to evaluate the number density

and mobility of ion. This model expresses the conductivity as:

2| (Ze)? -E
O =— E T 4 2.2
3[kTmc }"d ‘ eXp( % j ¢

where, Z is the valency of conducting species, e is electron charge, T is absolute
temperature, k is Boltzmann constant, m. is mass of charge carrier, E, is activation
energy and 7 is travelling time of ion. In this work, since H" ions are the positive charge
carriers, the values of Z and m,. are +1 and 1.67 x 10’ kg, respectively. The value of 7

can be calculated using Equation (2.3).
T= L 2.3)
v

Here, [ is the distance between two coordination sites and v is velocity of mobile ion.

The velocity of mobile ion can be obtained using:

y= |~ 2.4)

The mobility of ion can be calculated using Equation (2.5):
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p=—— 2.5)

Samsudin, Khairul, and Isa (2012) have estimated the number density and
mobility of ion for carboxy methylcellulose-dodecyltrimethyl ammonium bromide
(DTAB) electrolytes using the Rice and Roth model. The authors inferred that the
conductivity is governed by those parameters. The conductivity of chitosan-NH4Br-
glycerol electrolytes have been reported to be affected by the number density and

3 and

mobility of ion, where those parameters are reported to be 10"7-10" cm
10%-10* cm? V'ls'l, respectively, using Rice and Roth model (Shukur, Azmi, et al.,

2013).

2.9  Electrochemical Double Layer Capacitor (EDLC)

EDLC is an energy storage device with better power density during charge-
discharge process, higher charging-discharging rate and longer cycle life compared to
conventional secondary batteries (Kim & Mitani, 2006; Mitani, Lee, Saito, Korai, &
Mochida, 2006). EDLC can be used as a complementary or alternative power source in
many applications e.g. portable electronic devices , telecommunication devices, electric
hybrid vehicles and standby power systems (Lei, Markoulidis, Ashitaka, & Lekakou,
2013). Basically, the charge storage mechanism in an EDLC is based on the Helmholtz
double-layers formation through the ionic migration within the electrolyte without any
electrode-electrolyte interaction (Lim, Teoh, Liew, & Ramesh, 2014a). Various
materials have been used as EDLC electrode active material e.g. graphite (Ka & Oh,

2008; Shukur, Ithnin, Illias, & Kadir, 2013), carbon aerogel (Ling & Qing-Han, 2005;
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Zeng, Wu, Fu, & Lai, 2008), activated carbon (Arof et al., 2012; Lei, Wilson, &

Lekakou, 2011; Shuhaimi, Teo, Woo, Majid, & Arof, 2012) and manganese oxide

(MnO,) (Subramanian, Zhu, & Wei, 2008). However, activated carbon is preferred as

electrode for its high surface area, good chemical stability, high conductivity and low

cost (Syahidah & Majid, 2013).

The application of SPE in the fabrication of EDLCs can lead to thin film cells

and high reliability without leakage of liquid components (Lee et al., 2012). Table 2.9

lists the examples of EDLCs using proton conducting SPEs.

Table 2.9: Examples of EDLCs using proton conducting solid polymer electrolyte.

carbon

Electrolytes Electrode materials Reference
Cellulose-PVA-H;PO, Activated carbon Hashim, Majid, Ibrahim, &
Arof, 2005
PV A-chitosan-NH4;NOs- Activated carbon Kadir & Arof, 2011
EC
Chitosan-H3zPO4-NH4NOs- Activated carbon Arof & Majid, 2008
Al,SiOs
PVA-H;PO, Graphite and activated | Hashmi, Latham, Linford, &

Schlindwein, 1997

Methyl cellulose-NH4NO3-
PEG

Activated carbon

Shuhaimi et al., 2012

Chitosan-PEO-NH4NOs-
EC

Graphite

Shukur, Ithnin, et al., 2013

Where;
ALSiOs = aluminum silicate

2.10 Proton Battery

Proton conducting electrolytes have long been recognized as the reputable

initiative to lithium ion conductors in electrochemical device applications (Nasef, Saidi,
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& Dahlan, 2007; Panero, Ciuffa, D’Epifano, & Scrosati, 2003). This is because the
ionic radii of H' (~ 0.84 fm) is smaller than Li" ion (0.90 10\), makes it suitable for better
intercalation into the layered structure of electrodes (Antognini et al., 2013; Mishra,
2013; Wongsaenmai, Ananta, & Yimnirun, 2012). For battery application, most of the
proton conducting electrolytes are electrochemically decomposed at 1 to 2 V compare to
Li" electrolytes (~4 V) (Kufian & Majid, 2010; Kufian et al., 2012; Ng & Mohamad,
2008; Samsudin, Lai, & Isa, 2014; Shukur, Ithnin, et al., 2013). However, due to the low
cost of electrode and electrolyte materials used for proton batteries as well as no safety
issues associated with them, proton batteries have become an alternative for application

in low energy density devices (Mishra, 2013; Pratap et al., 2006).

A lot of cathode materials have been used in the development of proton
batteries, such as lead oxide (PbO,) (Ali, Mohamed, & Arof, 1998), vanadium (V) oxide
(V20s) (Agrawal, Hashmi, & Pandey, 2007), vanadium (II) oxide (V,03) (Ali et al,,
1998) and manganese (IV) oxide (MnO,) (Ng & Mohamad, 2006). Study by Alias,
Chee, and Mohamad (2014) shows that proton battery with MnO, cathode obtain a
better performance and higher power density compared to proton battery with V,0s
cathode. According to the authors, V,0Os undergoes structural conversion due to
mechanical stress, thus reduces the specific capacity of the battery. Bansod, Bhoga,
Singh, and Tiwari (2007) have reported the performance of proton batteries using
different cathode materials. The authors concluded that MnO, cathode is the most

promising cathode for H" intercalation.

In this work, MnO, will be used as the cathode material while the combination
of zinc (Zn) and zinc sulfate heptahydrate (ZnSO,4-7H,0) will be used as the anode

material to sandwich the highest conducting electrolyte for proton batteries fabrication.
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Table 2.10 shows some of reported proton batteries with their configuration from the

literature.
Table 2.10: Examples of proton batteries with their configuration.
Electrolytes Cathode Anode Reference
PEO-(NH,4),SO4 PbO, + MnO, | Zn + ZnSO4-7H,0 Ali et al., 1998
Cellulose acetate- MnO, Zn Saaid, Kudin, Ali,
NH4CF;S03-EC Ahmad, & Yahya, 2009
PV A-chitosan- MnO, 7Zn + ZnSO4-7H,O Kadir et al., 2010
NH4NO;-EC
Chitosan- V5,05 7Zn + ZnSO4-7H,O Alias et al., 2014
NH4CH;COO-EC
Carboxymethyl MnO; Zn + ZnSO4-7TH,O | Samsudin et al., 2014
cellulose-NH4Br
PVC-NH4CF;5S03- MnO, 7Zn + ZnSO4 7TH,O Deraman et al., 2013
BATS

Where;
BATS = butyltrimethyl ammonium bis (trifluoromethyl sulfonyl) imide

2.11 Summary

In this chapter, background and knowledge on starch, chitosan and polymer
electrolytes have been reviewed. Brief discussions on proton batteries and EDLCs have
also been presented. From the knowledge gained in this literature review, it is expected
that the polymer electrolyte in this work can be used for application in proton batteries

and EDLC.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

In this work, starch-chitosan blend was used as the electrolyte’s polymer host,
NH4CI salt as the ion provider and glycerol as the plasticizer. The preparation and
characterization of the electrolytes were done using the techniques discussed in this

chapter. Three systems have been prepared:

e starch-chitosan,
e starch-chitosan-NH4Cl and

e starch-chitosan-NH4Cl-glycerol.

The starch-chitosan system was prepared to determine the most amosphous
blend to serve as the polymer host. The best ratio of starch-chitosan blend was then used
in the preparation of starch-chitosan-NH4Cl and starch-chitosan-NH4Cl-glycerol
systems. The electrolytes were characterized using XRD, SEM, FTIR, TGA, DSC,
electrochemical impedance spectroscopy (EIS), transference number measurements and
linear sweep voltammety (LSV). The highest conducting electrolyte was used in an

EDLC and proton batteries applications.
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3.2  Samples Preparation

3.2.1 Starch-Chitosan System

Different weight percentages (x wt.%) of corn starch (Brown & Polson) were
dissolved in 100 mL of 1% acetic acid (SYSTERM) separately at 80 °C for 20 min. At
this point, starch was not fully gelatinized since gelatinization is a multistage process
and starch will completely gelatinized over a temperature range below the boiling point
of water (Knorr, Heinz, & Buckow, 2006; Zarillo, Pearsall, Raymond, Tisdale, & Quon,
2008). After the starch solutions were cooled to room temperature (25 °C or 298 K),
(100-x) wt.% of chitosan [viscosity: 800-2000 cP, 1 wt.% in 1% acetic acid (25 °C),
molecular weight of approximately 310000-375000 Da with degree of deacetylation
>75% (Moutzouri & Athanassiou, 2014), Sigma-Aldrich] were then added to the
solutions. The composition and designation of various starch-chitosan blends are listed
in Table 3.1. The starch-chitosan blend solutions were stirred until homogeneous
solutions were obtained. All homogenous solutions were cast onto plastic Petri dishes
and left to dry at room temperature for 2-3 days to form film. The dry films were then
kept in desiccators filled with silica gel desiccants for further drying before being

characterized to avoid any trace of moisture.

Table 3.1: Composition and designation of starch-chitosan blend system.

Starch : chitosan composition (wt.%) | Starch (g) | Chitosan (g) | Designation

100: 0 1.000 0 S10C0O
90:10 0.900 0.100 S9C1
80:20 0.800 0.200 S8C2
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Table 3.1, continued

70 : 30 0.700 0.300 S7C3
60 : 40 0.600 0.400 S6C4
50:50 0.500 0.500 S5C5
40 : 60 0.400 0.600 S4C6
30:70 0.300 0.700 S3C2
20: 80 0.200 0.800 S2C8
10:90 0.100 0.900 S1C9
0: 100 0 1.000 S0C10

The physical appearance of starch-chitosan films is demonstrated in Figure 3.1.

Figure 3.1: Transparent and free standing starch-chitosan based film.

3.2.2 Starch-Chitosan-NH4Cl (Salted) System

For preparation of salted system, 0.8 g starch was dissolved in 100 mL of 1%
acetic acid at 80 °C for 20 min. After the solution was cooled to room temperature, 0.2 g

chitosan was added. Different amounts of NH4CIl (R&M Chemicals) were added to the
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solutions separately and stirred until homogenous solutions were obtained. The

composition and designation of electrolytes in salted system are listed in Table 3.2. All

homogenous solutions were cast onto plastic Petri dishes and left to dry at room

temperature for 2-3 days to form film (Figure 3.2). The dry films were then kept in

desiccators filled with silica gel desiccants for further drying before being characterized

to avoid any trace of moisture.

Table 3.2: Composition and designation of electrolytes in salted system.

S8C2 : NH4Cl composition | Starch (g) | Chitosan | NH,Cl(g) | Designation

(Wt. %) (®

95:5 0.800 0.200 0.053 S1
90:10 0.800 0.200 0.111 S2
85:15 0.800 0.200 0.177 S3
80 :20 0.800 0.200 0.250 S4
75:25 0.800 0.200 0.333 S5
70 : 30 0.800 0.200 0.429 S6
65:35 0.800 0.200 0.538 S7
60 : 40 0.800 0.200 0.667 S8

Figure 3.2: Transparent and free standing starch-chitosan-NH,Cl based electrolyte.
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3.2.3 Starch-Chitosan-NH4Cl-Glycerol (Plasticized) System

For the preparation of plasticized system, different amounts of glycerol

(SYSTERM) were added to the highest conducting salted electrolyte solutions

separately. All homogenous solutions were cast onto plastic Petri dishes and left to dry

at room temperature for 2-3 days to form film. The dry films were then kept in

desiccators filled with silica gel desiccants for further drying before being characterized

to avoid any trace of moisture. The composition and designation of electrolytes in

plasticized system are listed in Table 3.3.

Table 3.3: Composition and designation of electrolytes in plasticized system.

S5 : glycerol Starch | Chitosan | NH4Cl | Glycerol | Designation
composition (wt.%) (g (g (2 (2
95:5 0.800 0.200 0.333 0.070 P1
90:10 0.800 0.200 0.333 0.148 P2
85:15 0.800 0.200 0.333 0.235 P3
80:20 0.800 0.200 0.333 0.333 P4
75:25 0.800 0.200 0.333 0.444 P5
70 : 30 0.800 0.200 0.333 0.571 P6
65:35 0.800 0.200 0.333 0.718 P7
60 : 40 0.800 0.200 0.333 0.889 P8
55:45 0.800 0.200 0.333 1.091 P9

The physical appearance of starch-chitosan-NH4Cl-glycerol electrolytes is

demonstrated in Figure 3.3.
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Figure 3.3: Transparent and flexible starch-chitosan-NH,Cl-glycerol based electrolyte.

3.3  Electrolytes Characterization

3.3.1 X-ray Diffraction

XRD method is a well established technique to determine the crystallinity and
amorphousness of samples. In the present work, XRD measurements were carried out
by Siemens D5000 X-ray diffractometer in the range of 5° <26 < 80° at a resolution of
0.1°. X-rays of 1.5406 A wavelength were generated by a Cu Ko source. When the
monochromatic X-ray beam hits a sample, scattered X-rays with the same wavelength
as the incident beam will be generated (Aziz, 2012). The angle between the incident
beam and the normal to the sample will change as the sample rotates (Kadir, 2010).

Reflection of X-rays will only occur when the following Bragg’s law is fulfilled:

nAd=2dsin6 3.1

where n is the order of reflection, A is the wavelength, d is the interplanar spacing and 6

is the angle between incident beam and the planes, which is also known as Bragg’s

angle.
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Figure 3.4: XRD patterns of (a) pure PVA, (b) pure PVP, (c) PVA-PVP blend, (d) PVA-
PVP-5 wt.% NH,C,H;0,, (¢) PVA-PVP-15 wt.% NH,C,H;0,, (f) PVA-PVP-20 wt.%

NH,C,H;0,, (g) PVA-PVP-30 wt.% NH,C,H;0, and (h) PVA-PVP-35 wt.% NH,C,H;0,
(Rajeswari et al., 2013).

Figure 3.4 shows the XRD patterns of pure PVA, pure PVP, PVA-PVP blend
and PVA-PVP blend doped with various concentration of ammonium acetate
(NH4C,H30,) by Rajeswari et al. (2013). The authors explained the XRD results on the
basis of amorphousness of the electrolyte. The authors added that the addition of

NH4C,H30, salt to the PVA-PVP blend has decreased the crystallinity of the

electrolytes.

3.3.2 Scanning Electron Microscopy

The surface morphology of the polymer blend films in starch-chitosan system at

room temperature was studied using Leica S440 scanning electron microscope at 1000x
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magnification. The surface morphology of the electrolytes in salted and plasticized
systems at room temperature was studied using ZEISS EVO MA10 scanning electron
microscope at 2000x magnification. Prior to the SEM studies, all samples were coated
with a thin layer of gold using SC7620 mini sputter coater to prevent electrostatic

charging on the films.

In SEM technique, the image of a sample is produced by scanning it with a
focused beam of electrons. The interaction between these electrons and the atoms in the
sample produces detected signals that contain information about the sample’s surface
(Khan, 2014). Morphology studies can shed some light to the variation in conductivity
of the electrolytes (Kadir et al., 2010; Woo et al., 2012). Figure 3.5 depicts the surface
morphology of PVA-NH,SCN electrolyte as reported by Bhad and Sangawar (2013).
The authors stated that the particles observed on the electrolyte’s surface performed as

the channels for proton conduction through the electrolyte.

Figure 3.5: SEM image of PVA-NH,SCN electrolyte (Bhad & Sangawar, 2013).
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3.3.3 Fourier Transform Infrared Spectroscopy

In order to study the interaction between the electrolyte materials, FTIR studies
were recorded using Spotlight 400 Perkin-Elmer spectrometer in the wavenumber range
of 450-4000 cm™ at a resolution of 1 cm™. FTIR method is based on the fact that
different bonds and groups of bonds vibrate at characteristic frequencies (Buraidah,
2012). The interaction between the materials induces changes in the position and shape
intensity of the bands’ peak. In the present work, FTIR studies were carried out to
determine the interaction of starch-chitosan, starch-chitosan-NH4Cl and starch-chitosan-
NH,4Cl-glycerol. Another two systems; starch-chitosan-glycerol and NH4Cl-glycerol
were prepared in order to gain understanding on the interaction between these materials.
The compositions of starch-chitosan-glycerol and glycerol-NH4Cl samples are listed in

Tables 3.4 and 3.5, respectively.

Table 3.4: Composition of starch-chitosan-glycerol samples.

S8C2 : glycerol composition (wt.%) | Starch (g) | Chitosan (g) | Glycerol (g)
95:5 0.800 0.200 0.053
85:15 0.800 0.200 0.177
75:25 0.800 0.200 0.333
65:35 0.800 0.200 0.538
Table 3.5: Composition of glycerol-NH4Cl samples.
Glycerol : NH4Cl composition (wt.%) | Glycerol (g) | NH4CI (g)

99:1 18.000 0.182

96: 4 18.000 0.750

93:7 18.000 1.355
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Figure 3.6: FTIR spectra of PV A-chitosan electrolyte with (i) 0, (ii) 10, (iii) 20, (iv) 30, (v) 40,
(vi) 50 and (vii) 60 wt.% NH,Br and (viii) pure NH,4Br salt in the region of 2800-3600 cm™. (b)
FTIR spectra of PVA-chitosan electrolyte with (i) 0, (ii) 20, (iii) 30, (iv) 40 and (v) 50 wt.%
NH,Br in the region of 1490-1680 cm’” (Yusof et al., 2014).

Figure 3.6 shows the FTIR spectra of chitosan-PVA-NH4Br complexes (Yusof,
[lias, & Kadir, 2014). It can be observed that the peak of different functional groups of
the polymer host shifts to lower wavenumbers and thus proves the interaction between
the salt and the polymer host. The authors also discussed the occurrence of excess salt

and ion recombination using the FTIR result.
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3.3.4 Electrochemical Impedance Spectroscopy

EIS is a non-destructive and powerful technique to study ionic conductors (Arof,
Amirudin, et al., 2014; Hamdy, El-Shenawy, & El-Bitar, 2006). The usefulness of
impedance spectroscopy lies in its ability to distinguish the electric and dielectric
properties of a sample (Khaled & Al-Mhyawi, 2013). In this technique, measurements
were carried out by applying an alternating voltage across the sample in a wide range of

frequencies (Buraidah, 2012).

In the present work, the electrolytes were sandwiched between two stainless
steel blocking disc electrodes of 1.6 cm diameter of a conductivity holder. The
electrolyte and electrodes were held under spring pressure. The impedance
measurements of the electrolytes were conducted using HIOKI 3532-50 LCR
HiTESTER from room temperature to 343 K in the frequency range of 50 Hz to 5 MHz.

The conductivity of the electrolytes was calculated using the equation below:

oc=tR, A" (3.2)
where ¢ is the thickness of electrolyte, R, is bulk resistance and A, is the electrode-
electrolyte contact area. A digital thickness gauge (Mitutoyo Corp.) was employed to
measure the thickness of the electrolytes. The value of R, was determined from the
Cole-Cole plot obtained from impedance measurements of the electrolytes. Figure 3.7
depicts the Cole-Cole plot for PCL-NH4SCN electrolyte at room temperature as
reported by Woo et al. (2011a), where the R, is taken from the intercept of the semi

circle with the tilted spike.
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Figure 3.7: Cole-Cole plot of PCL-5 wt.% NH4SCN electrolyte at room temperature (Woo et
al., 2011a).

3.3.5 Transference Number Measurements

Ionic and electronic transference numbers are important in explaining the
conductivity of polymer electrolytes (Sekhar, Kumar, & Sharma, 2012a). Since polymer
electrolytes are ionic conductor, ionic transference number (f;,,) of the electrolyte
should be higher than the electronic transference number (#,) (Aziz, Majid, & Arof,
2012; Shukur & Kadir, 2015; Woo et al., 2011b). In the present work, the value of #,,,
was determined using Wagner’s dc polarization technique (Agrawal, 1999; Wagner &
Wagner, 1957). A cell consists of the electrolyte sandwiched by two stainless steel
electrodes was polarized using V&A Instrument DP3003 digital dc power supply at

0.20 V at room temperature. The dc current was monitored as a function of time.

Table 3.6 summarizes the value of #;,, of polyvinyl acetate (PVAc)-NH4SCN
electrolytes as reported by Selvasekarapandian, Baskaran, and Hema (2005). Based on
the result, the authors concluded that the charge transport in PVAc-NH4sSCN

electrolytes is mainly due to ions.
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Table 3.6: Ionic transference number of PVAc-NH,SCN electrolytes (Selvasekarapandian et al.,
2005).

PVAc : NH;sSCN composition (mol %) tion
95:5 0.92
90:10 0.93
85:15 0.94
80 : 20 0.94
75:25 0.94

Wagner’s dc polarization technique has also been used to determine the
transference number of cation (z,). The electrodes were prepared by mixing 0.40 g
MnO; (Sigma-Aldrich), 0.04 g activated carbon (RP20, manufactured by Kuraray,
Japan) and 0.08 g polytetrafluoroethylene (PTFE). The mixture was grounded and
pressed using hydraulic pressing for 15 min. A cell consists of the electrolyte
sandwiched by two MnO, electrodes was polarized using V&A Instrument DP3003

digital dc power supply at 0.20 V at room temperature.

3.3.6 Thermogravimetric Analysis

TGA technique can be used to measure the thermal stability and thermal
degradation of a sample due to the simplicity of the weight loss method (Lee, Lee, Cho,
Kim, & Ha, 2007). By knowing the thermal properties of present electrolytes, their
thermal stability in the temperature range of present studies can be ensured. TGA

measurements were carried out using TA Instruments QAS500 from room temperature to
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480 °C at a heating rate of 20 °C min™. Apart from the decomposition temperature,

information on the water content of the electrolytes also can be determined.

Figures 3.8 shows the TGA curves of poly(trimethylene carbonate), p(TMC)
based electrolytes doped with LiPFs as reported by Barbosa, Rodrigues, Silva, and
Smith (2011). According to the authors, the increasing salt concentration decreases the

thermal stability of polymer electrolyte confirming the destabilizing influence from the

salt on the matrix host.
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Figure 3.8: TGA curves of selected p(TMC),LiPF; electrolytes (Barbosa et al., 2011).

3.3.7 Differential Scanning Calorimetry

In a polymer electrolyte, ionic conduction occurs predominantly in the
amorphous region, where the transport properties are associated with the polymer’s
segmental motion (Money, Hariharan, & Swenson, 2012). The increase in segmental

motion results in an increase in conductivity (Aravindan & Vickraman, 2007; Bhad,
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Sangawar, Maldhure, Tayade, & Yerawar, 2012). According to Woo et al. (2013), by
lowering the glass transition temperature (7,), the polymer segmental mobility can be
enhanced. Thus the determination of 7, may further enhance the understanding in

conductivity trend on addition of salt and plasticizer.

DSC technique is commonly used to measure the value of T, of polymer
electrolyte (Liew, Ramesh, & Arof, 2014; Lim et al., 2014a; Zainal, Mohamed, & Idris,
2013). In this technique, the difference in the amount of heat required to increase the
temperature of a sample and reference are measured as a function of temperature (Isa,
2010). In the present studies, DSC measurements were carried out using TA Instruments
Q200. The samples were sealed in aluminium pans and heated at a heating/cooling rate
of 10 °C min™ from -80 °C to 120 °C. A nitrogen flow (50 ml min™) was maintained

throughout the experiment.

Figure 3.9 shows the DSC curves of PVA-LiBOB based electrolytes as reported
by Noor et al. (2013). The authors reported that the addition of 40 wt.% LiBOB

decreases the T, value.
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Figure 3.9: DSC thermograms of PVA electrolytes with (a) 0 and (b) 40 wt.% LiBOB (Noor
et al., 2013).
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3.3.8 Linear Sweep Voltammetry

Before using the electrolyte in any electrochemical devices, it is important to
know the voltage limit that can be applied on the electrolyte. In this work, LSV
measurements were carried out by Digi-IVY DY2300 potentiostat to know the
electrochemical stability window of the electrolytes at room temperature. Stainless steel
foils were used as reference, working and counter electrodes. LSV measurements were
done at 5 mV s scan rate. In LSV technique, the current at the working electrode is
measured while the potential between the working electrode and the reference electrode

is swept linearly in time.

Figure 3.10 depicts the LSV results of chitosan-iota carrageenan based
electrolytes with different weight ratio of H;PO4, and PEG (Arof, Shuhaimi, Alias,
Kufian, & Majid, 2010). The authors stated that there is no appreciable current flow in
the electrolytes up to ~ 1.6 V. The authors then employed the highest conducting

electrolyte in the fabrication of an EDLC.

6 6 6
(@) | To (©

E 4 41 4
=
2
5 2 21 24
@]

i} Y Y ' 9 Y 0 ' Y y

(] 05 1 1.5 2 0 0.5 1 1.5 2 (] 0.5 1 1.5 2
Voltage (V) Voltage (V) Voltage (V)

Figure 3.10: LSV curves of chitosan-iota carrageenan based electrolytes with (H;PO4:PEG)
weight ratio of (a)l:1, (b) 1:3 and (c) 3:1 (Arof et al., 2010).
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34 Fabrication and Characterization of EDLC

3.4.1 Electrode Preparation

For the preparation of EDLC electrode, 13 g activated carbon (RP20,

manufactured by Kuraray, Japan), 1 g carbon black (Super P) and 2 g polyvinylidene

fluoride (PVdF) were mixed together in 60 mL N-methyl pyrrolidone (NMP)

(EMPLURA) and stirred until homogenous. The mixture was then doctor-bladed on an
aluminium foil, which serves as the current collector, and heated at 60 °C for drying
process. The thickness of electrode before drying was 0.25 mm. After heating, the

electrode thickness was reduced to 0.10 mm. The dried electrode was kept in a

desiccator containing silica gel before being used.

3.4.2 Fabrication of EDLC

Current collectors
Electrolyte

B Electrodes
[] Perspex plates

Figure 3.11: Illustration of EDLC fabrication.

44



Chapter 3 Methodology

EDLC was fabricated by sandwiching the highest conducting electrolyte with
two electrodes as illustrated in Figure 3.11. The area of the electrode is 1.26 cm’.

Perspex (made of PMMA) plates were used to hold the EDLC.

3.4.3 Cyclic Voltammetry (CV)

CV measurement of the EDLC at room temperature was performed using Digi-
IVY DY2300 potentiostat in the potential range of 0-0.85V at different scan
rates. Figure 3.12 shows the cyclic voltammogram of EDLC using PMMA-LiBOB
electrolyte as reported by Arof et al. (2012). According to the authors, the EDLC is scan

rate dependent, which is a characteristic of capacitor cells.

0.15 100 mV/s ~

Current density (mA cm?)

0 0.2 0.4 0.6 0.8 1
Potential (V)

Figure 3.12: Cyclic voltammogram of EDLC using PMMA-LiBOB electrolyte at different
scan rates (Arof et al., 2012).
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From the CV measurement, the specific capacitance (C;) of the EDLC at each

scan rate will be calculated. The result will be shown in Chapter 8.

3.4.4 Galvanostatic Charge-Discharge

The galvanostatic charge-discharge cycling of the EDLC was carried out using
Neware battery cycler at a constant current density of 0.063 mA cm™ for 500 cycles.
From the EDLC’s charge-discharge cycling, the C; value and Coulombic efficiency (77)

at selected cycles will be calculated. The result will be discussed in Chapter 8.

Galvanostatic charge-discharge of EDLC employing chitosan-H;POj, electrolyte
as reported by Arof and Majid (2008) is shown Figure 3.13. The capacitance of the
EDLC is reported to be between 80 and 96 mF g and quite constant for 100 cycles as

shown in Figure 3.14.
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Figure 3.13: The charge-discharge curves for EDLC using chitosan-H;PO, electrolyte (Arof
& Majid, 2008).
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Figure 3.14: Variation of the discharge capacitance as a function of number of cycle for
EDLC using chitosan-H;PO, electrolyte (Arof & Majid, 2008).

3.5 Fabrication and Characterization of Proton Batteries

3.5.1 Primary Proton Batteries

For the preparation of cathode pellet for primary proton batteries, a mixture of
0.44 g MnQO,, 0.04 g carbon black and 0.02 g PTFE was grounded and pressed using
hydraulic pressing for 15 min. For the preparation of anode pellet, the same procedure
was done on the mixture of 0.31 g zinc (Merck), 0.15g ZnSO4-7H,0O (Univar), 0.02 g
carbon black and 0.02 g PTFE. The primary proton batteries were fabricated by
sandwiching P7 electrolyte with the cathode and anode pellets. The batteries were then
packed in CR2032 coin cells. The schematic diagram of the fabricated EDLC is shown

in Figure 3.15.

Open circuit potential (OCP) is the potential difference between two terminals of

a battery without connected to any circuit, which means no external electric current
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Anode
O-ring Electrolyte

Cathode

Figure 3.15: Battery configuration in a CR2032 coin cell.

flows through the battery. OCP value represents the full potential of a battery since the
potential does not share any of its potential with a load. In the present work, OCP of the
batteries was monitored for 48 h using Neware battery cycler at room temperature. The
OCP characteristic of proton batteries employing chitosan-NH4NO;-EC electrolyte as
reported by Ng and Mohamad (2006) is shown in Figure 3.16. According to the authors,
the voltage was observed to be higher at the first 2 h and later stabilized at

(1.56 + 0.06) V until the 24" hour.
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Figure 3.16: OCP of proton battery employing chitosan-NH4;NO;-EC electrolyte (Ng &
Mohamad, 2006).
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To study the discharge characteristic of the batteries, the primary batteries were
discharged at different constant currents (0.10, 0.25, 0.40 and 0.60 mA) using Neware
battery cycler at room temperature. Figure 3.17 shows the discharge profiles of proton
batteries using carboxymethyl cellulose-NH4Br electrolyte at different constant currents
as reported by Samsudin et al. (2014). The authors found that the discharge capacity is

lower at higher discharge current.
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Figure 3.17: Discharge profiles of proton batteries using carboxymethyl cellulose-NH4Br
electrolyte at different constant currents (Samsudin et al., 2014).

The current-potential (/-V) and current density-power density (J-P)
characteristics of the batteries at room temperature were determined by monitoring the
potential while draining the current from 1.6 HA to 35 mA. The plot of I-V and J-P of
the proton batteries employing chitosan-PEO-NH4NOs-EC electrolyte as reported by

Shukur, Ithnin, et al. (2013) is represented in Figure 3.18.
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Figure 3.18: Plot of /-V and J-P of the primary proton batteries employing chitosan-PEO-
NH,NO;-EC electrolyte (Shukur, Ithnin, et al., 2013).

3.5.2 Secondary Proton Batteries

For the preparation of cathode pellet for secondary proton battery, a mixture of
0.42 g MnO,, 0.03 g carbon black, 0.02 g PTFE and 0.03 g P7 electrolyte solution was
grounded and pressed using hydraulic pressing for 15 min. The anode pellet remained
the same as the anode used in primary battery. The secondary proton battery was
fabricated by sandwiching P7 electrolyte with the cathode and anode pellets. The
battery was then packed in a CR2032 coin cell as shown in Figure 3.15. The OCP was
monitored for 48 h using Neware battery cycler. The secondary battery was charged and
discharged at 0.35 mA using Neware battery cycler at room temperature. Figure 3.19
depicts the charge-discharge curves of secondary proton battery using chitosan-PVA-
NH4NOs-EC electrolyte at a constant current of 0.3 mA as reported by Kadir et al.

(2010). The secondary battery can perform up to nine cycles.
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Figure 3.19: Charge-discharge curves of proton battery using chitosan-PVA-NH,;NO;-EC
electrolyte at 0.3 mA (Kadir et al., 2010).

3.6  Summary

This chapter has presented the preparation method of solid polymer electrolytes
based on starch-chitosan blend in detail. Characterization techniques employed in this
work has been clearly described. Fabrication of electrochemical devices has been
presented step by step. Results from experiments conducted using the techniques

described in this chapter will be discussed in the next five chapters.
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CHAPTER 4

DETERMINATION AND CHARACTERIZATION OF POLYMER BLEND
HOST

4.1 Introduction

The amorphousness of a polymer host is a crucial factor for ionic conduction
since ions are preferably mobile in the amorphous region (Agrawal, Sahu, Mahipal, &
Ashrafi, 2013; Gadjourova, Andreev, Tunstall, & Bruce, 2001; Johan & Ting, 2011).
For a polymer blend, the crystallinity and amorphousness of the blend are affected by
the ratio of the polymer components (Kadir et al., 2010; Kadir, Teo, Majid, & Arof,
2009; Shibayama, Uenoyama, Oura, Nomura, & Iwamoto, 1995). This is because the
presence of an amorphous component affects the crystallization process of the other
polymer component (Pereira, Paulino, Rubira, & Muniz, 2010). Report by Sasaki, Bala,
Yoshida, and Ito (1995) shows that the increasing PMMA concentration causes the rate
of PVdF crystallization to decrease. Kadir et al. (2009) reported that the crystallinity of
PEO decreases as chitosan content increases to 60 wt.% in the chitosan-PEO blend.
Ramly et al. (2011) reported that starch-PEO blend with a ratio of 7:3 exhibits the least

amount of crystallinity and was chosen in the preparation of polymer electrolyte.

Studies on the structure of starch-chitosan blend revealed that starch and
chitosan are miscible to each other (Bourtoom & Chinnan, 2008). Liu, Adhikari, Guo,
and Adhikari (2013) reported that the addition of chitosan to starch decreases the

crystallinity of the starch film. Report by Xu et al. (2005) showed that the crystalline
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peaks of chitosan were suppressed when the starch ratio in the blend film was increased.

Based on information obtained from the literature, it is important to determine the

appropriate amount of starch and chitosan to serve as the polymer host.

4.2

XRD Analysis

The XRD results are shown in Figure 4.1.
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S0C10 film

S1C9 film
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S5CS film
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Figure 4.1: XRD patterns of various starch-chitosan blend films.
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From the X-ray diffractogram of S10CO film, three strong diffraction peaks
appear at 26 =17.1°, 19.1° and 23°, corresponding to crystalline region of starch (Zhai
et al., 2004). These crystalline peaks are observed to superimpose on a broad amorphous
background. This result demonstrates that the film shows two phase morphology i.e.
crystalline and amorphous states, proving that starch is a semi-crystalline material (El-
Kader & Ragab, 2013; Liew, Ramesh, Ramesh, & Arof, 2012). In the X-ray
diffractogram of SOC10 film, two crystalline peaks appear at 26 = 16.3° and 23°. In the
work reported by Aziz et al. (2012), the crystalline peaks of chitosan are observed at
260 =16.5° and 22.5°, which are comparable with the present result. The XRD patterns
of S10C0 and SOC10 films were used as references to see any changes in pattern or
peaks position in the diffractogram of starch-chitosan blend films. In the diffractogram
of S8C2 film, the crystalline peaks seem to be suppressed by a broad amorphous peak
centered at 26 = 20.3°. This result demonstrates the good miscibility and interaction
between starch and chitosan. The interaction may occur through hydrogen bonding
between hydroxyl groups of starch and hydroxyl and/or amine groups of chitosan. X-ray
diffractogram of S6C4 film consists of a diffraction peak centered at 26 = 20.6°, but
with a narrower XRD hump than S8C2 film, indicating that the amorphous phase of
S6C4 is lesser than S8C2 film. According to a report by Salleh et al. (2009), chitosan
structure is not influenced by the addition of starch when the chitosan content is higher
than starch content in the blend. The similar phenomenon can be observed in the present
work as XRD pattern of S4C6 film is almost similar to XRD pattern of SOC10 film.
New crystalline peaks are observed in the X-ray diffractogram of S2C8 film at 26 =
9.4°, 11.8° and 25.5°. This phenomenon indicates that the crystallinity of S2C8 film is

higher than SOC10 film.
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To confirm the amorphousness of the blend films, the degree of crystallinity ()
of each film is investigated by using two approaches. Firstly, Nara-Komiya method
(Nara & Komiya, 1983) has been used. Nara-Komiya method is a technique to analyze
the X-ray diffractograms by separating the crystalline and amorphous portions using a
line. In this work, the investigation of the degree of crystallinity using Nara-Komiya
method is focused in the region of 5° < 26 < 50° where crystalline and amorphous
phases of starch, chitosan and starch-chitosan blends can be observed (Liew et al., 2012;

Salleh et al., 2009). A baseline curve was drawn beginning from 26 = 5° to 26 = 50° by
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Figure 4.2: XRD pattern of SOC10 film.
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Figure 4.3: XRD pattern of S4C6 film.
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joining together the minimum intensities corresponding to the crystalline peaks. The
area above the baseline curve is corresponded to crystalline region while area below the
baseline curve is corresponded to amorphous region (Nara & Komiya, 1983; Noor et al.,
2013). Figures 4.2 to 4.5 show the analysis of selected starch-chitosan blend films using
Nara-Komiya method. The degree of crystallinity was then calculated by using the

following equation:

A —A
X, =———2x100% “.1n

Intensity (a.u.)

2600
Figure 4.4: XRD pattern of S8C2 film.
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260(°)
Figure 4.5: XRD pattern of S10CO film.
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Here, A, and Ay are the areas of amorphous and total humps, respectively. The areas of
amorphous and total humps have been calculated using the OriginPro 9.0 software. The
degree of crystallinity values estimated by Nara-Komiya method are tabulated in Table
4.1. The degree of crystallinity of S8C2 film is the lowest, confirming this blend as the

most amorphous.

Table 4.1: Degree of crystallinity of starch-chitosan blend films using Nara-Komiya method.

Sample Z (%)
S10C0 38.93
S9Cl1 35.07
S8C2 26.31
S7C3 29.81
S6C4 28.67
S5C5 29.30
S4C6 30.00
S3C7 32.94
S2C8 36.82
S1C9 29.44
S0C10 33.72

In an XRD pattern, overlapping of peaks can occur e.g. crystalline peaks
superimposed on the amorphous humps. In order to separate the overlapping patterns,
the XRD diffractograms were deconvoluted using the OriginPro 9.0 software. One of
the advantages of this method is that the diffraction peaks can be separated from the
continuous scattering background. Baseline correction was done prior to fitting multi-
peaks using Gaussian distribution. The sharp, narrow and small peaks indicate

crystalline peaks while broad peaks indicate amorphous regions. The area under the
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deconvoluted peaks was used to calculate the degree of crystallinity using Equation

@.n.

Figure 4.6 shows the result of deconvolution on XRD pattern of SOC10 film.
Instead of two, there are three crystalline peaks appear in the diffractogram at
260 = 15.5° 18.1° and 21.9°. It is revealed that there are two broad amorphous peaks
centered at 26 = 17.7° and 38.1°. The present results are comparable with the reports
from literature (Aziz, 2012; Buraidah, 2012; Fadzallah, Majid, Careem, & Arof, 2014;

Hassan, Woo, Aziz, Kufian, & Majid , 2013).
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Figure 4.6: Deconvoluted XRD pattern of SOC10 film.
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Figure 4.7: Deconvoluted XRD pattern of S10CO film.
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The result of deconvolution on XRD pattern of S10CO film is represented in
Figure 4.7. It can be observed that the diffractogram consists of four crystalline peaks at

260 = 15.8° 20.1°, 22.5° and 24.0° and two broad amorphous peaks centered at

26=18.6° and 36.4°.

Figures 4.8 to 4.11 show the results of deconvolution of selected starch-chitosan
blend films. It is observed that the crystalline peaks in the XRD pattern of S8C2 film are

less sharp and less intense compared to the other blends.
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Figure 4.8: Deconvoluted XRD pattern of S1C9 film.
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Figure 4.9: Deconvoluted XRD pattern of S3C7 film.
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Figure 4.10: Deconvoluted XRD pattern of S5C5 film.
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Figure 4.11: Deconvoluted XRD pattern of S8C2 film.

From Figures 4.6 and 4.7, the deconvoluted XRD patterns for SOC10 and S10C0O
films reveal the existence of two broad amorphous peaks. These amorphous peaks are
observed in the diffractograms of starch-chitosan blend films regardless of
starch:chitosan ratio as shown in Figures 4.8 to 4.11. By knowing the area under the
deconvoluted peaks, the degree of crystallinity of the films have been calculated and
showed in Table 4.2. It is observed that by using the deconvolution method, S8C2 film
is still the most amorphous blend with the least degree of crystallinity that strengthen

the fact that this sample is the most suitable to be chosen as polymer host.
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Table 4.2: Degree of crystallinity of starch-chitosan blend films using deconvolution method.

Sample Z (%)
S10C0 20.53
S9C1 18.66
S8C2 12.05
S7C3 16.04
S6C4 13.13
S5C5 13.66
S4C6 15.35
S3C7 15.42
S2C8 18.68
S1C9 17.12
S0C10 18.09

4.3  Miscibility Studies

4.3.1 SEM Analysis

20-Jun-2012

Figure 4.12: Surface micrograph of S10CO film.
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SEM analysis is one of the techniques to study the miscibility between the
components in a polymer blend. The miscibility can be implied from the smooth and
homogenous surface of the blend film (Kadir, 2010). The surface micrograph of S10C0
film is shown in Figure 4.12. It is observed that the micrograph of S10CO film exhibits
characteristic patterns on the surface. These patterns represent the withered ghost
granules of starch (Salleh et al., 2009). These ghosts were formed during the
gelatinization process where the external layers of starch granules form granule

envelopes which degrade into ghost remnants (Atkin, Abeysekera, & Robards, 1998).

In Figure 4.13, the micrograph of SOC10 film shows a smooth and homogenous

surface. The same observation on pure chitosan film has been reported in the literature

(Chen et al., 2009).

18pm

EHT= 7.08 KV I Probe= 100 pA Mag= 1.00 K X
1pm H Detector= SE1 W= 11 mn

Figure 4.13: Surface micrograph of SOC10 film.

Figure 4.14 depicts the SEM micrograph of S9C1 film. The surface is observed

to have a rough structure. This observation indicates partial immiscibility of the
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polymers, as reported in other polymer blend systems (Rotta, Minatti, & Barreto, 2011;

Yin, Luo, Chen, & Khutoryanskiy, 2006).

EHT= 9.00 kV I Probe= 168 pA Mag= 1.60 K X
tpm Detector= SE1 uD-= 18 mn 19-Jun-2012
u

Figure 4.14: Surface micrograph of S9CI1 film.

EHT= 9.00 kV I Probe= 168 pA Mag= 1.60 K X
i H Detector= SE1 W= 18 mn 10-3un-2012
u

Figure 4.15: Surface micrograph of S8C2 film.

Figure 4.15 depicts the SEM micrograph of S8C2 film. It is observed that the

surface is homogeneous without phase separation, suggesting that 80 wt.% starch and
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20 wt.% chitosan are miscible to each other. The same type of micrograph can be seen
for other blend films as shown in Figures 4.16-4.19. The present observation is quite
similar to a report by Jayaprakash, Kumar, Sreenivasa, Mohan, and Shashidar (2013) for

potato starch-chitosan blend.

N ! 1Ak - : - : s
EHT= 7.08 KV I Probe= 100 pA Mag= 1.80 K X
1pm H Detector= SE1 W= 10 mn

Figure 4.16: Surface micrograph of S5CS5 film.
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1pm H Detector= SE1 W= 11 mn

Figure 4.17: Surface micrograph of S4C6 film.
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L1Akm
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Figure 4.18: Surface micrograph of S3C7 film.

18pm

EHT= 7.00 kV I Probe= 108 pA Mag= 1.800 K X
1pm H Detector= SE1 WD= 11 nn

Figure 4.19: Surface micrograph of S2C8 film.

4.3.2 DSC Analysis

Thermal characterization of polymer blends is a well established method for

determining the miscibility of polymer blends. Thus, to further confirm the miscibility
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between starch and chitosan in S8C2 film, DSC measurements on S10C0, SOC10 and
S8C2 films were carried out. In DSC technique, if the blend shows two transitions, it
means that there is phase separation and the polymer components are immiscible to
each other (Chiou et al., 2014; Kok, Demirelli, & Aydogdu, 2008). If the polymer
components are miscible to each other, only one transition will be observed (Chiou et

al., 2014).

Figures 4.20 to 4.22 show the DSC curves of S10C0, SOC10 and S8C?2 films,
respectively. The T, value for S10CO and SOCI10 films are found to be 67.21 °C and
97.41 °C, respectively. These results are close to the values reported by Liu, Yu, Liu,
Chen, and Li (2009) and Cheung, Wan, and Yu (as cited in Correia, Caridade, & Mano,
2014). Only one T, value is observed for S8C2 film, which is found to fall in between
the T, values of S10C0O and SOC10 films, at 82.33 °C. The DSC results confirm the

miscibility between starch and chitosan in S8C2 film.
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Figure 4.20: DSC thermogram of S10CO film.

66



Chapter 4 Determination and Characterization of Polymer Blend Host

o

=
=

T, =97.41°C
"4

)

=3

B

=]

=

g

e

85 92 99 106 113 120
Temperature (°C)
Figure 4.21: DSC thermogram of SOC10 film.
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Figure 4.22: DSC thermogram of S8C2 film.
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44  TGA Analysis

To study the effect of polymer blending on thermal stability, TGA
measurements of S10C0, SOC10 and S8C2 films were carried out. Figure 4.23 shows

the TGA thermograms of S10C0, SOC10 and S8C2 films.
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Figure 4.23: TGA thermograms of S10C0, SOC10 and S8C2 films.

From Figure 4.23, both S10CO and SOC10 films exhibit first weight loss in
between room temperature to 160 °C due to loss of water. In this region, SOC10 film
exhibits ~ 10% weight loss, while S10CO film exhibits ~ 12% weight loss. Major
decomposition of SOC10 film occurs at 270 °C with a weight loss of ~ 30%. The second
weight loss of ~ 58% for S10CO film starts at 280 °C. Ramesh, Shanti, and Morris

(2012) reported that pure corn starch undergoes one-step weight loss process with the
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decomposition temperature of 280 °C, which is similar as the present result. The
glucose monomers that initially built up the corn starch tend to detach from the long
polymer chain and subsequent heating beyond the decomposition temperature results in
carbonization and ash formation (Ramesh et al., 2012). Since pure starch has high
moisture sensitivity, blending starch with other polymers is one of the methods to
overcome the problem (Lu et al., 2009). From the thermogram of S8C2 film, a weight
loss of ~ 6% from room temperature to 160 °C is observed. This result shows that the
water content of starch is decreased by blending starch with chitosan. The
decomposition temperature does not change on blending starch with chitosan, as S8C2

film decomposes at 270 °C.

4.5  Summary

The suitable ratio of starch-chitosan blend to serve as polymer host has been
examined using XRD analysis where the blend of 80 wt.% starch and 20 wt.% chitosan
is the most amorphous blend. SEM analysis confirmed that starch and chitosan is
miscible to one another by forming homogenous films. Further confirmation of starch-
chitosan miscibility has been made to the blend of 80 wt.% starch and 20 wt.% chitosan
by DSC. Blending 80 wt.% starch with 20 wt.% chitosan has decreased the water
content of the film as shown in TGA thermograms. Thus, the blend of 80 wt.% starch

and 20 wt.% chitosan has been chosen as the polymer host for further characterization.
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CHAPTER 5

FTIR STUDIES

5.1 Introduction

This chapter presents the investigation on interactions between the electrolyte
materials using FTIR analysis. The interaction can be revealed by the changes in the
position and shape intensity of the bands’ peak. The interaction between the electrolyte
materials prefers to take place in the amorphous region (Ramamohan & Sharma, 2013).
According to Ratner and Shriver (as cited in Ulaganathan, Nithya, Rajendran, & Raghu,
2012), the ionic conduction in the polymer electrolyte occurs mainly in the amorphous
region. Thus, the FTIR analysis can provide the evidence of the existence of ion in the

complexation sites.

From the literature, the interaction between chitosan and salt occurred between
the lone pair electron of oxygen or nitrogen atoms of chitosan and the conducting
charge species (Majid & Arof, 2005, 2008; Morni et al., 1997; Yahya & Arof, 2003).
Kadir, Aspanut, Majid and Arof (2011) reported that the cations of NH4NO; are
attached to the PVA-chitosan blend host due to the carboxamide, amine and hydroxyl
bands experiencing a distinctive shift in the spectra. The shift in the hydroxyl band of
pure starch film upon addition of salt proves the occurrence of starch-salt interaction
(Khanmirzaei & Ramesh, 2013; Ramesh et al., 2011; Shukur, Ibrahim, Majid, Ithnin, &

Kadir, 2013).
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Apart from proving the interaction between the polymer host and the salt, FTIR
analysis can also predict the conductivity trend (Kadir, Aspanut, Majid, & Arof, 2011;
Mason, Hu, Glatzhofer, & Frech, 2010; Subban & Arof, 2004). The difference in the
number of ions attached to the host functional groups should result in changes in the
vibrational modes of the molecules in the polymer host. Besides, the effect of salt
recrystallization on the conductivity can also be predicted. The schematic diagrams

showing the interaction between the electrolyte components will be proposed.

5.2 FTIR Analysis of Starch Film

Figure 5.1 depicts the spectra of pure starch powder and pure starch film

(S10CO0) in the region that contains hydroxyl (OH) band.
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Figure 5.1: FTIR spectra for pure starch powder and S10CO film in the region of 3000-
3600 cm™.
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The hydroxyl band in the spectrum of pure starch powder appears at 3290 cm’
while that of S10CO film appears at 3280 cm™. Kadir, Aspanut, Majid, and Arof (2011)
reported that the hydroxyl band in the spectrum of pure PVA powder has shifted from
3354 to 3343 cm™ in the spectrum of pure PVA film. The authors claim that the band
shift indicates the occurrence of interaction between polymer and the acetic acid
solvent, which is relevant to our result. The strong and wide absorption in the hydroxyl
band region of pure starch film indicates that there are several hydroxyl groups in starch

(Teoh et al., 2012).

Figure 5.2(a) and (b) shows the spectra of pure starch powder and S10CO film in

the 1065-1095 cm™ and 2850-2970 cm™ regions, respectively.
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Figure 5.2: FTIR spectra for pure starch powder and S10CO film in the region of (a) 1065-
1095 cm™ and (b) 2850-2970 cm™.

In Figure 5.2(a), the peak at 1077 cm™ in the spectrum of pure starch powder

corresponds to C-O bond stretching of C-O-C group in the anhydroglucose ring in
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starch (Ning, Xingxiang, Haihui, & Bengiao, 2009). As shown in the spectrum of
S10CO film, the intensity of this peak increases revealing the interaction between starch
and acetic acid solvent in this band. Even though the wavenumber of this peak shows no
significant shift, the changes in intensity and sharpness of the shape also provide the
evidence of interaction between those materials (Ramesh & Liew, 2013). The same
observation can be seen in the region of C-H stretching mode of starch in Figure 5.2(b).
Although starch-acetic acid do not interact in this region, its FTIR spectra can also be
affected, thus proves the starch-acetic acid interaction (Stygar, Zukowska, &

Wieczorek, 2005).

Another evidence of starch-acetic acid interaction can be observed by the

shifting of the peak in the region of 900-950 cm™ as shown in Figure 5.3.
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Figure 5.3: FTIR spectra for pure starch powder and S10CO film in the region of
900-950 cm’.
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The peak observed in Figure 5.3 corresponds to the skeletal mode vibration of
glycosidic linkage (C-O-C) (Juneja, Kaur, Odeku, & Singh, 2014; Khanmirzaei &
Ramesh, 2013). This peak is located at 930 cm™ in the spectrum of starch powder but
shifts to 926 cm™ in the spectrum of S10CO film. This result indicates that the acetic

acid has interacted with oxygen atoms in glycosidic linkages.

Figure 5.4 depicts the proposed schematic diagram of starch having an

interaction with acetic acid.

CH,OH
o)
H /H H
OH H
H OH
CH30,

Figure 5.4: Schematic diagram of interaction between starch and acetic acid in S10CO film.
The dotted lines ( - - - -) represent dative bonds between cations and the complexation sites.

Based on the FTIR results in Figures 5.1 to 5.3, the H" ions from the acetic acid
have interacted with the oxygen atoms in hydroxyl, C-O-C in the anhydroglucose ring
and glycosidic linkages. This is because the oxygen atoms in those functional groups
contain unused electrons which are known as lone pair electrons (Yap, 2012). The lone

pair electrons can form a dative bond with the H ion as shown in Figure 5.4.
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5.3  FTIR Analysis of Chitosan Film

Figure 5.5(a) depicts the spectra of pure chitosan powder and pure chitosan film
(SOC10) in the region of hydroxyl band. There is a change in intensity of the peak at
3354 cm’! revealing the interaction between chitosan and acetic acid solvent in the

hydroxyl band. The position of the hydroxyl band for SOC10 film is in good agreement

with that reported by Kadir, Aspanut, Majid, and Arof (2011).
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Figure 5.5: FTIR spectra for pure chitosan powder and SOC10 film in the region of (a) 3000-
3600 cm™ and (b) 1540-1560 cm™.

Figure 5.5(b) depicts the spectra of pure chitosan powder and SOC10 film in the

region that contains amine (NH;) band. The amine band is observed at 1547 cm’! in the

spectrum of pure chitosan powder. In the spectrum of SOC10 film, this band is located

at 1549 cm™ proving the interaction between the acetic acid solvent and the nitrogen
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donor of chitosan. Buraidah (2012) and Osman and Arof (2003) also inferred the
occurrence of chitosan-acetic acid interaction at the nitrogen atom of amine based on

the shifting of amine band’s position.

During the deacetylation process of chitin, carboxamide (O=C-NHR) band is
removed to release amine band (Badawy & Rabea, 2011; Zakaria, Izzah, Jawaid, &
Hassan, 2012). However, due to incomplete deacytelation process, the presence of
carboxamide band in chitosan is still there (Buraidah, 2012). Figure 5.6 shows FTIR
spectra of pure chitosan powder and SOCI0 film in the region that contains the
carboxamide band. The carboxamide band in the spectra of pure chitosan powder and
SOC10 film is located at 1652 cm™. However, change in intensity of the peak can be
observed thus provides the evidence of the interaction between acetic acid solvent and

chitosan in carboxamide band.
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Figure 5.6: FTIR spectra for pure chitosan powder and SOC10 film in the region of 1585-
1665 cm™.
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In Figure 5.7(a), two peaks appear at 1074 and 1022 cm™ in the spectrum of

chitosan powder. These peaks are assigned to C-O-C stretching vibration (Nivethaa,

Narayanan, & Stephen, 2014). In the spectrum of SOC10 film, these two peaks shift to

1062 and 1025 cm™ accompanied by the increase in intensity indicating the involvement

of this band in chitosan-acetic acid interaction. In Figure 5.7(b), a peak corresponding to

glycosidic bonding (C-O-C) vibration appears at 897 cm™ in the spectrum of chitosan

powder but shift to 895 cm™ with an increase in intensity in the spectrum of SOC10

film.
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Figure 5.7: FTIR spectra for pure chitosan powder and SOC10 film in the region of (a) 1000-
1100 cm™ and (b) 850-920 cm™.

Based on the results in Figures 5.5 to 5.7, the schematic diagram of proposed

interaction between chitosan and acetic acid solvent is shown in Figure 5.8.
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Figure 5.8: Schematic diagram of interaction between chitosan and acetic acid in SOC10 film.
The dotted lines (- - - -) represent dative bonds between cations and the complexation sites.

5.4  FTIR Analysis of Starch-Chitosan

In a polymer blend, the interaction between the two polymer components occurs
through hydrogen bonding (Bouslah & Amrani, 2007; Luo, Hu, Zhao, Goh, & Li,
2003). From a report by Luo et al. (2003), the hydrogen bonding interaction in the blend
of poly(4-methyl-5-vinylthiazole) (PMVT) and poly(p-vinylphenol) (PVPh) is proven

by the shifting of hydroxyl band of pure PVPh upon addition of PMVT.

Figure 5.9 shows the spectra of SOC10, S10CO and starch-chitosan blend with
the ratio of 80:20 (S8C2) in the hydroxyl band and amine band regions. In Figure 5.9(a),
the hydroxyl band in the spectrum of SOC10 film appears at 3354 cm™. In the spectrum
of S10CO film, hydroxyl band appears at 3280 cm™. The mixture of two or more
materials will reflect the physical blends and chemical reactions based on the changes in

characteristics spectral peaks (Ashori & Bahrami, 2014). In the spectrum of S8C2 film,
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the hydroxyl band has shifted to 3288 cm™. In Figure 5.9(b), the amine band of SOC10
film is located at 1549 cm™. In the spectrum of S8C2 film, the amine band has shifted to
1548 cm™. Bajer and Kaczmarek (2010) reported that the position of the amine band of
chitosan shifted from 1561 to 1560 cm™ in starch-chitosan film. Based on Figure 5.9,
starch-chitosan interaction may occur between hydroxyl groups of starch and the
hydroxyl groups of chitosan as well as between hydroxyl groups of starch and the amine

groups of chitosan.

(a) (b)
S8C2
S8C2

& G

8 S10C0 3

= =

< [+

b= 3280 g

£

E |

= & |S0C10

3354 SO0C10 15;14/19

3500 3250 3000 1560 1550 1540

Wavenumber (cm™) Wavenumber (cm™)

Figure 5.9: FTIR spectra for SOC10, SI0CO and S8C2 films in the region of (a) 3000-3500
cm’ and (b) 1540-1560 cm™.

Figure 5.10 depicts the FTIR spectra of SOCI0 and S8C2 films in the
carboxamide band region. No peak shifting is observed. Besides, no significant change
in intensity can be seen inferring that no interaction occurs between chitosan and starch

at the carboxamide band.
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Figure 5.10: FTIR spectra for SOC10 and S8C2 films in the region of 1585-1665 cm.

Figure 5.11 represents the spectra of SOC10, S10C0 and S8C2 films in the 1010-

1100 cm™ and 880-950 cm™ regions.
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Figure 5.11: FTIR spectra for SOC10, S10C0 and S8C2 films in the region of (a) 1010-1100
cm’ and (b) 880-950 cm™.

80



Chapter 5 FTIR Studies

From Figure 5.11(a), the C-O bond stretching peak at 1077 cm™ in the spectrum
of S10CO film is observed unshifted in the spectrum of S8C2 film. Besides, no
significant change in intensity can be seen indicating that the oxygen atom in
anhydroglucose ring of starch does not involve in hydrogen bonding interaction with
chitosan. In Figure 5.11(b), the peak corresponds to glycosidic linkage of starch at 926
cm’ has shifted to 929 cm™ upon blending starch with chitosan, inferring the interaction
occurs in this region. It is noticed that the C-O-C stretching vibration peaks and
glycosidic bonding (C-O-C) vibration peak in the spectrum of SOC10 film do not appear
in the spectrum of S8C2 film. The absence of those peaks suggests good miscibility
between starch and chitosan in the blend, mainly due to the hydrogen bond interaction
between hydroxyl groups of starch with amino and hydroxyl groups of chitosan (EI-
Hefian, Nasef, & Yahaya, 2010; El-Hefian, Nasef, Yahaya, & Khan, 2010; Ramya,
Sudha, & Mahalakshmi, 2012; Thenmozhi, Gomathi, & Sudha, 2013). According to
Viswanathan and Dadmun (2002), the formation of hydrogen bonds between two
polymers in a blend enhances the miscibility between the polymers. Thus, the FTIR
result further strengthens the DSC and SEM analysis on starch-chitosan miscibility as

presented in Chapter 4.

In starch-chitosan blend, the interaction occurs mainly through hydrogen
bonding between the amylose of starch and chitosan molecules as it is easier for
amylose to mix with chitosan than the branched chain amylopectin (Mathew &
Abraham, 2008). This is because the branching structure in amylopectin has greater
steric hindrance and thus prevents chemical reactions rather than the linear structure of
the amylose (Khiar & Arof, 2010). The schematic diagram of proposed interaction

between starch, chitosan and acetic acid in S8C2 film is depicted in Figure 5.12.
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Figure 5.12: Schematic diagram of interaction between starch, chitosan and acetic acid in

S8C2 film. The black dotted lines (----) represent dative bonds between cations and the
complexation sites. The green lines (1) represent hydrogen bonds between starch and
chitosan.
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5.5  FTIR Analysis of Starch-Chitosan-NH4Cl

Figure 5.13 shows the FTIR spectra for selected electrolytes in starch-chitosan-
NH4CI (salted) system in the region of hydroxyl band. The hydroxyl band is located at
3288 cm’ in the spectrum of S8C2 film. However, the hydroxyl band has shifted to
lower wavenumbers of 3284, 3278 and 3264 cm’! on addition of 5, 10 and 25 wt.%

NH4CI (S1, S2 and S5 electrolytes, respectively). Kadir, Aspanut, Yahya, and Arof

NH,Cl

3264
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wn 2] 72)
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Figure 5.13: FTIR spectra for S8C2, pure NH,4Cl salt and selected electrolytes in the salted
system in the region of 2950-3650 cm™'.
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(2011) reported that the interaction between chitosan and NH4NOs3 at hydroxyl band is
evidenced by the shifting of the hydroxyl band to lower wavenumbers. Thus it can be
concluded that the polymer host in the present work has interacted with NH,Cl at the
hydroxyl band. In the spectrum of S8 electrolyte, two peaks appear at 3112 and 3016
cm™, corresponding to the asymmetry vibration (v,(NH4")) and symmetry vibration
(vs(NH4")) modes of NH,", respectively. Those two peaks are located at 3111 and 3010
cm’l, respectively, in the spectrum of pure NH4ClI salt. The appearance of v, (NH4") and
vs(NH4") modes infers the occurrence of ion reassociation when more than 25 wt.%
NH.CI is added to the electrolyte. The reassociation of ions has formed ion aggregates.
According to Mason et al. (2010), the higher aggregation had resulted in fewer available
charge carriers in their polymer electrolyte system resulting in conductivity decrement.

In the present work, it can be inferred that the addition of more than 25 wt.% NH,Cl

would decrease the conductivity of electrolyte due the formation of ion aggregates.

Figure 5.14 represents the FTIR spectra for selected electrolytes in salted system
in the carboxamide band region. In the spectrum of S8C2 film, the carboxamide band is
located at 1652 cm™. As the NH4CI1 content increases to 25 wt.%, the carboxamide band
shifts to lower wavenumbers. The carboxamide band appears at 1629 cm’ in the
spectrum of S5 electrolyte. This result again provides the evidence of starch-chitosan-
NH,4CI interaction. In the spectrum of S6 and S7 electrolytes, the carboxamide band
shift back to higher wavenumbers of 1632 and 1633 cm™, respectively. This
phenomenon may be attributed to the decrease in number density of ions resulting in the
reduction of interaction between the salt and the polymer host at the oxygen atoms of

carboxamide band.
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Figure 5.14: FTIR spectra for S8C2 and selected electrolytes in the salted system in the
region of 1585-1665 cm™.

The amine band is located at 1548 cm™ in the spectrum of S8C2 film as shown
in Figure 5.15. In the spectrum of S1 electrolyte, the amine band is observed at 1532
cm™ and further shifted to 1526 and 1524 cm™ in the spectra of S5 and S6 electrolytes.
This result provides the evidence of starch-chitosan-NH4Cl interaction at the nitrogen
atom of amine group. In the spectrum of S8 electrolyte, the amine band’s peak does not
appear suggesting that the ions had reassociated back to form neutral ion pairs, which

can lead to the conductivity decrement.
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Figure 5.15: FTIR spectra for S8C2, pure NH,CI salt and selected electrolytes in the salted
system in the region of 1480-1570 cm™.

In the spectrum of S2, S3 and S5 electrolytes in Figure 5.16, the peak which
corresponds to C-O-C group has shifted to lower wavenumbers of 1076, 1075 and 1074
cm™, respectively. This result indicates that the cations have interacted with oxygen
atoms in C-O-C group and further prove the interaction of polymer host with NH4Cl. In

the spectrum of S6 electrolyte, the C-O bond stretching band has shifted to higher
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wavenumber of 1075 cm™. No peak is observed in the spectrum of S8 electrolyte

indicating the recrystallization of the salt which can lead to the decrease in conductivity.
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Figure 5.16: FTIR spectra for S8C2, pure NH,ClI salt and selected electrolytes in the salted
system in the region of 1065-1095 cm™.

From Figure 5.17, the peak which corresponds to glycosidic linkage at 929 cm’
in the spectrum of S8C2 film is observed to shift to 934 cm™ in the spectrum of S2, S3,

S5 and S6 electrolytes. The present result proves that the cations from NH4Cl interact
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with oxygen atoms in the glycosidic linkages of polymer host. No peak is observed in
the spectrum of S8 electrolyte indicating the recrystallization of the salt which can lead

to the decrease in conductivity.

NH,Cl1

Transmittance (a.u.)

950 925 900

Wavenumber (cm™)

Figure 5.17: FTIR spectra for S8C2 film, pure NH,Cl salt and selected electrolytes in the
salted system in the region of 900-950 cm.

The proposed interaction between starch-chitosan blend with NH4Cl and acetic

acid solvent is illustrated in Figure 5.18.

88



FTIR Studies

Chapter 5
Cr
CH,OH
Q
H/H H
\o

OH H

H H 0

H

NH,
S =
) _ . S =
a §—o----H § n~Nm a =
~ -
CHg § =
S =
C;H;0, s H' C,H;0, =
~ -
GH,OH S cHon /7 GH,OH
S5 Q
S
$ H
$
~
S
H
OH
N
S
~
~
S
=~
S
S
~
Q
H/H
NH,
1
1
1
NH," CI

|
CHs Cr NH4+

Figure 5.18: Schematic diagram of interaction between starch, chitosan, NH4CI and acetic
acid. The black dotted lines (----) represent dative bonds between cations and the
complexation sites. The green lines (1) represent hydrogen bonds between starch and
chitosan.
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5.6  FTIR Analysis of Starch-Chitosan-Glycerol

Figure 5.19(a) depicts the FTIR spectra in the hydroxyl band region for S8C2,
pure glycerol and starch-chitosan-glycerol films. The peak which is located at 3288 cm’
in the spectrum of S8C2 film has shifted to 3291 cm™ after the addition of 5 wt.%
glycerol. The peak has further shifted to 3294 cm™ on addition of 35 wt.% glycerol.
Glycerol has multi-hydroxyl moiety structure and possesses the strong ability to interact
with the polysaccharide matrix through hydrogen bonding interactions (Liang, Huang,

Liu, & Yam, 2009). Based on Figure 5.19(a), it can be indicated that glycerol and the
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1646
3286 N
35 wt. % 15 wi.%
3288 W
\l, 1642
& &
5 25 wt. % s
g 5
b= 3294 b=
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32\58 1652
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Figure 5.19: FTIR spectra for S8C2 film, pure glycerol and starch-chitosan-glycerol films in
the region of (a) 3000-3600 cm™ and (b) 1585-1665 cm™.
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polymer blend have formed hydrogen bonding at the hydroxyl groups of both materials.
The interaction between starch-chitosan blend and glycerol is further evidenced by the
shifting of carboxamide band towards lower wavenumbers as the glycerol concentration
increases to 15 wt.% as shown in Figure 5.19(b). When 35 wt.% glycerol is added to the
polymer, the carboxamide band has shifted back to higher wavenumber of 1646 cm™.
At 35 wt.% concentration, the interaction between polymer and glycerol may be
decreased since there is competition between the plasticizer molecules to form hydrogen
bonding with the polymer molecules. Thus, this phenomenon may leads to the increase
in glycerol-glycerol interaction instead of polymer-glycerol interaction. Figure 5.20

shows the FTIR spectra of starch-chitosan-glycerol films in the amine band region.

35 wt. %
1567
El
&
-5}
2 25 wt.%
8
E
= 1569
g
= \J
S wt. %

1600 1550 1500

Wavenumber (cm™)

Figure 5.20: FTIR spectra for starch-chitosan-glycerol films in the region of 1500-1600 cm™.
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From Figure 5.20, the amine band peak is observed to locate at 1554, 1569 and
1567 cm™ with the addition of 5, 25 and 35 wt.% glycerol indicating the interaction

between polymer and glycerol in this band.
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Figure 5.21: FTIR spectra for S8C2 and starch-chitosan-glycerol films in the region of 1065-
1095 cm™.

From Figure 5.21, the peak which corresponds to C-O bond stretching of C-O-C
group at 1077 cm™ in the spectrum of S8C2 film is observed to shift to 1079 cm™ as the
glycerol content increases to 25 wt.%. Thus, it can be inferred that the hydroxyl groups

of glycerol have interacted with oxygen atoms in the C-O-C group.
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Figure 5.22: FTIR spectra for S8C2 and starch-chitosan-glycerol films in the region of
900-950 cm™.

From Figure 5.22, the peak at 929 cm™ in the spectrum of S8C2 film has shifted
to 932, 933, 927 and 925 cm™” on addition of 5, 15, 25 and 35 wt.% glycerol,
respectively. These results indicate the occurrence of interaction between the polymer

blend and glycerol at glycosidic linkages.

The proposed interaction between starch-chitosan blend with glycerol and acetic

acid solvent is illustrated in Figure 5.23.
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Figure 5.23: Schematic diagram of interaction between starch, chitosan, acetic acid and
glycerol. The black dotted lines (----) represent dative bonds between cations and the

complexation sites. The green lines (I represent hydrogen bonds between starch,
chitosan and glycerol.
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5.7  FTIR Analysis of Glycerol-NH4Cl

For a plasticized electrolyte, it is important to determine if there is interaction
between the salt and the plasticizer. If the interaction occurs, then interaction should
occur between the cation of the salt and the hydroxyl group of glycerol. Figure 5.24

shows the FTIR spectra of pure glycerol and glycerol mixed with different weight

percentage of NH,4Cl.
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Figure 5.24: FTIR spectra for pure glycerol and glycerol with 1, 4 and 7 wt.% NH4Cl in the

region of 3000-3600 cm.

The peak of hydroxyl band has shifted from 3286 cm™ to the lower

wavenumbers of 3281, 3279 and 3276 cm™ on addition of 1, 4 and 7 wt.% NH4ClI,
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respectively. The peak shifting proves the interaction between the NH," ion and the
oxygen atom of glycerol molecule. The schematic diagram in Figure 5.25 presents the

possible interaction between glycerol and NH4Cl.

H H H

H—C—C—C—H

OH OH OH

NH;," CI

Figure 5.25: Schematic diagram of interaction between glycerol and NH,Cl. The black dotted
line ( - - - -) represents dative bond between cation and the complexation site.

5.8  FTIR Analysis of Starch-Chitosan-NH4Cl-Glycerol

FTIR spectra for the selected electrolytes in plasticized system in the hydroxyl
band region are shown in Figure 5.26. The hydroxyl band has shifted to lower
wavenumber of 3254 cm™ on addition of 30 wt.% glycerol (P6 electrolyte) and further
shifted to 3247 cm™ on addition of 35 wt.% glycerol (P7 electrolyte). Apart from
hydrogen bonding formation with the polymer host, the addition of plasticizer also
promote ion dissociation, thus more ions have interacted with the polymer host at the
hydroxyl band as evidenced by the shifting of FTIR spectra in Figure 5.26. This

phenomenon can assist the conductivity enhancement. In the spectrum of P8 electrolyte,

96



Chapter 5 FTIR Studies

P8

3301

Pé

Transmittance (a.u.)

3254

v

SS
3264
W

3650 3300 2950

Wavenumber (cm™)

Figure 5.26: FTIR spectra for S5 and selected electrolytes in plasticized system in the
region of 2950-3650 cm’.

the hydroxyl band has shifted to higher wavenumber of 3301 cm™. Less ions interact
with the polymer host at the hydroxyl band, resulting in a shift to higher wavenumber of

FTIR spectrum in Figure 5.26.

Figure 5.27 represents the FTIR spectra for selected electrolytes in plasticized
system in the carboxamide band region. In the spectrum of S5 film, the carboxamide
band is located at 1629 cm™. As the glycerol content increases to 35 wt.%, the

carboxamide band has shifted to higher wavenumbers. The carboxamide band appears
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Figure 5.27: FTIR spectra for S5 and selected electrolytes in plasticized system in the
region of 1585-1665 cm™ .

at 1638 cm™ in the spectrum of P7 electrolyte. In the spectrum of P8 electrolyte, the

carboxamide band has shifted back to lower wavenumber of 1636 cm™.

FTIR spectra for the selected electrolytes in plasticized system in the amine band
region are shown in Figure 5.28. The amine band is located at 1526 cm™ in the spectrum

of S5 electrolyte. The amine band has shifted to lower wavenumbers of 1525, 1524 and
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1523 cm™ in the spectra of P2, P3 and P5 electrolytes. With the addition of plasticizer,

more ions interact with the nitrogen donor of chitosan in starch-chitosan blend host.
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Figure 5.28: FTIR spectra for S5 and selected electrolytes in plasticized system in the region
of 1500-1590 cm™.

In the spectrum of P1 electrolyte in Figure 5.29(a), the peak corresponding to C-
O bond stretching of C-O-C group has shifted from 1074 cm™ to 1073 cm™. As the
glycerol content in the electrolyte increases to 10 and 15 wt.%, the peak shifts to lower
wavenumbers of 1072 cm™ and 1071 cm™, respectively. This result indicates that more

ions have interacted with oxygen atoms in C-O-C group as glycerol content increases.
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Figure 5.29: FTIR spectra for S5 and selected electrolytes in plasticized system in the
region of (a) 1065-1095 cm™ and (b) 900-950 cm™.

From Figure 5.29(b), the peak corresponding to glycosidic linkage at 934 cm™ in
the spectrum of S5 electrolyte is observed to shift to higher wavenumber as glycerol
content increases. The present result proves that more NH," cations from NH4Cl interact
with oxygen atoms in the glycosidic linkages with the addition of glycerol. The
proposed interaction between starch-chitosan blend with NH4Cl, acetic acid solvent and

glycerol is illustrated in Figure 5.30.
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Figure 5.30: Schematic diagram of interaction between starch, chitosan, acetic acid, NH,Cl
and glycerol.
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5.9  Summary

From FTIR analysis on starch and chitosan films, starch-acetic acid and
chitosan-acetic acid interactions occur at the oxygen atoms of hydroxyl, C-O-C and
glycosidic linkages of the polymers. Chitosan-acetic acid interaction also occurs at the
carboxamide and amine bands. Upon blending 80 wt.% starch with 20 wt.% chitosan,
the shift of the peak at hydroxyl and amine bands as well as the glycosidic linkage of
starch proves the involvement of these functional groups in hydrogen bonding
formation. When NH4Cl was added to the starch-chitosan blend, cations are inferred to
interact with oxygen atoms of hydroxyl, carboxamide, C-O-C and glycosidic linkage.
Nitrogen atom of amine band is also inferred to provide the coordination site for the
cations by the shifting of the band to lower wavenumbers on addition of salt. The
interaction between glycerol and NH4Cl is proven by the shifting of the hydroxyl band’s
peak of glycerol to lower wavenumbers on addition of salt. The shift in peak’s position
of hydroxyl, carboxamide, amine, C-O-C and glycosidic linkage spectra proves the
starch-chitosan-glycerol interaction. From the FTIR analysis on starch-chitosan-NH4CI-
glycerol, the addition of glycerol has dissociated more salt hence more ions interact with
the polymer host. It is also inferred that glycerol is able to provide additional pathways

for the ions to conduct.
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CHAPTER 6

CONDUCTIVITY AND TRANSPORT ANALYSIS

6.1 Introduction

From chapter 4, the blend of 80 wt.% starch and 20 wt.% chitosan is found to be
the most amorphous blend. The blend is chosen to be the polymer host for ionic
conduction, where NH4Cl is used to provide the charge carriers. Thus in this chapter,
the conductivity of two polymer electrolyte systems, starch-chitosan-NH,4Cl (salted) and
starch-chitosan-NH4Cl-glycerol (plasticized) will be presented. The variation of room
temperature conductivity with NH4CI and glycerol concentration will be discussed. The

variation of conductivity with temperature will also be presented.

To gain some understanding on the effect of salt and plasticizer content on the
conductivity, the Rice and Roth model (as cited in Samsudin et al., 2012) will be
employed to determine the transport parameters of the electrolytes, such as number
density and mobility of ions. The electrolytes will be further characterized by XRD,
SEM and DSC studies. The determination of conducting charge species will be done by
ionic transference number measurement. The result of cation transference number will

be presented to reveal the contribution of cation to the conductivity.
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6.2  Impedance Studies

Figure 6.1(a) and (b) represents the Cole-Cole plots of pure starch-chitosan film

(S8C2) and starch-chitosan with 5 wt.% NH4CI (S1 electrolyte), respectively, at room

temperature. Each Cole-Cole plot shows an incomplete semicircle curve.
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Figure 6.1: Cole-Cole plot of (a) S8C2 film and (b) S1 electrolyte at room temperature. The
inset figure shows the corresponding equivalent circuit.
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The semicircle part of a Cole-Cole plot is related to ionic conduction in the bulk
of the electrolyte (Samsudin et al., 2012). According to Malathi et al. (2010), the bulk
conductivity is due to the parallel combination of bulk resistance and bulk capacitance
of the polymer electrolytes. In Figure 6.1, the value of bulk resistance (R}) is determined

from the intercept of the semicircle with the real axis.

Figure 6.2 represents the Cole-Cole plot of starch-chitosan with 25 wt.% NH4Cl
(S5 electrolyte) at room temperature. The Cole-Cole plot consists of a semicircular arc
at the higher frequency region and a line adjacent to the semicircular arc at the lower

frequency region.
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Figure 6.2: Cole-Cole plot of S5 electrolyte at room temperature. The inset figure shows the
corresponding equivalent circuit.

In Figure 6.2, the adjacent line to the semicircle is attributed to the effect of

electrode polarization which is characteristic of diffusion process (Samsudin et al.,
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2012). The adjacent lines to the semicircles inclined at an angle less than 90° with the
real axis. This type of impedance plot may be due to roughness of the electrode-
electrolyte interface or inhomogeneous distribution of salt in the polymer matrix
(Kartha, 2013; Stephan et al., 1999). Since the blocking electrodes have been used in the
impedance measurement, the electrode-electrolyte interface could be regarded as a
capacitance (Hema et al., 2008). By comparing the Cole-Cole plots in Figures 6.1 and
6.2, it can be observed that the semicircle part is lessening as the salt content increases
to 25 wt.%. The value of R, in Figure 6.2 is determined from the intercept of the
semicircle with the adjacent line to the semicircle. The R, decreases as the salt content
increases to 25 wt.% and this may be due to the increase in the number density of

mobile charge carriers (Khiar & Arof, 2010; Selvasekarapandian et al., 2005).

Figure 6.3 depicts the Cole-Cole plot of starch-chitosan with 35 wt.% NH4C1 (S7

electrolyte) at room temperature.
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Figure 6.3: Cole-Cole plot of S7 electrolyte at room temperature.
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It can be observed that the semicircle part in Figure 6.3 is larger than that in
Figure 6.2 inferring that the R, increases when 35 wt.% NH4Cl is added to the
electrolyte. This phenomenon could be due to the formation of ion aggregates which can

impede the ionic conduction thus leading to a decrease in conductivity.

The electrical equivalent circuit representation is commonly used in impedance
analysis because it is fast, simple and provides the complete picture of the system (Han
& Choi, 1998). The impedance data can be fitted by an idealized equivalent circuit
model composed of discrete electrical components by superimposing the best fit of the
dispersion data by trial and error (Shuhaimi et al., 2012; Woo, 2013). The fitting of
impedance plots can further confirm the values of R,. In the present work, since the
impedance data of S8C2 film and S1 electrolyte consists only the semicircle curve as
shown in Figure 6.1, the equivalent circuit (see inset of Figure 6.1(a)) can be
represented by a parallel combination of R, and constant phase element (CPE) (Teo,
Buraidah, Nor, & Majid, 2012). In general a CPE is used in a model instead of a
capacitor to compensate for inhomogeneity in the system (Qian et al., 2001). The

impedance of CPE (Z¢pg) can be expressed as (Shuhaimi et al., 2012; Teo et al., 2012):

Zepp = L{cos(gj —i sin(@ﬂ (6.1)
Co’ 2 2

where C is the capacitance of CPE, w is angular frequency and p is related to the
deviation of the plot from the axis. The real and imaginary parts of impedance, Z, and

Z;, respectively, associated to the equivalent circuit can be expressed as:

107



Chapter 6 Conductivity and Transport Analysis

R, +R,’Cw’ cos(jz)j
Z, = (6.2)
1+2R,Cw” cos(jg)j +R,C* @™

R,’Cw’ sin(zpj

7 = (6.3)

1

1+2R,Ca" cos(’g”j +R,C 0™

The impedance plot of S5 and S7 electrolytes consists of a semicircle and an inclined
adjacent line to the semicircle as shown in Figures 6.2 and 6.3. The equivalent circuit
(see inset of Figure 6.2) can be represented by a parallel combination of R, and CPE
with another CPE in series (Teo et al., 2012). The values of Z, and Z; associated to the

equivalent circuit can be expressed as:

Z, = o2 (6.4)

r P2
1+2R,C, 0" cos(ﬂi';lj+Rb2C12a)2"l €0

R, +R,’C,0" cos(ﬂz;j cos(ﬂpzj

R,’C,@" sin <l sin| P2
2 2

P (6.5)
1+2R,C, 0" cos(ﬂglj +R,’C 0" 2

Z =

1

where C; is the capacitance at high frequency, C; is the capacitance at low frequency, p;
is the deviation of the radius of the circle from the imaginary axis and p; is the deviation
of the inclined adjacent line to the semicircle from the real axis. The parameters of the

circuit elements for the selected electrolytes in salted system are tabulated in Table 6.1.
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Table 6.1: The parameters of the circuit elements for selected electrolytes in salted system at
room temperature.

Electrolyte p1 (rad) C;i(F) p2 (rad) C, (F)
S8C2 0.95 333x 1077 - -
S1 0.68 6.67 x 10 - -
S5 0.86 4.55x 107 0.67 6.37 x 107
S7 0.82 8.33x 107 0.58 2.22x 107

It is observed that the value of capacitance is higher at low frequency than high

frequency, which satisfies the following equation:

0% rte (66)

where &, is vacuum permittivity, & is dielectric constant, A, is electrode-electrolyte
contact area and ¢ is thickness of electrolyte. Many reports (Hema et al. 2008;
Selvasekarapandian et al., 2005; Teo et al., 2012) have shown that the value of & of a
polymer electrolyte decreases with increasing frequency, which in turn decreases the

capacitance. The result of & in this work will be discussed in Chapter 7.

Figures 6.4 to 6.7 show the Cole-Cole plots of selected electrolytes in plasticized
system at room temperature. Each Cole-Cole plot consists of a tilted line. The
disappearance of semicircle at high frequency region in these figures suggests that only
the resistive component of the polymer prevails (Hema et al., 2008). In this case, the R,

value is determined by the interception of the line with the real axis. The R, decreases as
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the glycerol content increases to 35 wt.% (P7 electrolyte). The addition of plasticizer

promotes the dissociation of salt thus decreases the formation of ion aggregates.
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Figure 6.4: Cole-Cole plot of P5 electrolyte at room temperature. The inset figure shows the

corresponding equivalent circuit.
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Figure 6.5: Cole-Cole plot of P6 electrolyte at room temperature.
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Figure 6.6: Cole-Cole plot of P7 electrolyte at room temperature.
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Figure 6.7: Cole-Cole plot of P9 electrolyte at room temperature.
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Based on Figures 6.4 to 6.7, the equivalent circuit (see inset of Figure 6.4) for
the plasticized electrolytes can be represented by a combination of R, and CPE in series
(Shuhaimi et al., 2012). The values of Z, and Z; associated to the equivalent circuit can

be expressed as:

COS(?)
Zr = Rh + W (67)
sin(ﬂfj
Zi = W (68)

The parameters of the circuit elements for the selected electrolytes in plasticized
system are tabulated in Table 6.2. It is observed that the value of capacitance for
plasticized electrolyte is higher than that of salted electrolyte. Addition of plasticizer
increases the number of ion in the electrolyte, which increases the value of & (Shukur,
Ithnin, et al., 2013). According to Equation (6.6), increasing & will increase the value of

capacitance.

Table 6.2: The parameters of the circuit elements for selected electrolytes in plasticized system
at room temperature.

Electrolyte | p (rad) C((F)
P5 0.68 | 2.02x10°
P6 0.68 7.61 x10°
P7 0.71 1.67 x 107
P9 0.71 439 % 10°
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Figures 6.8 to 6.12 depict the Cole-Cole plots at selected temperatures for S5

electrolyte.
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Figure 6.8: Cole-Cole plot of S5

electrolyte at 303 K.
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Figure 6.9: Cole-Cole plot of S5

electrolyte at 308 K.
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Figure 6.10: Cole-Cole plot of S5 electrolyte at 313 K.
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Figure 6.11: Cole-Cole plot of S5 electrolyte at 328 K.
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Figure 6.12: Cole-Cole plot of S5 electrolyte at 343 K.

From Figures 6.8 to 6.12, it can be observed that the semicircle part is lessening

with increasing temperature. As the temperature increases, the segmental motion of the

polymer chain and dissociation of the salt increases resulting in the decrease in R, value

(D.A. Kumar, Selvasekarapandian, Baskaran, Savitha, & Nithya, 2012). The equivalent

circuit for S5 electrolyte at different temperatures is represented by a parallel

combination of R, and CPE with another CPE in series. The values of Z, and Z;

associated to the equivalent circuit at various temperatures were calculated using

Equations (6.4) and (6.5). The parameters of the circuit elements for S5 electrolyte at

various temperatures are tabulated in Table 6.3.

Table 6.3: The parameters of the circuit elements for S5 electrolyte at various temperatures.

T (K) pi (rad) C, (F) P2 (rad) C, (F)
2908 0.86 4.55 % 107 0.67 6.37 x 10”7
303 0.85 7.41 %107 062 |229%x10°
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Table 6.3, continued

308 085 | 7.69x107 | 0.62 |263x10°

313 0.84 1.11x10° | 065 |2.74x10°

318 079 | 250x10% | 0.65 |2.99x10°

323 079 | 2.78x10% | 0.66 |3.12x10°

328 0.79 2.94x10° 0.67 | 3.70x10°

333 0.78 3.13x 10° 0.66 | 4.01 x10°

338 076 | 325x10% | 0.66 | 4.85x10°

343 0.78 333x10° | 0.67 |530x10°

Figures 6.13 to 6.16 depict the Cole-Cole plots at selected temperatures for P7

electrolyte. The R, decreases with increasing temperature.
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Figure 6.13: Cole-Cole plot of P7 electrolyte at 313 K.
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Figure 6.14: Cole-Cole plot of P7 electrolyte at 323 K.

5.6E+02

4.2E+02 -

2.8E+02 -

¢ Experimental
—— Simulation
1.4E+02 -
0.0E+00 T T T
0.0E+00 1.4E+02 2.8E+02 4.2E+02 5.6E+02
Z,(Q)

Figure 6.15: Cole-Cole plot of P7 electrolyte at 333 K.
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Figure 6.16: Cole-Cole plot of P7 electrolyte at 343 K.

The equivalent circuit for P7 electrolyte at different temperatures is represented
by a combination of R, and CPE in series. The Z, and Z; associated to the equivalent
circuit were calculated using Equations (6.7) and (6.8). The parameters of the circuit
elements for P7 electrolyte at various temperatures are tabulated in Table 6.4. From
Tables 6.3 and 6.4, the values of capacitance are observed to increase with increasing
temperature. The CPE represents the electrode-electrolyte interfaces as well as the
polymer chains. Capacitance indicates the CPE’s ability to store charges/ions. As the
temperature increases, thermal movement of polymer chain segments and the
dissociation of salts have be improved (Khiar & Arof, 2010). These phenomena increase
the number density of ions, or in other words, more ions are stored by the CPE thus

enhances the capacitance.
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Table 6.4: The parameters of the circuit elements for P7 electrolyte at various temperatures.

T (K) p (rad) C (F)
298 0.71 1.67 x 10
303 0.69 2.06 x 10”
308 0.68 2.44 x 10”
313 070 | 2.48x107
318 0.69 | 2.68x10°
323 070 | 2.83x10°
328 0.70 | 3.19x10
333 0.70 | 3.65x 107
338 0.70 | 4.21x10”
343 069 | 503x10°

6.3 Room Temperature Conductivity

The dependence of conductivity on salt content at room temperature is shown in

Figure 6.17.
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Figure 6.17: Room temperature conductivity as a function of NH4Cl content.
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From Figure 6.17, it is observed that the conductivity of pure starch-chitosan
(S8C2) film is (4.00 = 1.53) x 10" S cm™. The incorporation of 5 wt.% NH,CI
increases the conductivity to (6.51 + 1.80) x 10° S cm’™l. As NH4CI content increases,
the conductivity increases and is optimized at (6.47 + 1.30) x 107 S cm™ on addition of
25 wt.% NH4CI (i.e. S5 electrolyte). The increase in conductivity can be attributed to
the increase in the number of mobile ions (Khiar & Arof, 2010). On addition of 30 wt.%
NH,CI, the conductivity decreases to (1.85 + 0.51) x 107 S cm™ and further decreases
with addition of 35 and 40 wt.% NH4Cl. At higher NH4CI content, the distance between
dissociated ions become closer that they are able to recombine and form neutral ion

pairs, thus decreases the number density of mobile ions leading to a drop in conductivity

(Kadir et al., 2010).

The dependence of conductivity on glycerol content at room temperature is

shown in Figure 6.18.
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Figure 6.18: Room temperature conductivity as a function of glycerol content.
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The addition of a plasticizer promotes the dissociation of excess salt into ions
and generates separate conducting pathways for the migration of free ions, which should
results an increase in conductivity (Gondaliya, Kanchan, & Sharma, 2013). Besides,
plasticizer molecules being relatively small in size compared to polymer molecules
penetrate the polymer matrix and establish attractive forces/reduce the cohesive forces
between the polymer chains and increase the segmental mobility, which enhances the
conductivity of polymer electrolyte (Sekhar, Kumar, & Sharma, 2012b). In the present
work, the highest conductivity value of (5.11 + 1.60) x 10* S cm™ is obtained with
addition of 35 wt.% glycerol (i.e. P7 electrolyte) as shown in Figure 6.18. The
conductivity decreases on addition of more than 35 wt.% glycerol. The decrease in
conductivity may be caused by the displacement of the host polymer by plasticizer
molecules within the salt complexes (Ibrahim & Johan, 2012). The formation of
linkages between the plasticizer causes the salt to recrystallize, resulting in a

conductivity decrement (Johan & Ting, 2011).

6.3.1 XRD Analysis

Figure 6.19 shows the XRD patterns of NH4CI salt and selected electrolytes in
the salted system. In the XRD pattern of NH4Cl, crystalline peaks appear at 26 = 23.1°,
32.5°,40.4°, 47.0°, 52.7°, 58.2°, 68.3°, 73.2° and 77.9°, showing the crystalline nature
of the salt. Addition of salt into the starch-chitosan blend host produces a peak
superimposed on the broad peak of the XRD patterns of S1, S2 and S5. This
phenomenon suggests the coexistence of the amorphous and some crystalline phases
(Suryanarayana, 2004). Based on the peak position, it can be indicated that the peak is

attributed to the NH4CI salt. This result implies the inability of the polymer host to
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accommodate all the salt during the film formation (Noor, Careem, Majid, & Arof,

2011).
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Figure 6.19: XRD patterns of selected electrolytes in salted system.
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The incorporation of salt to the polymer host is expected to increase the
amorphousness of the electrolyte. In order to determine the degree of crystallinity of the
electrolytes, again, two methods have been used to calculate the amorphous and
crystalline areas of the XRD patterns. Table 6.5 shows the estimated degree of
crystallinity using Nara-Komiya method (as cited in Noor et al., 2013) where S5

electrolyte has the least degree of crystallinity.

Table 6.5: Degree of crystallinity of selected electrolytes in salted system using Nara-Komiya
method.

Sample X (%)
S8C2 26.31
S1 25.77
S2 23.98
S5 19.30

As shown in Figure 6.17, the room temperature conductivity was optimized with
addition of 25 wt.% NH4CI, i.e. S5 electrolyte. As ion concentration in the electrolyte
increases, both the fraction of amorphous phase and charge carriers increase
simultaneously (Aji, Masturi, Bijaksana, Khairurrijal, & Abdullah, 2012). Ions are
generally mobile in the amorphous region since their motion is assisted by polymer
segmental motion (Gadjourova et al., 2001; Noor et al., 2013; Subbu, Mathew,
Kesavan, & Rajendran, 2014). This XRD result has given some answers for the
increasing conductivity with increasing NH4CI content up to 25 wt.%. The room
temperature conductivity decreases with addition of more than 25 wt.% NH4CL. In the

XRD pattern of S6 electrolyte, the intensity of the crystalline peak at 26 = 22.9°

increases and another crystalline peak appear at 26 = 32.5°. In the X-ray diffractograms
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of S7 and S8 electrolytes, the intensity of these crystalline peaks increases accompanied
by the appearance of another crystalline peaks. This result indicates the recrystallization

of salt leading to the decrease in number density of ions, hence decreases the

conductivity.

Figures 6.20 to 6.22 depict the deconvolution of XRD patterns for selected

electrolytes in salted system.
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Figure 6.20: Deconvoluted XRD pattern of S2 electrolyte.
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Figure 6.21: Deconvoluted XRD pattern of S5 electrolyte.
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Figure 6.22: Deconvoluted XRD pattern of S7 electrolyte.

From Figure 6.20, the XRD pattern of S2 electrolyte consists of two broad
amorphous peaks centered at 26 = 18.4° and 36.1° and two crystalline peaks at 26 =
16.0° and 22.6°. These peaks are observed in the XRD pattern of S5 electrolyte in
Figure 6.21. However, the degree of crystallinity of S5 electrolyte is lower than that of
S2 electrolyte as listed in Table 6.6, which is in good agreement with the conductivity
result in Figure 6.17. According to Woo (2013), the decrease in the degree of
crystallinity with increasing salt content can be correlated to the formation of
complexation between the polymer host and cations. This phenomenon has been
discussed in Chapter 5. From Figure 6.22, the crystalline peak which appears at 26 =
16.0° and 15.1° in the XRD patterns of S2 and S5 electrolytes, respectively, is not
appear. However, there are appearance of two crystalline peaks at 32.6 and 58.3, where
the former is highly intense. This result leads to the increase in the degree of

crystallinity as shown in Table 6.6.
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Table 6.6: Degree of crystallinity of selected electrolytes in salted system using deconvolution
method.

Sample x (%)
S8C2 12.05
S1 11.11
S2 10.19
S5 8.45
S6 14.54
S7 15.43

Figure 6.23 depicts the XRD patterns of selected electrolytes in plasticized

system.
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Figure 6.23: XRD patterns of selected electrolytes in plasticized system.
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From Figure 6.23, in the XRD pattern of PS5 electrolyte, the intensity of the
crystalline peak at 26 = 22.9° decreases and the degree of crystallinity (estimated using
Nara-Komiya method) of P6 electrolyte is lower than that of S5 electrolyte as shown in
Table 6.7. In the XRD pattern of P7 electrolyte, the peak at 26 = 22.9° disappears and
this electrolyte is more amorphous than PS5 electrolyte. This result shows that the
presence of glycerol in the electrolyte assists salt dissociation which in turn decreases
the occurrence of salt recrystallization. Besides, the plasticizer has created alternative
pathways for ion conduction, thus helping the polymer host to accommodate the salt.
These phenomena increase the amorphousness of the electrolytes. From Figure 6.18, the
conductivity is maximized with addition of 35 wt.% glycerol, i.e. P7 electrolyte. Thus, it
can be concluded that the increase in amorphousness leads to the increase in
conductivity (Pitawala, Dissanayake, Seneviratne, Mellander, & Albinson, 2008). In the
XRD patterns of P8 and P9 electrolytes, the peak at 26 = 22.9° reappears. The degree of
crystallinity values of P8 and P9 electrolytes are found to be higher than that of P7
electrolyte, inferring that P8 and P9 electrolytes are less amorphous than P7 electrolyte

which decreases the conductivity.

Table 6.7: Degree of crystallinity of selected electrolytes in plasticized system using Nara-
Komiya method.

Sample X (%)
P5 17.50
P7 11.52
P8 12.34
P9 14.40

Figures 6.24 to 6.27 depict the deconvolution of XRD patterns for selected

electrolytes in plasticized system.
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Figure 6.24: Deconvoluted XRD pattern of P5 electrolyte.
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Figure 6.25: Deconvoluted XRD pattern of P7 electrolyte.
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Figure 6.26: Deconvoluted XRD pattern of P8 electrolyte.
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Figure 6.27: Deconvoluted XRD pattern of P9 electrolyte.

From Figure 6.24, a crystalline peak at 26 = 22.5° superimposed on a broad
amorphous peak centered at 26 = 22.4° in the XRD pattern of P5 electrolyte is detected.
This crystalline peak can be observed in the XRD pattern of P7 electrolyte in Figure
6.25. Due to its low intensity, this crystalline peak is hardly observed in the
experimental data. The XRD pattern of P9 electrolyte contains two sharp crystalline
peaks at 260 = 22.6° and 38.1°, indicating the recrystallization of salt which leads
towards conductivity decrement as shown in Figure 6.18. Table 6.8 lists the estimated
degree of crystallinity of selected electrolytes in plasticized system using deconvolution

method. The result is in good agreement with conductivity result.

Table 6.8: Degree of crystallinity of selected electrolytes in plasticized system using
deconvolution method.

Sample x (%)
P5 6.46
P7 4.59
P8 4.69
P9 4.94
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6.3.2 SEM Analysis

Figure 6.28 depicts the SEM micrograph of the surface of S8C2 film. The
surface of S8C2 film is observed to be smooth and homogenous without any phase

separation. This type of surface is the same as shown in Figure 4.15.

2pum EHT = 5.00 kV Signal A = SE1 Date :30 Sep 2014  Time :10:26:56
WD = 8.0 mm Mag= 200K X | Probe = 190 pA

Figure 6.28: Surface micrograph of S8C2 film.
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Figure 6.29: Surface micrograph of S4 electrolyte.
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When 20 wt.% of NH4CI is added to the polymer host, several particles are
observed on the electrolyte surface as shown in micrograph of S4 electrolyte in Figure
6.29. These particles act as the channels for ion conduction through the electrolyte
(Bhad & Sangawar, 2013). The same observations on other polymer electrolyte systems
have been reported in the literature (Ahmad, Rahman, Low, & Su’ait, 2010; Bhad &

Sangawar, 2013).

2pum EHT = 5.00 kV Signal A = SE1 Date :30 Sep 2014  Time :9:43:29
WD = 8.0 mm Mag= 200K X | Probe = 190 pA

Figure 6.30: Surface micrograph of S5 electrolyte.

Figure 6.30 depicts the SEM micrograph of the surface of S5 electrolyte. More
particles are observed on the surface of S5 electrolyte indicating more channels are
available for ionic conduction which can lead to the increase in number density of ions.
This SEM result further strengthens our conductivity result where S5 electrolyte is the

highest conducting electrolyte in the salted system.

In micrograph of S8 electrolyte in Figure 6.31, even more particles are observed

but some of the particles agglomerate. The agglomeration of these particles may lead
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towards ion pairs formation, which do not contribute to ionic conduction. This

phenomenon decreases the conductivity.

204 L

2um EHT = 500 kV Signal A = SE1 Date :30 Sep 2014 Time :10:00:15
WD = 8.0 mm Mag= 200KX I Probe = 190 pA

Figure 6.31: Surface micrograph of S8 electrolyte.

WD = 8.0 mm Mag= 200KX I Probe = 190 pA
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Figure 6.32: Surface micrograph of P2 electrolyte.

From Figure 6.18, the addition of glycerol has enhanced the conductivity. The

addition of plasticizer would alter the morphology of the electrolyte. The SEM
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micrograph of the surface of P2 electrolyte is depicted in Figure 6.32. It can be seen that
the addition of 10 wt.% glycerol reduces the number of particle whereas the dark areas
start to appear. Reports elsewhere suggest that the dark region in surface micrograph
represents the amorphous phase of the electrolyte (Ahmad et al., 2010; Su’ait, Ahmad,
Hamzah, & Rahman, 2011). Thus, it can be inferred that the addition of glycerol

increases the amorphous phase of the electrolyte.

=

5 ¥ 5
2pm EHT = 5.00 kV Signal A = SE1 Date :9 Oct 2014 Time :15:43:38
WD = 8.0 mm Mag= 200K X | Probe = 190 pA

Figure 6.33: Surface micrograph of P4 electrolyte.

Figure 6.33 depicts the SEM micrograph of the surface of P4 electrolyte. The
dark region starts to dominate accompanied by the appearance of linkage like structures
when 20 wt.% glycerol was added. The plasticizer is believed to act as a spacer between
molecules of polymer by forming links with them (Pandey, Asthana, Dwivedi, &
Chaturvedi, 2013). Besides, the plasticizer has created alternative pathways for ion
conduction which can enhance the conductivity (Imperiyka, Ahmad, Hanifah, &

Rahman, 2014; Kadir, 2010; Subramaniam, Chiam-Wen, Yee, & Morris, 2012).
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Figure 6.34: Surface micrograph of P7 electrolyte.

The micrograph of P7 electrolyte in Figure 6.34 shows the maximum dominancy
of the dark region as well as increasing number of link. This result indicates the high
amorphous phase within P7 electrolyte thus obtained the highest conductivity value as

shown in Figure 6.18.

7 )
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Figure 6.35: Surface micrograph of P8 electrolyte.
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The effect of plasticizer overload in the electrolyte can be observed in the
micrograph of P8 electrolyte in Figure 6.35. It can be seen that too much links have
appeared and the linkages may be formed between the plasticizer itself causing the salt

to recrystallize thus decreased the conductivity (Johan & Ting, 2011).

6.3.3 DSC Analysis

Conductivity of the electrolyte is governed by the ionic mobility (Kadir et al.,
2010). Ionic mobility depends on the segmental motion of the polymer chains in the
amorphous phase, which is characterized by the glass transition temperature (7)
(Saikia, Pan, & Kao, 2012). From Figure 4.22, the T, value of S8C2 film is 82.33 °C.

The value of T, for S1 electrolyte is lower at 55.08 °C as shown in Figure 6.36.

Exo —&

T, = 55.08 °C
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Figure 6.36: DSC thermogram of S1 electrolyte.
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Figure 6.37: DSC thermogram of S5 electrolyte.

Figure 6.37 shows the DSC thermogram of S5 electrolyte. The 7, of S5
electrolyte is observed to be lower than that of S1 electrolyte. The decrease in 7, with
increasing salt content is also been observed by Vijaya et al. (2013) on PVP-NH4Cl
electrolytes. This phenomenon can be due to the plasticizing effect contributed by the
salt on the polymer host (Noor et al., 2013; Vijaya et al., 2013). The plasticization effect
is related to the weakening of the dipole-dipole interactions between the polymer chains
due to the presence of salt (Malathi et al., 2010). This phenomenon stimulates the
flexibility of polymer backbone thus enables the ions to move easily through the
polymer chain network when an electric field is applied (Liew et al., 2014; Malathi et
al., 2010). The low T, leads to faster segmental motion of the polymer electrolyte

resulting in an increase in conductivity (Vijaya et al., 2013).
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Figure 6.38: DSC thermogram of P3 electrolyte.
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Figure 6.39: DSC thermogram of P7 electrolyte.
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The addition of glycerol to the polymer electrolyte increases the chain flexibility
which results in a decrease in 7, (Kumar & Sekhon, 2002). This result leads to an
increase in conductivity as shown in Figure 6.18. Further decrease of T, can be observed
in the thermogram of P3 and P7 electrolytes as shown in Figures 6.38 and 6.39,
respectively. This result satisfies the conductivity result as the conductivity is optimized

on addition of 35 wt.% glycerol.
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Figure 6.40: DSC thermogram of P9 electrolyte.

The T, value is observed to increase on addition of 45 wt.% glycerol as observed
in thermogram of P9 electrolyte in Figure 6.40. The increase in T, can be due to the
increase in rigidity of the electrolyte (Noor et al., 2013). This phenomenon may have
resulted from the recrystallization of salt which impedes the segmental mobility as well
as the ionic migration (Liew et al., 2014; Silva, Barros, Smith, & MacCallum, 2004). As

aresult, a decrease in conductivity is observed as depicted in Figure 6.18.
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6.4  Conductivity at Elevated Temperature

Generally, the conductivity-temperature relationship of polymer electrolytes is
in accordance with either the Arrhenius or Vogel-Tamman-Fulcher (VTF) rules. If a
linear relation is observed, the temperature dependence of conductivity of the polymer

electrolyte obeys Arrhenius rule and the conductivity can be expressed as:

E
o=0, exp{— k;} (6.9)

where o, is the pre-exponential factor, E, is activation energy, k is Boltzmann constant
and T is absolute temperature. A polynomial relation of conductivity-temperature is best

fitted by VTF equation, where the conductivity can be expressed as:

1
oT? = Ao eXp|:— %} (610)

where A, is the pre-exponential factor proportional to the concentration of carriers, Eyrr
is pseudo activation energy and T, is the temperature at which the configuration entropy

becomes zero (Kuo et al., 2013).

The variation of conductivity as a function of temperature for all electrolytes in
salted and plasticized systems is displayed in Figure 6.41(a) and (b), respectively. The
conductivity of all electrolytes is observed to increase with increasing temperature. The
linear relations suggest that conductivity-temperature dependence of the present

electrolyte systems obeys the Arrhenius rule. The Arrhenian conductivity—temperature
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Figure 6.41: Variation of conductivity as a function of temperature for electrolytes in (a)
salted and (b) plasticized systems.

relationship has been observed for starch-NH4sNO; (Khiar & Arof, 2010), PVA-NH,4CI
(Hema, Selvasekarapandian, Arunkumar, et al., 2009) and chitosan-NHy4I (Buraidah et
al., 2009) electrolytes. By using Equation (6.9), the calculated E, value for each salted

and plasticized electrolyte is listed in Tables 6.9 and 6.10, respectively. The value of E,
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is found to be 0.31-0.36 eV for salted electrolytes and 0.19-0.30 eV for plasticized
electrolytes. The higher conducting electrolyte has the lower E, value. This is in
agreement with the fact that the density of ions in the electrolyte increases with the
increase in NH4ClI and glycerol content thus the energy barrier for the proton transport

decreases leading to a decrease in the E, value (Selvasekarapandian et al., 2005).

Table 6.9: Activation energy of each electrolyte in salted system.

Sample | E, (eV)
S1 0.36
S2 0.33
S3 0.32
S4 0.32
S5 0.31
S6 0.32
S7 0.33
S8 0.33

Table 6.10: Activation energy of each electrolyte in plasticized system.

Sample | E, (eV)
P1 0.30
P2 0.27
P3 0.24
P4 0.23
P5 0.21
P6 0.20
P7 0.19
P8 0.20
P9 0.20

141



Chapter 6 Conductivity and Transport Analysis

6.4.1 Effect of Water Content on Conductivity

In order to know the water content as well as the thermal stability of the
electrolytes, TGA analysis of selected electrolytes has been carried out. Figure 6.42

shows the TGA thermograms of selected electrolytes.
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Figure 6.42: TGA thermograms of S8C2, S1, S5 and P7 electrolytes.

From Figure 6.42, it can be observed that the first weight loss of S1, S5 and P7
electrolytes is higher (~ 7-10%) than that of S8C2 film. This result could be due to
hydrophilic nature of the salt and glycerol (Halim, Majid, Arof, Kajzar, & Pawlicka,
2012; Noor et al., 2012). This results show higher water content within S1, S5 and P7
electrolytes compare to S8C2 electrolyte. It is observed that the S1 electrolyte

decomposes at 198 °C. The decomposition temperature decreases to 185 °C for S5
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electrolyte. This observation reveals the decline in the heat-resistivity results from the
disruption of strong hydrogen bonding network in the electrolytes (Ramesh et al., 2012).
In the thermogram of the P7 electrolyte, the second weight loss of ~ 20% is observed in
136-177 °C. This second transition region is due to the degradation of glycerol in the
electrolyte (Ayala, Agudelo, & Vargas, 2012). The major decomposition of P7

electrolyte occurs at 180 °C.

To study the effect of water content on conductivity, variation of conductivity
with temperature under one heating-cooling cycle has been carried out. P7 electrolyte

was used for this study. The result is shown in figure 6.43.
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Figure 6.43: Variation of conductivity as a function of temperature under one heating-cooling
cycle for P7 electrolyte.

As shown in Figure 6.43, the conductivity is lower during cooling cycle than the
conductivity during heating cycle. As an example, the conductivity at 50 °C is

9.12 x 10" S cm™ during the heating cycle. However, the conductivity at the same
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temperature decreases to 8.83 x 10* S cm™ during the cooling cycle. The difference of
~ 3% is attributed to the loss of water from the electrolyte during the heating cycle.
From Figure 6.36, the weight loss of P7 electrolyte is ~ 3% as temperature increases to
70 °C, which is due to the loss of water. The conductivity-temperature result in Figure

6.43 verifies the TGA result.

6.5 Transport Analysis

To further verify the conductivity result, the Rice and Roth model was employed
to study the dependence of conductivity on number density (n,) and mobility (&) of
ions. This can be achieved by using Equation (2.2), where conductivity is related to ng,
E, and travelling time of ion (7). From Equation (2.3), the value of 7 can be determined
using the value of /, which is the distance between two complexation sites. Since

polymer blend host is used in this work, various values of / are used.

According to Khiar and Arof (2010), the cations of salt would be more easily
attached to the amylose compound rather than the amylopectin of starch because the
o-1,4-D-glucosidic linkages of amylose are more stable and less steric than the
0-1,6-D-glucosidic linkages of amylopectin. In starch, the distance [ between two
adjacent amylose fibers is 10.4 A (Khiar & Arof, 2010). Tables 6.11 and 6.12 list the
transport parameters of each electrolyte in the salted and plasticized systems,

respectively, using [ = 10.4 A.
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Table 6.11: Transport parameters of each electrolyte in salted system at room temperature using

I=104A.
Sample o (S em™) 7(s) na (cm™) y7) (cm® V'sh
S1 (6.51+1.80)x 107 | 1.25x 10" | 4.44x10™ 9.16 x 107
S2 (6.70£1.88)x 10° | 131x10" | 1.48x 10" 2.82x10°
S3 (1.16 £025)x 107 | 1.33x10"7 | 1.77x 10" 4.10x 10°
S4 (143+037)x 107 | 1.33x10"7 | 2.18 x 10" 4.10 x 10°
S5 (6.47£130)x 107 | 135x10" | 6.78 x 10" 5.96 x 10°
S6 (1.85+£0.51)x 107 | 1.33x10" | 2.82x 10" 410% 10°
S7 (7.86 £1.04)x 10° | 1.31x10" | 1.74 x 10" 2.82x10°
S8 (3.70£0.35) x 10° | 131x10" | 8.19x10™ 2.82x10°

Table 6.12: Transport parameters of each electrolyte in plasticized system at room temperature

using [ = 10.4 A.

Sample o (S em™) 7(s) ng(em™) | g(em?Vv?'s?h
Pl (9.64+137)x 107 | 137x10" | 6.96x 10" 8.65x10°
P2 (5.03+1.53)x 10° | 1.45x10" | 1.19x 10™ 2.64 %107
P3 (229+0.57)x10° | 1.53x10" | 1.79x 10" 8.00 x 107
P4 (4.41 £1.03) x 10” 1.57x 10" | 2.38x 10" 1.16 x 107
P5 (141 £0.40) x 10" | 1.64x10"° | 3.66x 10" 2.41x 10"
P6 (2.65+0.53)x 10" | 1.68x 10" | 477 x 10" 3.47 x 10*
P7 (5.11+1.60)x 10" | 1.72x 10" | 6.39x 10" 4.99 % 107
P8 (3.53+0.79)x 10" | 1.68x10"° | 6.35x 10 3.47x 10"
P9 (2.52+0.58)x 10" | 1.68x 10" | 4.54x10™ 3.47 x 107

From a report by Filho, Seidl, Correia, and Cerqueira (2000), the authors show

that the hydroxyl-hydroxyl distances in starch are in the range of 5.426 A to 11.044 A.
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Tables 6.13 and 6.14 list the transport parameters of each electrolyte in the salted and

plasticized systems, respectively, using [ = 5.426 A.

Table 6.13: Transport parameters of each electrolyte in salted system at room temperature using

[=5.426 A.

Sample 7(s) ng (cm™) (em® Vst
S1 6.53x10™ | 8.50x 10 478 x 1077
S2 6.82x 10 | 2.84x 10" 1.47 x 10°
S3 6.93x 10 | 3.38x 10" 214 x 10°
S4 6.93x 10™ | 4.17 x 10" 214 x10°
S5 7.04x10™ | 1.30x10™ 3.11 x 10°
S6 6.93x10™ | 5.40x 10" 2.14 % 10°
S7 6.82x10™ | 3.33x 10" 1.47 x 10°°
S8 6.82x10™ | 1.57 x 10" 1.47 x 10°

Table 6.14: Transport parameters of each electrolyte in plasticized system at room temperature
using [ = 5.426 A.

Sample 7(s) ng (cm™) Y7, (em* V'sh
Pl 716 x 10 | 1.33x 10" 451 % 10°
P2 754 %10 | 228 x10™ 1.38 x 10°
P3 8.00x10™ | 3.42x10"™ 417 %107
P4 8.17x10™ | 456x 10" 6.03 x 10°
P5 8.56x10™ | 7.01 x 10™ 1.26 x 10™
P6 877x10™ | 9.14x 10™ 1.81 x 107
P7 8.99x 10 | 1.23x 10" 2.60 x 10
P8 877 x10™ | 1.22x 10" 1.81 x 10™
P9 8.77x10™ | 8.70x 10™ 1.81 x 107
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Tables 6.15 and 6.16 list the transport parameters of each electrolyte in the

salted and plasticized systems, respectively, using [ = 11.044 A.

Table 6.15: Transport parameters of each electrolyte in salted system at room temperature using

[=11.044 A.

Sample 7(s) ng (cm™) (em® Vst
S1 1.33x 10" | 4.18x10™ 9.73 x 107’
S2 1.39x 10" | 1.40x 10" 3.00 x 10°
S3 1.41x10"° | 1.66x 10" 435x%x10°
S4 1.41x 107 | 2.05x 10" 435x10°
S5 1.43x 107 | 6.38x 10" 6.33 x 10°°
S6 1.41 x 10 | 2.65 x 10" 435 x 10°
S7 1.39x 10" | 1.64 x 107 3.00 x 10°®
S8 1.39x 107 | 7.71 x 10 3.00 x 10°

Table 6.16: Transport parameters of each electrolyte in plasticized system at room temperature
using [ = 11.044 A.

Sample 7(s) ng (cm™) y7) (em* V's™)
Pl 146 x 10 | 6.55 x 10" 4.51 x 10°
P2 1.54x 107 | 1.12x 10" 1.38 x 10°
P3 1.63x 10" | 1.68x10™ 417 %107
P4 1.66 x 10" | 224 x10™ 6.03 x 107
P5 1.74x 10" | 344 x10™ 1.26 x 10
P6 1.78 x 107 | 4.49 x 10" 1.81 x 107
P7 1.83x 107 | 6.02x 10" 2.60 x 107
Ps 1.78 x 107 | 598 x 10" 1.81x10™
P9 1.78 x 107 | 427 x10™ 1.81x10™
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In chitosan, the distance / between two repeating units of amine is 10 A (Kadir,

2010). Tables 6.17 and 6.18 list the transport parameters of each electrolyte in the salted

and plasticized systems, respectively, using [ = 10 A.

Table 6.17: Transport parameters of each electrolyte in salted system at room temperature using

I=10A.

Sample 7(s) ng (cm™) )7, (em* V'sh
S1 1.20x 10 | 4.61x10™ 8.81x 107
S2 1.26 x 107 | 1.54 x 10" 271 x10°
S3 1.28 x 10 | 1.84 x 10" 3.94 x 10°
S4 1.28 x 10" | 2.26 x 10" 3.94x 10°
S5 1.30x 10" | 7.05x 10" 573 % 10°
S6 1.28 x 10 | 2.93x 10" 3.94 x 10°
S7 1.26 x 10 | 1.81 x 10" 2.71 x10°
S8 1.26 x 10 | 8.51x10™ 2.71 x10°

Table 6.18: Transport parameters of each electrolyte in plasticized system at room temperature

using / =10 A.

Sample 7(s) ng (cm™) H(em® V7T
P1 1.32x 107 | 7.23x 10" 8.32x 10°
P2 1.39x 10" | 1.24x10™ 2.54 %107
P3 1.47x10" | 1.86 x10™ 7.69 x 107
P4 1.51x 10" | 2.48x10™ 1.11 x 10™
P5 1.58 x 10" | 3.80x 10™ 2.31x 10"
P6 1.62x 107 | 496 x 10" 3.33x 107
P7 1.66 x 10 | 6.65x 10™® 4.80 x 107
P8 1.62x 10" | 6.61 x10™ 3.33x 107
P9 1.62x 10" | 472 x10™ 3.33x 107
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From Tables 6.11 to 6.18, it is observed that the values of n; and g increase with
increasing conductivity, where S5 and P7 has the highest n; and & values in salted and
plasticized systems, respectively. Other reports also show that the increasing
conductivity of electrolyte is influenced by the increase in n, and # values (Kadir et al.,

2010; Khiar & Arof, 2010; Majid & Arof, 2005; Samsudin et al., 2012, Winie & Arof,

2006; Winie, Ramesh, & Arof, 2009).

Tables 6.19 and 6.20 list the average value of each transport parameter for all

electrolytes in the salted and plasticized systems, respectively.

Table 6.19: Average value of each transport parameter for all electrolytes in salted system at

room temperature.

Sample 7(s) ng (cm™) uem’ Vst
S1 (1.11£031) x 107 | (5.43+2.05)x10™ | (8.12+2.26)x 10"
S2 (1.16 £0.32) x 10 | (1.82+0.69) x 10" | (2.50 +0.70) x 10°°
S3 (1.18£0.33) x 10" | (2.16 £0.82) x 10" (3.63+1.01)x 10°
S4 (1.18+0.33)x 10° | (2.67+1.01)x10"7 | (3.63+1.01)x10°
S5 (1.20+£0.33)x 10" | (8.30+3.14)x 10" | (5.28 +1.47) x 10°
S6 (1.18£0.33)x 10 | (3.45+1.30)x 10" | (3.63+1.01)x 10°
S7 (1.16£032)x 10 | (2.13+0.81)x 10" | (2.50+0.70) x 10°
S8 (1.16 £0.32) x 10° | (1.00+0.38) x 10" | (2.50 £0.70) x 10°

Table 6.20: Average value of each transport parameter for all electrolytes in plasticized system
at room temperature.

Sample 7(s) ng (em™) p(em® V*'sh
Pl (1.22+0.34) x 107 | (8.52+3.22)x 10" (7.67 £2.13) x 10°
P2 (1.28 £0.36) x 107 | (1.46+0.55)x 10™ | (2.34 £0.65) x 10”
P3 (1.36£0.38) x 107 | (2.19+0.83) x 10"™ | (7.09 £ 1.97) x 10”
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(2.92 £1.10) x 10"

(1.02 £0.29) x 10™

(4.48 +1.69) x 10"

(2.13 +0.59) x 10™

(5.84 £2.21) x 10"

(3.07 £0.86) x 10™

(7.83 £2.96) x 10™®

(442 +£1.23)x 10™

(7.78 £2.94) x 10"

(3.07 £0.86) x 10™

Chapter 6

Table 6.20, continued
P4 (1.39£0.39) x 107
P5 (1.45+0.40) x 107
P6 (149 £0.41) x 10
P7 (1.53 +£0.43) x 10
P8 (149 +0.41) x 10
P9 (149 +0.41) x 10

(5.56 £2.10) x 10"

(3.07 £0.86) x 10™

For the transport analysis at various temperatures,

the value of [ = 10.4 A is

used. From Figures 6.34, the increasing temperature assists the increase in conductivity

since the ionic mobility and the degree of salt dissociation are also temperature

dependent (Winie et al., 2009). The transport parameters at various temperatures for S5

and P7 electrolytes are shown in Tables 6.21 and 6.22, respectively.

Table 6.21: Transport parameters of S5 electrolyte at various temperatures.

T (K) o (S em™) ng (cm™) 4 (em* Vst
303 7.81 x 107 6.82 x 10" 7.15 % 10°
308 9.36 x 107 6.85 x 10" 8.53x 10°
313 1.12x 10° 6.91 x 10" 1.01 x 107
318 1.35 x 10° 7.07 x 10" 1.19 x 10°
323 1.60 x 10°° 7.14 x 10" 1.40 x 107
328 1.90 x 10° 7.26 x 10" 1.63 x 107
333 223 x 10° 7.34 x 10" 1.90 x 107
338 2.58 % 10° 7.35 x 10" 2.19x 10°
343 3.05% 10° 7.55 x 10" 2.52x 107
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Table 6.22: Transport parameters of P7 electrolyte at various temperatures.

T (K) o (S em™) ng (cm™) s(em? V7's™h
303 577 x 107 6.50 x 10™ 554 x 107
308 6.47 x 107 6.58 x 10" 6.14 x 107
313 7.23 x 107 6.67 x 10™ 6.77 x 107
318 7.97 x 107 6.68 x 10" 7.44 x 107
323 9.12 x 10™ 6.98 x 10™® 8.16 x 107
328 1.00 x 10 7.00x 10™ 8.92x 107
333 1.13x 10° 7.26x 10™ 9.71 x 107
338 1.27 x 10° 7.51x10™ 1.06 x 10
343 1.38 x 107 7.53 % 10™ 1.14 x 107

From Tables 6.21 and 6.22, the value of n, is observed to have slightly increased
with increasing temperature, indicating a weak temperature dependence of n,. Winie et
al. (2009) also reported a weak temperature dependence of n, for hexanoyl chitosan-
LiCF;S0;-EC-diethyl carbonate (DEC) electrolytes. The authors concluded that the
increase in conductivity with increasing temperature is due primarily to the increase in

the mobility of free ions. Similar result is obtained in the present work.

6.6 Transference Numbers

6.6.1 Ionic Transference Number

The transference number measurements have been carried out in order to detect

the conducting species in the electrolytes. By sandwiching the electrolyte with
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conducting species transparent electrodes, a transference number of the conducting
species can be known from the ratio of steady state current to the initial current (//I;).
To determine the transference number of electron (z.), stainless steel foils were used as
the electrodes since electrons are transparent to the ion blocking stainless steel
electrodes (Kufian et al., 2012). For ionic conductor, the current which flows through
the electrode will fall rapidly with time, while for non ionic conductor, the current
would not decrease with time (Yap, 2012). The plots of polarization current against time

for selected electrolytes are shown in Figures 6.44 to 6.46.

6 «— I;=59pA
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=Y
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Figure 6.44: Transference number of P5 electrolyte using stainless steel electrodes.
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Figure 6.45: Transference number of P7 electrolyte using stainless steel electrodes.
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Figure 6.46: Transference number of P9 electrolyte using stainless steel electrodes.

From Figures 6.44 to 6.46, the current is observed to fall rapidly at the initial
stage before being saturated at 0.2 PA. The steady state is achieved when the ions
movement is balanced by diffusion process. The steady state current is then carried by
electronic carriers (Woo et al., 2011b). This phenomenon is an indicator to show that
the polymer electrolytes are ionic conductors. By knowing ¢, the transference number

of ion (#;,,) of the electrolytes was calculated using:

t,, =1-t, (6.11)
or

I, -1
by =——2 6.12
won I ( )

Table 6.23 lists the value of 1;,, for selected electrolytes in the present work. The

values of t,,, for the electrolytes are in the range of 0.91-0.98. This result further shows
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that the dominant conducting species of the present electrolytes are ion. From Figure
6.18, P7 electrolyte obtained the highest conductivity value. Therefore, it is found that
tion for P7 electrolyte is the highest (0.98). Mohan, Achari, Rao, and Sharma (2011)
reported that the highest conducting electrolyte in polyethyl methacrylate (PEMA)-
PVC-NaClOy4 system obtained the highest t;,, value. Vijaya et al. (2013) reported that
the t,, values for PVP-NH4CI electrolytes are in the range of 0.93-0.97. The present

result is comparable with that reported in the literature.

Table 6.23: Ionic and electronic transference numbers of selected electrolytes.

Sample tion 2
S5 0.91 0.09
P3 0.95 0.05
P4 0.95 0.05
P5 0.97 0.03
P6 0.97 0.03
P7 0.98 0.02
P8 0.97 0.03
P9 0.97 0.03

6.6.2 Cation Transference Number

The value of #;,, reveals the contribution of ions, i.e. both anion and cation to the
total conductivity (Arof et al., 2012). Different ions have different mobilities thus may
carry different portions of the total current (Ghosh et al., 2010). For application in
batteries, the electrolyte should have larger cation mobility and negligible anion

mobility (Arof, Shuhaimi, et al., 2014). This is because only cations are responsible for
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intercalation and deintercalation processes at the cathode during the charge-discharge
cycle of a battery. Thus, it is important to reveal the contribution of cations to the total
conductivity by measuring the transference number of cation (z,). To determine the
value of 7, of the electrolytes, suitable anion blocking electrode which is proton
transparent should be used. From the literature, MnO, has been widely used as cathode
active material for intercalation of proton in proton batteries (Kadir et al., 2010; Ng &
Mohamad, 2006; Samsudin et al., 2014; Shukur, Ithnin, et al., 2013). Based on this fact,
MnO; is chosen to be used as the electrodes. Figure 6.47 depicts the plot of polarization

current against time for MnO,/P7/MnQO; cell.
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Figure 6.47: Transference number of P7 electrolyte using MnO, electrodes.

From a report by Kufian et al. (2012), the lithium ion transference number of
PMMA-LiBOB electrolyte is obtained after subtracting I/I; of Li/PMMA-LiBOB/Li
cell from the #,. According to the authors, this is because lithium metal is electron
transparent. MnQ; is also electron transparent (Islam, Islam, & Khan, 2005). In the
present work, the value of 7, is obtained after subtracting /;/I; of MnO,/P7/MnO, cell

from the 7,. It is found that the value of z, of P7 electrolyte is 0.56. As for comparison,
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the 7, measurements for S5 and P3 electrolytes were also determined and the results are

shown in Figure 6.48. Table 6.24 lists the ¢, values of the electrolytes.
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Figure 6.48: Transference numbers of (a) P3 and (b) S5 electrolytes using MnO, electrodes.

Table 6.24: Cation transference numbers of selected electrolytes.

Sample t,
S5 0.26
P3 0.33
P7 0.56
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From Table 6.24, the value of 7, of P7 electrolyte is higher than that of P3 and
S5 electrolytes. According to Angulakshmi et al. (2013), the increase in ¢, value may be
attributed to the increase in salt dissociation. In this work, the addition of glycerol up to
35 wt.% enhances the conductivity since it promotes the salt dissociation which
increases the number density of ion. Thus, in the present work, the increase in #, value
with increasing glycerol content up to 35 wt.% can be attributed to the increase in

number density of ions.

6.7  Summary

The ionic conductivity of starch-chitosan-NH4CI (salted) and starch-chitosan-
NH,Cl-glycerol (plasticized) electrolytes has been presented. The highest room
temperature conductivity of the salted electrolyte was obtained to be (6.47 + 1.30) x 10”
S em™ at 25 wt.% NH4CI concentration (S5 electrolyte). In plasticized system, the
conductivity was optimized at (5.11 + 1.60) x 10* S cm™ with addition of 35 wt.%
glycerol (P7 electrolyte). XRD results relate the variation in conductivity with the
variation in the degree of crystallinity of the electrolytes. From SEM studies, the
addition of glycerol has transformed the electrolyte’s morphology from particulate
surface to linked surface, as well as increases the amorphous phase of the electrolyte.
DSC results show that the increase in conductivity can be attributed to the decrease in

the T, of electrolyte.

Conductivity-temperature studies imply that the conductivity is thermally
assisted and follow the Arrhenius rule. The highest conducting electrolyte possessed the

lowest E, and vice versa. Transport parameters of all electrolytes have been calculated
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using the Rice and Roth model. The conductivity is found to be influenced by the
number density and mobility of ions. From the ionic transference number studies, it is

known that the charge transport in the electrolytes is dominated by the ions.
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CHAPTER 7

DIELECTRIC STUDIES

7.1 Introduction

Studies on the dielectric properties of an electrolyte are important to relate the
increase in ionic conductivity with the increase in the number of free mobile ions (Vani
et al., 2014). Knowledge on the effect of salt and plasticizer content on the ion transport
mechanism can be gained by the comparative analysis of dielectric behaviour (Sengwa,
Dhatarwal, & Choudhary, 2015). The main objective of this chapter is to investigate the
dielectric behaviour of the electrolytes in salted and plasticized systems. Dielectric
properties such as dielectric constant, dielectric loss, ion relaxation and electrical
modulus will be presented. The ac conduction mechanism model of the ions for the
highest conducting electrolyte in each system will be analyzed using Jonscher’s

universal power law.

7.2  Dielectric Constant and Dielectric Loss Analysis

The conductivity trend in the present work can be further verified by dielectric
studies. Dielectric constant (&) represents charge stored in a material while dielectric

loss (&) represents the amount of energy losses to move ions when the polarity of
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electric field reverses rapidly (Buraidah et al., 2009; Woo et al., 2012). The values of &,

and & were calculated from the equations:

Z.
Sz ez 7D

Z
&z iZ0) (-2

where Z, is real part of impedance, Z; is imaginary part of impedance, @ is angular

frequency and C, is vacuum capacitance, where C, = SvAgt'l.

The NH4Cl and glycerol content dependence of & and & at room temperature at

selected frequencies are shown in Figures 7.1 to 7.4.

1.E+03
—e—5kHz
—a— 10 kHz
1.E+02 - —a 30 kHz
«§
1.E+01 -
1.E+00 T T T T
0 10 20 30 40

NH,CI content (wt.%)

Figure 7.1: The dependence of & on NH,Cl content at room temperature for selected
frequencies.
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Figure 7.2: The dependence of & on glycerol content at room temperature for selected
frequencies.
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Figure 7.3: The dependence of & on NH4Cl content at room temperature for selected
frequencies.
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Figure 7.4: The dependence of & on glycerol content at room temperature for selected
frequencies.

From Figures 7.1 to 7.4, the values of & and & are observed to increase as
NH,CI and glycerol content increases to 25 and 35 wt.%, respectively. As NH,4Cl
content increases, the charge stored in the electrolyte increases indicating that the
number density of mobile ions has increased (Buraidah et al., 2009). This phenomenon
increases the conductivity. The decreasing & and & values for electrolytes containing
more than 25 wt.% NH4CI is attributed to reassociation of ions, leading to a decrease in
conductivity (Woo et al., 2011a). Aziz et al. (2012) reported that the dielectric constant
result is in good agreement with the conductivity result of phthaloyl chitosan-NHsSCN
electrolyte system, which is comparable with the present work. When glycerol is added
to the electrolyte, ion dissociation rate increases which leads toward conductivity

enhancement. As reported by Ramesh et al. (2002), the plasticized electrolyte with a
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higher conductivity value shows a higher & value than the unplasticized electrolyte. The
trend of & in Figures 7.3 and 7.4 is also similar to &. At all NH4Cl and glycerol
concentrations, & and & values are observed to decrease with the increase in frequency.
This phenomenon is attributed to the electrode polarization effects (Mishra & Rao,
1998). As frequency increases, the periodic reversal of the electric field occurs so
rapidly which disable the charge carriers from orienting themselves in the field

direction, resulting in the decrease of & and & (Ali, Harun, Ali, & Yahya, 2011).

The temperature dependence of & and & for S5 and P7 electrolytes at selected

frequencies are shown in Figures 7.5 to 7.8.
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Figure 7.5: The dependence of & on temperature for S5 electrolyte at selected frequencies.
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Figure 7.6: The dependence of & on temperature for P7 electrolyte at selected frequencies.
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Figure 7.7: The dependence of & on temperature for S5 electrolyte at selected frequencies.
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Figure 7.8: The dependence of & on temperature for P7 electrolyte at selected frequencies.

From Figures 7.5 to 7.8, the values of & and & increase with increasing
temperature. According to Abdullah et al. (2009), the increasing temperature increases
the degree of dissociation and redissociation of ion aggregates hence result in an
increase in number of free ions, which assists the conductivity increment. This result is
in agreement with the transport parameters shown in Tables 6.21 and 6.22, where the
number density of ion increases with the increase in temperature. In Figures 7.5 and 7.7,
there is a sudden increase in & and & values of S5 electrolyte at 303 K. Referring to
Figure 6.37, the glass transition temperature (7,) of S5 electrolyte occurs at 29.09 °C
(302.09 K). At that temperature, the concentration of ions in the electrolyte is strongly
reflected (Kato et al., 2002). This phenomenon reflects to the sudden increase in & and

& values as observed at 303 K.
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7.3 Electrical Modulus Studies

Further analysis on the dielectric behaviour can be done from the electrical
modulus studies, which highlight the bulk dielectric behaviour and suppress the effect
of electrode polarization (Khiar, Radzi, & Razak, 2013). The real part and imaginary

part of electrical modulus were calculated using:

T @3
(e, +¢&7)

M= (7.4)
(&, +¢&7)

where M, and M; are real and imaginary parts of electrical modulus, respectively.
Figures 7.9 and 7.10 show the variation of M, with frequency for selected electrolytes in

salted and plasticized systems, respectively, at room temperature.
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Figure 7.9: The dependence of M, on frequency for selected electrolytes in salted system at
room temperature.
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Figure 7.10: (a) The dependence of M, on frequency for electrolytes in plasticized system at
room temperature. (b) Enlarged M, plots of P5 to P9 electrolytes.

In Figures 7.9 and 7.10, at low frequency region, the value of M, approaches
zero indicating the negligible contribution of the electrode polarization (Ramesh &

Arof, 2001). As frequency increases, the value of M, increases and reaches a maximum
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value at high frequency, which is attributed to the distribution of relaxation processes
over a range of frequencies (Patro & Hariharan, 2009). The appearance of maximum
indicates that the electrolytes are ionic conductor (Ramesh et al., 2011). The lower M,
values for higher conducting electrolyte indicate the increase in charge carriers (Sharma,

Kanchan, & Gondaliya, 2012).

Figures 7.11 and 7.12 show the variation of M, with frequency for S5 and P7
electrolytes, respectively, at various temperatures. It can be observed that the value of
M, decreases with the increase in temperature. According to Aziz et al. (2010b), the
decrease in M, at increasing temperature is a result from the increase in the mobility of
charge carriers with the temperature. This fact is proven in Tables 6.21 and 6.22. The

positions of the peaks do not change strongly with temperature.
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Figure 7.11: The dependence of M, on frequency for S5 electrolyte at various temperatures.
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Figure 7.12: (a) The dependence of M, on frequency for P7 electrolyte at various
temperatures. (b) Enlarged of M, plots of P7 electrolyte at various temperatures.

Figure 7.13(a) and (b) shows the variation of M; with frequency for selected

electrolytes in salted and plasticized systems, respectively, at room temperature.
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Figure 7.13: The dependence of M, on frequency for selected electrolytes in (a) salted and (b)
plasticized systems at room temperature.

From Figure 7.13(a), the M; plot shows an asymmetric behaviour with respect to
peak maxima. The left regions of the peak indicate the conduction process while the
right regions of the peak are associated to the relaxation process (Badapanda,

Harichandan, Nayak, Mishra, & Anwar, 2014). The peak in M; plot can be attributed to
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ionic conduction (Costa, Terezo, et al., 2010). In Figure 7.13(b), the peak is observed
only in P1 and P2 plots. The characteristic frequency of the peak which corresponds to
relaxation frequency is used for the evaluation of relaxation time of M; (¢34) using the

equation:

Ui @ e =1 (7.5)

where @, 1s the angular frequency of the relaxation peak. The peak is observed to
shift towards high frequency region for higher conducting electrolyte indicating lower
ty; for higher conducting electrolyte. The occurrence of relaxation time is the result of
the efforts carried out by ionic charge carriers to obey the change in the direction of the
applied field (Ramly et al., 2011). The values of #; for the selected electrolytes in salted
and plasticized systems are presented in Tables 7.1 and 7.2, respectively. From Table
7.1, S5 electrolyte possesses the lowest #,; value of 4.82 x 107 s. In plasticized system,
ty; value is observed to decrease to 4.55 x 10% s as glycerol content increases to

10 wt.% (P2 electrolyte) as shown in Table 7.2.

Table 7.1: Relaxation time of M; for selected electrolytes in salted system at room temperature.

Sample tyi (S)
S1 227%x10°
S2 1.33%x 10”
S3 2.84x10°
S5 4.82% 107
S6 1.06 x 10°
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Table 7.2: Relaxation time of M; for selected electrolytes in plasticized system at room
temperature.

Sample tui (S)
Pl 1.06 x 107
P2 4.55x 107

Figure 7.14 shows the variation of M; with frequency for S5 electrolyte at

various temperatures.
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Figure 7.14: The dependence of M, on frequency for S5 electrolyte at various temperatures.

From Figure 7.14, the long tail of small values at lower frequencies is mainly
due to high capacitance values which is associated with the electrode, as a result of
accumulation of charge carriers at the electrode-electrolyte interface (Aziz et al., 2010bj;
Hema, Selvasekarapandian, Nithya, Sakunthala, & Arunkumar, 2009; Khiar & Arof,

2010; Ramesh & Arof, 2001). The same observation can be seen in Figure 7.15 for P7
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Figure 7.15: (a) The dependence of M; on frequency for P7 electrolyte at various
temperatures. (b) Enlarged of M; plots of P7 electrolyte at various temperatures.

electrolyte. From Figure 7.14, well define peaks are observed from 298 K to 333 K. The
frequency range where the peaks are located is indicative of the transition of ion
mobility from a long range to short range mobility as frequency increases (Costa,
Junior, & Sombra, 2010). No peak appears at 338 and 343 K due to experimental

frequency limitation. The disappearance of maximum in Figure 7.15 is also due to
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experimental frequency limitation. Table 7.3 lists the #3; for S5 electrolyte at various

temperatures.

Table 7.3: Relaxation time of M; for S5 electrolyte at various temperatures.

T (K) tmi (s)
298 4.82 %107
303 4.19 % 107
308 3.79 x 107
313 3.06 x 107
318 231 x 107
323 1.96 x 107
328 1.79 x 107
333 1.59 % 107

Figure 7.16 shows the dependence of frequency at M; peak (f,.qx) on temperature

for S5 electrolyte.
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Figure 7.16: The dependence of f,.. on temperature for S5 electrolyte.
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The plot in Figure 7.16 obeys Arrhenius rule and the relationship between f,cax

and temperature can be described as:

E
f peak
Foear = 1, exp{— —k"T } (7.6)

where f, is the pre-exponential factor of relaxation frequency and Efp.q 1s the activation
energy of relaxation of M;. Using the slope of the plot, Ef .. for S5 electrolyte is found
to be 0.29 eV, which is close to E, value from the conductivity-temperature plot in

Chapter 5.

7.4  Loss Tangent Analysis

The plot of loss tangent (tan J) as a function of frequency helps to obtain the
information of the relaxation phenomena. The value of tan ¢ was determined from the

following equation:

tan 5= 2L 717
E

The frequency dependence of tan ofor electrolytes in salted system at room temperature
is shown in Figure 7.17. The maximum of tan ¢ (tan d,,), which represents the

relaxation peak, is located at higher frequency for higher conducting electrolyte. In S5

plot, two peaks appear confirming the plurality of relaxation processes in the electrolyte.
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The same observation can be seen in Figures 7.18 for P3 and P4 electrolytes. Due to

frequency range limitation, tan J,,,, for S1 and S8 electrolytes is not observed.
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Figure 7.17: The dependence of tan ¢ on frequency for electrolytes in salted system at room
temperature.
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Figure 7.18: (a) The dependence of tan ¢ on frequency for P3 and P4 electrolytes at room
temperature. (b) The dependence of tan 6 on frequency for P5, P6, P7 and P8 electrolytes at
room temperature.
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According to Malathi et al. (2006), the relaxation at lower frequencies is
attributed to « relaxation while the relaxation at higher frequencies is attributed to S
relaxation. The o and f relaxations are ascribed to the relaxation mechanisms in the
crystalline and amorphous phases, respectively (Hess et al., 2013; Suljovrujic, Micic,
and Milicevic; 2013). In Figure 7.18, both aand f peaks appear in the tan J plots of P3
and P4 electrolytes. Comparing the two plots, it is observed that the o peak locates at
higher frequency for higher conducting electrolyte while the S peak locates at lower
frequency for higher conducting electrolyte. However, only a single peak appears in
each plot of P5, P6, P7 and P8 electrolytes. This single peak is known as a3 absorption

(Alvarez, Lorenzo, & Riande, 2005).

With respect to & peak, the relaxation time of tan J (f,, ¢) for each electrolyte

was obtained from the relation:

T 6@ o =1 (7.8)

tan & W peak
The occurrence of relaxation time is the result of the efforts carried out by ionic charge
carriers to obey the change in the direction of the applied field (Ramly et al., 2011). The
values of 1, s for the electrolytes in salted and plasticized systems are presented in
Tables 7.4 and 7.5, respectively. From Table 7.4, S5 electrolyte possesses the lowest
tun s value of 1.33 x 10 s. From Table 7.5, tun s value is observed to decrease to
1.06 x 10 s as glycerol content increases to 20 wt.% (P4 electrolyte). Other reports also
show that the higher conducting electrolytes have the lower values of #,, s (Hashim &

Khiar, 2011; Ramly et al., 2011; Subban & Arof, 2003a).
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Table 7.4: Relaxation time of tan & for selected electrolytes in salted system at room
temperature.

Sample ttan 5 (S)
S2 6.37 x 10
S3 1.59 x 10™
S4 530 x 107
S5 1.33x 107
S6 3.18x 107
S7 1.77x 10

Table 7.5: Relaxation time of tan o for selected electrolytes in plasticized system at room
temperature.

Sample ttan J(S)
Pl 1.06 x 10”
P2 5.13x 10°
P3 2.18 x 10°
P4 1.06 x 10°

Figures 7.19 and 7.20 show the frequency dependence of tan o for S5 and P1
electrolytes, respectively, at various temperatures in the frequency range of 50 Hz to 1
MHz. As temperature increases, the relaxation peak is observed to shift to higher
frequencies, meaning that the value of #,, s decreases as shown in Tables 7.6 and 7.7.
This phenomenon indicates that the charge carrier is thermally activated (Ramya,
Selvasekarapandian, Hirankumar, Savitha, & Angelo, 2008). The height of tan .« also
increases which is attributed to the decrease in resistivity of the electrolytes (Idris,

Senin, & Arof, 2007).
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Figure 7.19: The dependence of tan Jon frequency for S5 electrolyte at various temperatures.

4
——298K ——303K ——308 K —313K
——318K —323K ——328 K ——333K
3_
338K 343K
% Z
§ 2
1 /
0 T T
1 3 5 7
log [f (Hz)]

Figure 7.20: The dependence of tan don frequency for P1 electrolyte at various temperatures.
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Table 7.6: Relaxation time of tan dfor S5 electrolyte at various temperatures.

T (K) tan 5(S)
298 1.33x 107
303 1.14 x 107
308 9.95x 10°
313 8.38 x 10°
318 7.23 % 10°
323 6.63 x 10°
328 530 x 10°
333 4.68 x 10°
338 370 x 10°
343 3.12x 10°

Table 7.7: Relaxation time of tan dfor P1 electrolyte at various temperatures.

T (K) tan 5(5)
298 1.06 x 10”
303 8.84 x 10°
308 7.23%x10°
313 6.63 x 10°
318 5.68 x10°
323 4.68%x10°
328 4.19%x10°
333 3.33x10°
338 3.00 x 10°
343 2.65x 10°
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Figure 7.21 shows the dependence of frequency at tan Jyax (fmax) ON temperature

for S5 and P1 electrolytes.
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Figure 7.21: The dependence of f,,,, on temperature for S5 and P1 electrolytes.

The plot can be considered as Arrhenian since the regression value (R”) of the

points is 0.99. By employing the Arrhenius equation, the relationship between f,,, and

temperature can be described as:

Efmax:|

fmax = f{) eXp|:_ kT

(7.9)

where Efma is the activation energy of relaxation of tan J. Using the slope of the plot,

Ef max 1s obtained and found to be 0.28 and 0.27 eV for S5 and P1 electrolytes,

respectively. The values of Ef m. are close to E, values from the conductivity-

temperature plot for S5 and P1 electrolytes as shown in Tables 6.9 and 6.10,
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respectively. Idris et al. (2007) reported that Ef . value is close to E, value for
chitosan-PEO-LiTFSI electrolyte. In the present work, since E; max = E,, it can be
indicated that the ion transport mechanism has the same potential energy barrier upon

conducting and relaxing (Ali, Bahron, Subban, Kudin, & Yahya, 2009).

7.4.1 Scaling of tan ¢

The distribution of relaxation times can be described by Kohlrausch-Williams-

Watts law (Idris et al., 2007):

ﬁKWW
@(t) = exp| — (LJ (7.10)

tan &

where () describes the time evolution of the electric field within a material and Sxww
is the Kohlrausch exponent. In the present work, the values of Bxww for S5 and P1
electrolytes at selected temperatures are determined from the full width at half
maximum (FWHM) of the normalized plot of tan d(tan O)max against f/f,... in Figure

7.22 using the following equation:

1.14

IBKWW - FWHM

(7.11)

For a typical Debye peak, the value of FWHM is 1.14 decades, which gives

Pxww = 1 for Debye relaxation (Dutta, Biswas, & De, 2002; Idris et al., 2007).

According to Padmasree, Kanchan, and Kulkarni (2006), the value of SBxww for a
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practical solid electrolyte is less than 1. It is found that the value of Bxww for S5
electrolyte at 298-343 K is 0.57-0.60. For P1 electrolyte, the value of Bxww is found to
be 0.42-0.47 at 298-343 K. The small value of Sxww in the present system shows the

deviation of relaxation with respect to Debye relaxation.
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Figure 7.22: Normalized plot of tan dJ(tan )., against f/f;... for (a) S5 electrolyte and (b) P1
electrolyte at selected temperatures.
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7.5 Conduction Mechanism

The ac conduction mechanism of an electrolyte can be determined by employing

Jonscher’s universal power law (Buraidah et al., 2009; Winie & Arof, 2004):

ow=o0,+0, (7.9)
oclw=Aw +o0, (7.10)

where o(w) is the total conductivity, o, is the ac conductivity and o, is the dc
conductivity. The ac conductivity is represented by Aw’, where A is temperature
dependent parameter and s is power law exponent. The ac conductivity can also be

obtained using the following equation:
o, =EE0 (7.14)

By substituting g, = Aw" into Equation (7.14), the value of exponent s was

determined by plotting the following relation:

mq:mﬁ+@—nmm (7.15)
E

o

The exponent s was determined from the slope of the plots in Figure 7.23. In this work,
the slope is only taken in the frequency region of 81 < f < 90 kHz since at high
frequency region, no or minimal impact of electrode polarization occurs (Buraidah et

al., 2009).
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Figure 7.23: Variation of In g with frequency at different temperatures for (a) S5 electrolyte
and (b) P7 electrolyte. The inset figures show the dependence of & on frequency at different
temperatures.

The variation of exponent s with temperature for S5 and and P7 electrolytes is

shown in Figure 7.24.
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Figure 7.24: Variation of exponent s with temperature for S5 and P7 electrolytes.

Various models have been suggested to explain the conduction mechanism
based on the variation of exponent s with temperature. In the correlated barrier hopping
(CBH) model, the exponent s is predicted to be temperature dependent with exponent
s — 1 as T — 0 K (El-Deen, 2000). The quantum mechanical tunneling (QMT) model
predicts the exponent s is temperature independent (Kadir et al., 2009). In the
overlapping large polaron tunneling (OLPT) model, the exponent s is predicted to
decrease with increasing temperature, exhibit a minimum value and increase again as
temperature increases (Kufian, Majid, & Arof, 2007). Small polaron hopping (SPH)
model predicts that the exponent s increases with increasing temperature (Kadir et al.,
2009). From the variation of exponent s with temperature for S5 electrolyte in Figure
7.24, it is observed that s is almost constant as temperature increases. The plot of s
against T for S5 electrolyte can be fitted to the equation s = 0.00004T + 0.1773, where

the small value of gradient shows that the s value is almost independent of temperature.
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Thus, it can be implied that the conduction mechanism for S5 electrolyte follows QMT
model. Buraidah and Arof (2011) reported that the conduction mechanism for chitosan-
PVA-NH4I occurred by way of QMT model in which the plot of exponent s against T
can be fitted to the equation s = 0.000047T + 0.1256. Their result is comparable with the
present work. According to this model, the polarons, which resembled by the protons
and their stress fields, are able to tunnel through the potential barrier that exists between
two complexation sites (Majid & Arof, 2007). The plot of s against 7 for P7 electrolyte
in Figure 7.24 can be fitted to the equation s = -0.00357 + 1.2653, where s — 1 as
T — 0 K. Thus, it can be implied that the conduction mechanism for P7 follows CBH
model. The conduction mechanism for chitosan-NHyl is reported to occur by way of
CBH model in which the plot of exponent s against 7 can be fitted to the equation
s = -0.0023T + 1.0281 (Buraidah et al., 2009). Their result is comparable with the
present work. In this model, the ions reside in a potential well. The ions are assumed to
be surrounded by several potentials e.g. the Columbic repulsive potential between the
ions and the potential well. After acquiring enough energy, the ions can hop from one
site to another whether back to the initial site or continue to move in the forward

direction, in which the hops are thermally activated (Buraidah et al., 2009).

7.6 Summary

The dielectric properties of starch-chitosan blend based electrolytes have been
presented. The values of & and & increase in accordance with increasing conductivity
and temperature. The maximum of tan J is located at higher frequency for higher
conducting electrolyte, indicating lower relaxation time of tan J for higher conducting

electrolyte. Relaxation time of tan ddecreases with increasing temperature. The

188



Chapter 7 Dielectric Studies

activation energy of relaxation of tan ¢ for S5 and P1 electrolytes are 0.28 eV and
0.27 eV, respectively. Scaling of tan J shows the deviation of the relaxation from the
Debye type relaxation. The conduction mechanism of the ion for S5 and P7 electrolytes

is best explained by QMT and CBH models, respectively.
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CHAPTER 8

FABRICATION AND CHARACTERIZATION OF ELECTROCHEMICAL
DEVICES

8.1 Introduction

Based on Chapter 5 to Chapter 7, it is proven that P7 electrolyte obtained the
highest room temperature conductivity of (5.11  1.60) x 10* S cm™. G.P.Pandey et al.
(2011) stated that polymer electrolyte which possesses a conductivity of ~ 10* S cm™ is
acceptable from the electrochemical double layer capacitor (EDLC) application point of
view. According to Pratap et al. (2006), electrolyte with conductivity of ~ 10* S cm™ is

suitable enough for application in proton battery.

In this chapter, P7 electrolyte is applied as separator in an EDLC and proton

batteries. A variety of techniques for characterizing the devices are presented.

8.2  Electrochemical Stability of Electrolytes

The electrochemical stability of electrolyte is a crucial parameter to be evaluated
for their application point of view in electrochemical devices (Pandey, Kumar, &
Hashmi, 2010). Linear sweep voltammetry (LSV) measurement was carried out in order
to determine the decomposition voltage of the electrolyte, i.e., the maximum operational

voltage of an electrochemical device employing the electrolyte (Arof et al., 2010).
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Figure 8.1 shows the LSV curve of P7 electrolyte at 5 mV s scan rate at room
temperature. As for comparison, LSV measurements for other selected electrolytes were

also been carried out. The results are shown in the same figure.

0.7

0.6

0.5 + S5 P3 P5 P7

Current density (mA cm™)

Voltage (V)

Figure 8.1: LSV curves of selected electrolytes at 5 mV s™.

From Figure 8.1, it is clearly seen that among the -electrolytes, the
electrochemical stability of S5 electrolyte is the narrowest while P7 electrolyte shows
wider electrochemical stability than other electrolytes. Therefore, it can be concluded
that the addition of glycerol has enhanced the electrochemical stability of the
electrolyte. According to Asmara et al. (2011), electrochemical stability may be
influenced by the dielectric constant of the polymer host and the lattice energy of the
salt. The authors added that a high dielectric constant of the polymer would give a
higher concentration of charge carriers. In the present work, since the same polymer

host and salt are used in the electrolytes, the difference in electrochemical stability
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could be due to the concentration of charge carriers, i.e. number density of ions. In
Chapter 6, P7 electrolyte obtained the highest number density of ions, followed by PS5,
P3 and S5 electrolytes, respectively. From this result, it may be inferred that the
decomposition voltage is influenced by the conductivity (Shuhaimi, 2011). The current
increases drastically when the potential reaches 1.65 V indicating the decomposition of
P7 electrolyte. Samsudin et al. (2014) reported that the decomposition voltage of
carboxymethyl cellulose-NHy4Br electrolyte is 1.42 V and the electrolyte was used in the
fabrication of proton batteries. The decomposition voltage of methyl cellulose-NH4NO3
is reported to be ~ 1.5 V and the electrolyte was used in the fabrication of an EDLC
(Shuhaimi, Majid, & Arof, 2009). The present result shows that the highest conducting

electrolyte in the present work is suitable for fabrication of EDLC and proton batteries.

8.3 EDLC Characterization

The EDLC was fabricated by sandwiching P7 electrolyte with two carbon based
electrodes using perspex plates (see Figure 3.11). The EDLC was characterized using
galvanostatic charge-discharge measurement and cyclic voltammetry (CV) technique at

room temperature.

8.3.1 Galvanostatic Charge-Discharge

The cycle life performance is important for practical applications. Figure 8.2

shows the typical charging and discharging performance of the EDLC at constant

current density of 0.063 mA cm™ between 0 to 0.85 V for selected cycles. The discharge
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Figure 8.2: Charge-discharge curves of the EDLC at 81* to 90" cycles.

curves are observed to be almost linear, confirming the capacitive behaviour of the
fabricated EDLC (Asmara et al., 2011). The instantaneous voltage drop upon discharge
is attributed to the internal resistance resulted from resistance due to electrolyte, current
collector and the inter-fluid resistance between the current collector and the electrolyte
(Arof et al., 2012). This internal resistance is referred as equivalent series resistance
(ESR) of the EDLC (G.P. Pandey et al., 2011). ESR was calculated using the equation

below:

1%
ESR =2 (8.1
1

where Vg, is the voltage drop upon discharge and i is the constant current. For the

entire 500 cycles, ESR ranges from 2.0 kQ to 2.9 kQ.
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The charge-discharge curves in Figure 8.2 are quite comparable to those
reported in the literature (Arof et al., 2010; Kumar & Bhat, 2009; Shuhaimi et al., 2009;
Sudhakar & Selvakumar, 2012). Using the slope of the discharge curves, the values of

specific capacitance (C;) were calculated using the following equation:

C, = i(iJ (8.2)
m\ s,

Here, m is the mass of active material and s, is the slope of discharge curve. The result
is represented in Figure 8.3. Towards the 70" cycle, the value of C; is observed to
decrease to 3915 mF g’l. After the 70" cycle, the value of C remains constant at ~ 3444

mF g'1 until it completes 500 cycles.
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Figure 8.3: Specific capacitance versus cycle number.
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It is known that the C, value of EDLC relies on the conductivity of electrolyte as
reported in the literature (Liew et al., 2014; Liew, Ramesh, & Arof, 2015; Lim, Teoh,
Liew, & Ramesh, 2014b; Majid, 2007). The highest conducting electrolyte in this work
obtains a conductivity of the order ~ 10* S cm™. From the literature, the C, value
obtained in this work is comparable with that of EDLCs using activated carbon

electrodes and solid polymer electrolyte (SPE) (6< 10™ S cm™) as listed in Table 8.1.

Table 8.1: Comparison of specific capacitance of the present EDLC with other reports using
galvanostatic charge-discharge measurement unless stated.

Electrolytes o Charge- C References
(S em™) discharge F g'l)
cycles
Methyl cellulose- 2.10x10° Not stated 1.67 (at Shuhaimi et
NH,NO; 15" cycle) | al., 2009
PVA-NH,C,H;0, | (1.94£0.01) - 0.14 Liew et al.,
x 107 (From 2015
CV)
Chitosan-H;PO4- | (1.12 £0.18) 100 0.216- Majid, 2007
AlLSiOs x 10™ 0.220
Chitosan-H;PO4- | (1.82 £0.10) 100 0.22< C; | Majid, 2007
NH,NO;-Al,SiOs x 10 <0.25
Starch-chitosan- (5.11 £ 1.60) 500 ~3.44 Present work
NH4Cl-glycerol x 10

Ionic mobility has an influence on the electrolyte’s conductivity, which in turn
can affect the device’s performance. The average ionic mobility for the highest
conducting electrolyte in the present work is (4.42 + 1.23) x 10* cm?® V' s, obtained
using the Rice and Roth model. The C; value of EDLC using activated carbon
electrodes and chitosan-H3;PO,-NH4NO3-Al,Si05 electrolyte with ionic mobility of

3.17 x 10° cm® V' ¢! (obtained using Rice and Roth model) is found to be
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(200 < Cs < 250) mF g'1 (Majid, 2007). Thus, from this comparison, it can be concluded

that the higher the ionic mobility, the greater the C; value.

Coulombic efficiency (7) is an important parameter since it represents the
cycling stability of the EDLC (Shukur et al., 2014). The Coulombic efficiency of the

EDLC at each cycle was calculated according to the equation:

t
n :t—d><100% (8.3)

c

where t; is the discharge time and ¢, is the charge time. The plot of efficiency against
cycle number is shown in Figure 8.4. Towards the 50" cycle, the efficiency increases
from 69% to 91%. The efficiency remains constant at ~ 90-95% thereafter. Efficiency of
~ 90% indicates the intimate contact between electrolyte and electrodes (Lim et al.,
2014a). This result shows that the present EDLC exhibits good cycling stability for 500

cycles.
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Figure 8.4: Coulombic efficiency versus cycle number.
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8.3.2 Cyclic Voltammetry

The performance of the EDLC was studied by CV at different scan rates in the
potential range of 0 to 0.85 V at room temperature. From the CV measurement of the
EDLC, the nature of charge storage at the electrode-electrolyte interfaces can be
gathered (Kumar, Pandey, & Hashmi, 2012). Figure 8.5 depicts the cyclic
voltammogram of the EDLC before the charge-discharge process (fresh EDLC) at

different scan rates.
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Figure 8.5: Cyclic voltammogram of fresh EDLC at different scan rates.

From Figure 8.5, the cyclic voltammogram of the fresh EDLC turns from leaf
like shape to almost rectangular shape as the scan rate decreases from 20 mV st to
2mV s™. As the scan rate increases, the discrepancy of the cyclic voltammogram from a
perfect rectangular shape can be assigned to the internal resistance and the carbon
porosity, which produces a current dependence of the potential (Kadir & Arof, 2011).

As the scan rate decreases, nearly rectangular behavior without redox peaks was
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observed inferring that the capacitance is stored by an accumulation of ions between the
electrode-electrolyte interfaces which is known as electric double layer capacitance (Ma
et al., 2014). The values of C; at different scan rates were calculated using the following

equation (Chen, Beidaghi, et al., 2010; Chen, Fan, Gu, Bao, & Wang, 2010):

[ " 1vyav
c =—= - (8.4)
2m(V, -V, )(dtj

where I(V) is the current at a given potential, V; is the initial potential, V> is the final
. Va . . . . av .
potential, IV I(V)dV is the area of the plot, (V>-V;) is the potential window and — is

dt

the scan rate. Table 8.2 lists the C; values for fresh EDLC at different scan rates.

Table 8.2: Specific capacitance using CV at different scan rates.

Scan rate (mV s'l) C; for fresh EDLC C; for EDLC after 500 charge-
F g'l) discharge cycles (F g'l)
20 1.92 1.14
10 2.72 1.74
5 3.60 2.44
2 5.25 3.64

From Table 8.2, it is observed that the C, value decreases as the scan rate
increases. As the scan rate increases, energy loss increases and the stored charge on the
electrode surface decreases leading to a decrease in C; (Nasibi, Golozar, & Rashed,
2012). At low scan rates, ions can utilize all the vacant sites in the active electrode

material, in view of the fact that the ions have enough time to diffuse into vacant sites
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leading to the higher value of C; (Lim et al., 2014b). It can be concluded that the present
EDLC shows the characteristic of capacitor cells, since it is scan rate dependent

(Hashmi, Kumar, & Tripathi, 2004).

The CV of the EDLC after 500 galvanostatic charge-discharge cycles at various

scan rates is shown in Figure 8.6.
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Figure 8.6: Cyclic voltammogram of the EDLC after 500 charge-discharge cycles at
different scan rates.

By comparing the CV curves in Figures 8.5 and 8.6, it can be observed that at all
scan rates, the enclosed area of the CV curve become smaller after 500 charge-discharge
cycles, suggesting that the value of C, decreases. This phenomenon is resulted from the
effect of internal resistance. Internal resistance is reported to increase with increasing
charge-discharge cycle (Arof et al., 2010; Liew et al., 2015; Pendashteh, Rahmanifar,
Kaner, & Mousavi, 2014). At higher resistance, less charges flow causes less current

flow which result a decrease in C, value as shown in Table 8.2.
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8.4 Proton Batteries Characterization

Primary proton batteries were fabricated by sandwiching P7 electrolyte with
anode and cathode in coin cells. The properties of the primary proton batteries i.e. open
circuit potential (OCP), discharge properties as well as I-V and J-P characteristics were
identified. To test the charging-discharging ability, P7 electrolyte was also employed in

secondary proton battery.

8.4.1 Primary Proton Batteries

The OCP of the primary proton batteries for 48 h is presented in Figure 8.7. It

can be observed that there is a slight decrease of potential at initial hours. This

phenomenon could be due to the oxidation of anode (Samsudin et al., 2014). The
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Figure 8.7: OCP of primary proton batteries for 48 h.
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potential of the batteries is then stabilized at (1.54 £ 0.02) V until the 48" hour. This
result shows that the fabricated proton batteries are practically stable in an open circuit

condition (Jamaludin & Mohamad, 2010).

Table 8.3 lists the comparison of OCP value of the present primary proton

batteries with other works which use the same anode and cathode active materials.

Table 8.3: Comparison of OCP value of the present primary proton batteries with other reports.

Electrolytes OCP (V) Time (h) References
PVA-Chitosan-NH4NOs-EC 1.63 24 Kadir et al., 2010
Chitosan-NH4NOs-EC 1.56 +£0.06 24 Ng & Mohamad,
2006
PEO-(NH4)2SO4 0.647 Not stated Ali et al., 1998
Cellulose acetate-NH4CF3SO;-EC 1.4 24 Saaid et al., 2009
Starch-chitosan-NH4Cl-glycerol | 1.54 +£0.02 48 Present work

In the present work, the possible chemical reactions at the anode and cathode are

shown in Table 8.4 (Alias et al., 2014; Vanysek, 2011).

Table 8.4: Possible chemical reactions occur at the electrodes of the proton batteries (Alias et
al., 2014; Vanysek, 2011).

Electrode Possible reaction V (V)
Anode Zn — Zn"t + 2¢ 0.76
ZnSO,-7H,0 — ZnSO, + TH* + 70H -0.82
Cathode MnO, + 2¢ + 4H" — Mn"* + 2H,0 1.22
Overall | Zn +ZnSO,-7H,0 + MnO, + — Zn>* + 2¢ + ZnSO, + TH" + 70H 1.28
2¢ +4H" +Mn”" + 2H,0
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From Table 8.4, the overall reaction should provide the batteries with potential
of 1.28 V. Result of OCP shows that the potential of present batteries is (1.54 £ 0.02) V,
which is 20.31% higher than the expected potential. The difference between the
theoretical and experimental result of OCP is due to several factors, such as
concentration and transport of ions (Botte & Muthuvel, 2012). A similar result has been

reported in the literature (Alias et al., 2014; Samsudin et al., 2014).

The discharge profiles of the proton batteries at different constant currents are
depicted in Figure 8.8. It is observed that at each constant discharge current, the plateau
region of the discharge curve is lasted at ~ 1.0 V before the potential decreases
significantly. During the discharge process, the zinc is oxidized and MnO, is reduced

(McComsey, 2001). This phenomenon forms Mn,03-ZnO, which is a semiconductor
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Figure 8.8: Discharge profiles of primary proton batteries at different constant currents.
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particle (McComsey, 2001; Rahman et al., 2013). The sudden decrease in potential at
~ 1.0 V is caused by the increase in charge transfer resistance due to the increasing
formation of Mn,03;-ZnO (Wang et al., 2005). It is observed that at lower constant
current, the plateau region become wider. Using the value of the discharge time at the
plateau region (#yiuean), the discharge capacity (Q) was calculated using the following

equation:

Q = itplateau (85)

Table 8.5 summarizes the discharge properties of the primary proton batteries at
different constant discharge currents. The discharge capacity is found to increase with
decreasing discharge current. At high discharge current, the variation of ion
concentration along the pores depth of an electrode increases, forcing a non-uniform H*

insertion process (Roscher, Bohlen, & Vetter, 2011).

Table 8.5: Discharge capacity of the primary proton batteries at different constant discharge
currents.

Discharge current (mA) 0 (mA h)
0.60 1.04
0.40 1.37
0.25 4.57
0.10 9.36

The I-V and J-P characteristics of the primary proton batteries are presented in

Figure 8.9.
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Figure 8.9: Plot of /-V and J-P of the primary proton batteries.

From Figure 8.9, the I-V plot is observed to be linear, indicating that the
electrode polarization is dominated by the ohmic contributions (Yap & Mohamad,

2007). The linear I-V plot can be represented by the equation:

V=V, -Ir (8.6)

where V, is the OCP and r is internal resistance. The r value is calculated from the slope
of the I-V plot and found to be 36.74 Q. The short circuit current of the batteries is 35
mA. From the J-P plot, the maximum power density is (7.90 + 0.50) mW cm™. The
characteristics of the present primary proton batteries are comparable with other

reported works (Kadir et al., 2010; Ng & Mohamad, 2006; Shukur, Ithnin, et al., 2013).
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8.4.2 Secondary Proton Batteries

The OCP of the secondary proton batteries for 48 h is shown in Figure 8.10.
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Figure 8.10: OCP of secondary proton batteries for 48 h.

In order to fabricate a rechargeable (secondary) proton battery, the highest
conducting electrolyte solution has been added to the cathode. The addition of the
electrolyte in liquid phase is predicted to enable the intercalated proton to deintercalate
from the cathode active material and enter the anode through the SPE, thus obtain a
rechargeable battery (Kadir et al., 2010). As shown in Figure 8.10, the OCP of the

secondary battery is lasted at (1.58 + 0.01) V, slightly higher than the primary one.

Table 8.6 lists the comparison of the OCP value of the present secondary proton

batteries with other works using SPE.
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Table 8.6: Comparison of OCP value of the present secondary proton batteries with other
reports.

Electrolytes OCP (V) Time (h) References
Carboxymethyl 1.36 24 Samsudin et al., 2014
cellulose-NH4Br
PEO-NH,4C104-PC 1.55 24 Pratap et al., 2006
Chitosan-PVA- 1.65 24 Kadir et al., 2010
NH;NO3-EC
PEO-NH4SCN-Mg-Zn 1.57 Not stated Pandey, Singh, Asthana,
ferrite Dwivedi, & Agrawal, 2011
Starch-chitosan-NH4Cl- | 1.58 +£0.01 48 Present work
glycerol
Where;
Mg = magnesium PC = propylene carbonate

NH,ClO, = ammonium perchlorate

The typical charge-discharge profiles of the secondary proton battery using a
constant current of 0.35 mA is displayed in Figure 8.11. At the first cycle, the battery is
discharged to 1.00 V before regain its initial potential of 1.58 V after been recharged.

This charge-discharge process of the battery cycled for 40 times and lasted for ~ 440 h.
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Figure 8.11: Charge-discharge profiles of the secondary proton battery at 16™ to 21% cycles.
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Figure 8.12 depicts the discharge curves of the secondary batteries at selected

cycles.
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Figure 8.12: Discharge curves of the secondary proton battery at selected cycles.

The calculation of specific discharge capacity (Q,) has been done with respect to
the weight of active cathode material (MnQO;) and is plotted in Figure 8.13. The plot in
Figure 8.13 can be divided into three regions. In region 1, the Q; value decreases from

6.13 mA h g’ to 2.76 mA h g after 2™ cycle. However, the Q, value increases
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Figure 8.13: Specific discharge capacity versus cycle number.
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thereafter and reaches 7.83 mA h g after 6™ cycle. The decrease in Q; after the first
two cycles can be attributed to the electrode-electrolyte contact, which is not always
perfect at the first charge (Guinot, Salmon, Penneau, & Fauvarque, 1998; Mohamad et
al., 2003). After the 2" cycle, an improvement in the electrode-electrolyte contact has
generate active materials at the surface of the electrodes to oscillate in ZnSQOy4-7H,O
discharge state, leading to an increase in Q; value (Mohamad et al., 2003; Samsudin et
al., 2014). In Region 2, the Q; value is observed to be almost stable from 6" cycle to
15™ cycle. At this period, since the electrode-electrolyte contact has been stabilized, the
intercalation of proton at the cathode occurs at a nearly constant rate. The longest
discharge time occurs during the 9™ cycle thus obtain the optimal Q, value of
7.87 mA h g'. In Region 3, the Q; value is observed to decrease until the 40" cycle.
This phenomenon may be caused by the poor interfacial stability of the electrode thus
develop the large interfacial resistance between the electrode and the electrolyte as
reported for other proton batteries (Mishra, Hashmi, & Rai, 2014; Samsudin et al., 2014;

Selvasekarapandian, Hema, Kawamura, Kamishima, & Baskaran, 2010).

8.5  Summary

An EDLC has been successfully fabricated employing P7 electrolyte. The EDLC
performed at 0.063 mA cm’ current density for 500 cycles. The specific capacitance of
the EDLC was obtained at ~ 3444 mF g'l. Primary and secondary proton batteries have
been successfully fabricated using P7 electrolyte. The OCP of the primary proton
batteries after 48 h is (1.54 £ 0.02) V, while that of secondary proton batteries is
(1.58 £ 0.01) V. The discharge capacity of the primary proton batteries is enhanced by

lowering the discharge current. The internal resistance and short circuit current of the
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primary proton batteries are 36.74 Q and 35 mA, respectively. The rechargeability of

the secondary proton battery is able to perform up to 40 cycles for ~ 440 h.

209



Chapter 9 Discussion

CHAPTER 9

DISCUSSION

Research on solid polymer electrolytes (SPEs) have been actively carried out in
view of their application in electrochemical devices such as EDLC, electrochromic
display devices, fuel cells, solid-state batteries and sensors. Problems associated with
liquid electrolytes such as solvent vaporization, leakage and corrosion can be avoided
while the mechanical stability and flexibility of packaging design can be improved
(Dias, Plomp, & Veldhuis, 2000; Fujishima & Zhang, 2005). The development of SPEs
has seen the emergence of natural biopolymers such as starch (Khiar & Arof, 2010),
methyl cellulose (Shuhami et al., 2012) and chitosan (Buraidah et al., 2009; Majid &

Arof, 2005, 2007, 2008) as the polymer host.

In the present work, corn starch is of interest. Starch is composed of amylose
and amylopectin where amylose resides mainly in amorphous region of starch (Sajilata
et al., 2006; Ochubiojo & Rodrigues, 2012). Since starch is sourced from various foods,
the choice of corn starch is based on its higher amylose content than other types of
starch as shown in Table 2.3. Corn starch has been used as polymer host in SPE as
reported by Khiar and Arof (2010), Liew et al. (2012) and Teoh et al. (2012). Using
acetic acid as the solvent is an approach to improve the mechanical properties and
hydrophobicity of starch (Gonzalez & Perez, 2002; Song & Cheng, 2014; Xu & Hanna,
2005). In Chapter 5, the shift of the peak at hydroxyl and glycosidic linkage bands as

well as changes in intensity of the peak at C-O bond stretching and C-H stretching mode
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bands proved the interaction between starch and acetic acid. The interaction has
occurred since the oxygen atoms in the functional groups of starch contain lone pair

electrons which can form dative bond with H* ions from the acetic acid.

The problems possessed by starch based products such as brittle, hydrophilic and
low mechanical strength has led towards idea to blend starch with other polymers
(Mathew et al., 2006; Miyamoto et al., 2009; Wu & Zhang, 2001; Xu et al., 2005). The
reasons to blend starch with chitosan are:

® Good miscibility between both polymers through interactions between amino
groups of chitosan and hydroxyl groups of starch (Salleh et al., 2009). Good
miscibility indicates strong interaction between the polymers and tends to
suppress the crystalline phase, which in turn enhances the amorphous phase.

e Improved the formation condition and ductility of starch-based films (Zhai et al.,

2004).

e Able to provide transparent and mechanically strong films (Salleh et al., 2009).
e Both polymers are at low cost (Jiang, Quan, Liao, & Wang, 2006; Lu et al.,

2009).

Commonly, the interaction between the polymer components of a polymer blend
occurs through hydrogen bonding (Guo, Sato, Hashimoto, & Ozaki, 2010; He, Zhu, &
Inoue, 2004). The hydrogen bond is an attractive interaction involving a hydrogen atom
bound to a highly electronegative atom and other highly electronegative atom (Arunan
et al.,, 2011). From the FTIR analysis on starch-chitosan blend in Chapter 5, the
interaction between the polymers has occurred through hydrogen bonding formation
between the functional groups of both polymers as listed below:

e Hydroxyl groups of starch and hydroxyl groups of chitosan,
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¢ hydroxyl groups of starch and amine groups of chitosan,
¢ hydroxyl groups of starch and glycosidic linkages of chitosan,
¢ hydroxyl groups of starch and C-O-C groups in chitosan, and

¢ hydroxyl groups of chitosan and glycosidic linkages of starch.

The results of various characterizations for determination of best ratio of starch-
chitosan blend to serve as the polymer host were presented in Chapter 4. From the XRD
results, crystalline peaks of starch and chitosan have been suppressed by a broad
amorphous hump in the diffractogram of 80 wt.% starch-20 wt.% chitosan blend
(S8C2). This result demonstrates the good miscibility and interaction between starch
and chitosan in the blend. The calculation of the degree of crystallinity () has been
done by using two different methods i.e. Nara-Komiya method and deconvolution
method. From the deconvolution method, the crystalline and amorphous peaks have
been separated via Gaussian fitting. It is noticed that there are three crystalline peaks at
260 = 14.4°, 18.5° and 22.8° superimposed on the broad amorphous hump centered at
260 = 20.5° in the XRD diffractogram of S8C2 film, proving that this blend film is not
fully amorphous. Although different values of degree of crystallinity have been obtained
from the two methods, it is confirmed that the amorphous content in S8C2 film is higher
than other blend ratio. According to Kadir (2010), the miscibility between two polymers
in a blend can be implied from the smooth and homogenous surface of the blend film.
The scanning electron micrograph of S8C2 film shows a homogenous surface without
phase separation suggesting the good miscibility between starch and chitosan in the
blend. Similar result has been reported by Jayaprakash et al. (2013) on potato starch-

chitosan blend.
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DSC analysis on pure starch film (S10C0) and pure chitosan film (SOC10) has
revealed that the glass transition temperature (7,) of the films are 67.21 °C and
97.41 °C, respectively. As discussed by He, Xue, Yang, Liu and Song (2009), the 7, of
chitosan is still a subject of controversy since no consistent results were reported in the
literature. The same thing goes to starch (Liew et al., 2012; Liu et al., 2009). This
phenomenon could be due to the fact that natural polymers are originated from different
sources or method of extraction which can reflect to the variation in their properties
including the T, value (He et al., 2009). However, the T, values obtained in this work
are comparable to the values reported by Liu et al. (2009) and Cheung et al. (as cited in
Correia et al., 2014). DSC thermogram of S8C2 film consists only single 7, at 82.33 °C
which is in between the T, values of S10C0O and SOC10 films. This result has confirmed
the miscibility between starch and chitosan in S8C2 film. From TGA analysis, the water
content of S8C2 film is lower than that of SOC10 and S10CO films indicating that the
water content of a starch based film can be reduced by blending it with chitosan.
According to Xu et al. (2005), the interaction between chitosan and starch molecules
has prevented water molecules from diffusing through the film. This phenomenon
decreases the water content of starch based film. The decomposition temperature does

not change on blending starch with chitosan, as S§C2 film decomposes at 270 °C.

Proton conducting electrolytes have long been recognized as an initiative to
lithium ion conductors in electrochemical device applications (Nasef et al., 2007;
Panero et al., 2003). Ammonium salts are usually used as proton donor for polymer
electrolyte as inorganic acids are problematic choices (Hema et al., 2008). The choice of
ammonium chloride (NH4Cl) as the doping salt is due to its lower lattice energy of
663.0 kJ mol’ compared to other ammonium salts like ammonium acetate, NH4C,H30,

(703.1 kJ mol'l), ammonium sulfate, (NHy4),SO4 (1754.7 kJ mol'l) and ammonium
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phosphate, (NH4);PO4 (3443.0 kJ mol'l) (Buraidah & Arof, 2011; Kadir, 2010). Lattice
energy of an ammonium salt depends on the size of anion. The radius of CI is ~ 1.68 A
(Roobottom, Jenkins, Passmore, & Glasser, 1999). Larger anion of salt indicates lower
lattice energy. Low lattice energy of a salt indicates that less energy is required to break
the bond between anion and cation which is favourable for coordination of ions at the

functional groups of polymer host (Buraidah, 2012).

From the FTIR results in Chapter 5, the addition of NH4CI up to 25 wt.% has
shifted the hydroxyl band to lower wavenumbers of 3264 cm’. Hence it has been
proven that interaction has occurred involving the oxygen atom of hydroxyl groups and
the cations of salt. The occurrence of salt recrystallization has been detected in S8
electrolyte with the appearance of v, (NH,;") and v{(NH4") modes in its FTIR spectrum.
The interaction also occurred at the carboxamide, amine, C-O-C groups and glycosidic
linkages as the bands’ peak has shifted with the addition of NH4Cl. Based on these
FTIR results, the interaction between the cations and the oxygen and nitrogen atoms of
the polymer blend host has been illustrated in Figure 5.18. As mentioned earlier, the
oxygen and nitrogen atoms of the functional groups contain lone pair electrons, which
provide the coordination site for cations, thus are able to form dative bond with the

cations.

In the salted system, the highest conductivity value of (6.47 + 1.30) x 107 S cm’
has been achieved on addition of 25 wt.% NH4Cl (S5 electrolyte). The increase in
conductivity can be attributed to the increase in the number density (n,) and mobility
(1) of ions which have been calculated using the Rice and Roth model (as cited in Kadir
et al., 2010; Samsudin et al., 2012). This model relates the conductivity with ng,

activation energy (E,) and time travelling of ion (7). The E, values were determined

214



Chapter 9 Discussion

from the Arrhenius plots while 7 values were determined using the value of /, which is
the distance between two complexation sites. As shown in Tables 6.11, 6.13, 6.15 and
6.17, the ny and g values increase as the NH4Cl concentration increases from 5 to 25

wt.%. This phenomenon perfectly follows the following relation:

o=n,el 9.1)

Here, the increase in ny; and g values will obviously increases the conductivity. A
decrease in conductivity was resulted when more than 25 wt.% NH4Cl was added to the
electrolyte. According to Kadir et al. (2010), high salt concentration in an electrolyte
causes the distance between dissociated ions become closer that they are able to
recombine and form neutral ion pairs. This phenomenon reduces the number density of

ions and eventually decreases the conductivity of electrolyte.

Further investigation on conductivity trend in the salted system has been carried
out by XRD, SEM and DSC. The addition of salt up to 25 wt.% to the polymer host has
decreased the degree of crystallinity as shown in Tables 6.5 and 6.6. From Tables 6.11,
6.13, 6.15 and 6.17, the addition of salt up to 25 wt.% increases the number density of
ions. According to Aji et al. (2012), the increase in ion concentration increases both the
fraction of amorphous phase and charge carriers simultaneously. The increase in
amorphousness of electrolyte assists the mobility of ions, thus provide answer for the
increasing conductivity with increasing NH4Cl content up to 25 wt.%. When more than
25 wt.% NH4CI was added to the polymer, a number of crystalline peaks appear in the
XRD patterns in Figure 6.19. These crystalline peaks can be attributed to the crystalline

nature of the salt. This result indicates the occurrence of recrystallization of salt within
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the electrolytes with more than 25 wt.% NH4Cl. This phenomenon leads to an increase

in the degree of crystallinity as shown in Table 6.6, hence decreases the conductivity.

Comparing the SEM micrographs of S8C2 and S4 electrolytes, several particles
can be observed on the electrolyte’s surface when 20 wt.% of NH4Cl was added to the
polymer host. This type of particles has also been observed in other polymer electrolyte
systems by Ahmad et al. (2010) and Bhad & Sangawar (2013). The latter authors
inferred that these particles act as the channels for ion conduction through the
electrolyte. More particles can be observed in the micrograph of S5 electrolyte,
indicating more ions are available for conduction thus further strengthens the
conductivity result. Too many particles can be observed in the micrograph of S8
electrolyte, where some of these particles agglomerate. From Figure 6.19, it is inferred
that the recystallization of salt has become dominant in S8 electrolyte as crystalline
peaks appear in the X-ray diffractogram of S8 electrolyte. From the micrograph of S8

electrolyte, the agglomeration of the particles may lead towards ion pairs formation.

Plasticization technique is one of the most practical ways to optimize the
conductivity of electrolyte. Plasticizer possesses a high value of dielectric constant
which can ease the dissociation of salt by weakening the Coulombic force between
cation and anion. From a report by Ping, Wang, Sun, Feng, and Chen (2011), although
ethylene carbonate (EC) has a high value of dielectric constant of 89.6, its high melting
point of 39 °C may lead to poor low temperature performance of devices. In this work,
glycerol has been chosen as the plasticizer. As stated in Chapter 2, the choice of
glycerol is based on the following facts:

e Dielectric constant of 42.5, which is higher than other plasticizers such as

dimethylacetamide, DMA (&ma = 37.8) (Kumar & Sekhon, 2002),
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v-Butyrolactone, GBL (&gr = 39.1) (Ping et al., 2011) and ethylene sulfite, ES
(&s = 39.6) (Azli, Manan, & Kadir, 2015).

e Melting and boiling points of 18 °C and 290 °C, respectively (Speight, 2002).
These values of melting and boiling points ensure that glycerol will not solidify
or boil in the present temperature range study.

o Most compatible plasticizer for starch based film (Curvelo, de Carvalho, &

Agneli, 2001; Marcondes et al., 2010).

According to Liang et al. (2009), glycerol possesses the strong ability to interact
with the polysaccharide matrix through hydrogen bonding interactions. From the FTIR
analysis on starch-chitosan-glycerol in Chapter 5, the increase in glycerol content shifts
the peak at hydroxyl, C-O-C, glycosidic linkage, carboxamide and amine bands
indicating that there are formation of hydrogen bonding between the polymers and
glycerol. As shown in Figure 2.4, the glycerol molecule has three hydroxyl groups that
can provide the coordination sites for cations of salt. This is proven by the shifting of
the hydroxyl band peak of pure glycerol to lower wavenumbers on addition of NH4Cl
up to 7 wt.% as shown in Figure 5.24. This result hypothesizes that apart from assists
the salt dissociation, the presence of glycerol in the SPE may provide the additional
sites and conducting pathways for ion conduction (Gondaliya et al., 2013). From Figure
5.26, the hydroxyl band peak of S5 electrolyte has shifted to lower wavenumbers of
3254 cm™ in the spectrum of electrolyte with 30 wt.% glycerol (P6 electrolyte) and
further shifted to 3247 cm™ in the spectrum of electrolyte with 35 wt.% glycerol (P7
electrolyte). Another peak shifting was observed at carboxamide, amine, glycosidic
linkage and C-O-C bands which further proves the interaction between glycerol and

other electrolyte’s components.
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In the plasticized system, the conductivity has been increased with the addition
of glycerol up to 35 wt. % concentration with the value of (5.11 + 1.60) x 10* S cm™.
From Tables 6.12, 6.14, 6.16 and 6.18, the increase in conductivity can be attributed to
the increase in the number density and mobility of ions. In the plasticized system, P7
electrolyte has the highest n; and i values, confirming its highest conductivity value.
However, when more than 35 wt.% glycerol was added to the electrolyte, the
conductivity decreases as well as the number density and mobility of ions. To get into a

bigger picture about this matter, SEM and XRD analysis were carried out.

From the SEM analysis, the addition of plasticizer has altered the morphology of
the electrolyte. On addition of 10 wt.% glycerol (P2 electrolyte), the number of particle
observed on the electrolyte’s surface has been reduced whereas the dark areas start to
appear. On addition of 20 wt.% glycerol (P4 electrolyte), the dark region starts to
dominate accompanied by the appearance of linkage like structures. The maximum
dominancy of the dark region as well as increasing number of link can be seen in the
micrograph of P7 electrolyte. From the literature, the dark region in surface micrograph
represents the amorphous phase of the electrolyte (Ahmad et al., 2010; Su’ait et al.,
2011). Thus, it can be inferred that the addition of glycerol increases the amorphous
phase of the electrolyte. From the XRD analysis, the degree of crystallinity of P7
electrolyte is found to be lower than S5 electrolyte as shown in Tables 6.7 and 6.8. The
presence of plasticizer in the electrolyte assists salt dissociation which in turn decreases
the occurrence of salt recrystallization. Alternative pathways provided by the plasticizer
for ion conduction helps the polymer host to accommodate the salt, as evidenced by the
appearance of linkage like structure on plasticizer electrolyte’s surface. The plasticizer
is believed to act as a spacer between molecules of polymer by forming links with them

(Pandey et al., 2013). From the FTIR studies, glycerol has formed hydrogen bond with
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the polymer. These phenomena enhance the amorphousness of the electrolytes which in
turn increases the number density and mobility of ions. The degree of crystallinity of P8
electrolyte is higher than P7 electrolyte, inferring that P8 is less amorphous than P7
electrolyte. As shown in the SEM micrograph of P8 electrolyte, too much links appear
on the electrolyte’s surface when 40 wt.% glycerol was added. The linkages may be
formed between the plasticizer itself causing the salt to recrystallize thus decreases the

conductivity (Johan & Ting, 2011).

In the amorphous region, ionic migration is associated with the polymer
segmental motion (Money et al., 2012). The polymer segmental mobility can be
enhanced by lowering the T, (Woo et al., 2013). Since the conductivity is attributable to
the increase in segmental motion (Aravindan & Vickraman, 2007), determination of 7,
can further enhance the understanding in conductivity trend. On addition of 5 wt.%
NH,CI, the T, decreases from 82.33 °C to 55.08 °C. Further decrease in 7, is observed
when 25 wt.% NH4CI was added to the electrolyte. The decrease in T, with increasing
salt content is also been observed by Vijaya et al. (2013) on PVP-NH4ClI electrolytes.
The presence of salt has weakened the dipole-dipole interactions between the polymer
chains thus provides the plasticizing effect on the polymer (Malathi et al., 2010). This
phenomenon stimulates the flexibility of polymer backbone thus enables the ions to
move easily through the polymer chain network when an electric field is applied (Liew
et al., 2014; Malathi et al., 2010). It can be concluded that by lowering the T,, the
conductivity can be increased. The addition of glycerol up to 35 wt.% decreases the T,
thus satisfies the conductivity result. The addition of glycerol to the electrolyte increases
the chain flexibility which results in a decrease in 7, (Kumar & Sekhon, 2002). On
addition of 45 wt.% glycerol, the T, is observed to increase. From the transport analysis,

the number density of ion is decreased with the addition of more than 35 wt.% glycerol
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due to the recrystallization of salt. This phenomenon increases the rigidity of electrolyte
thus impedes the segmental mobility as well as the ionic migration (Liew et al., 2014;

Noor et al., 2013; Silva et al., 2004).

TGA analysis of selected electrolytes has been carried out to check the stability
of the electrolytes within the temperature range of the present studies. S1 and S5
electrolytes decompose at 198 °C and 185 °C, respectively. According to Ramesh et al.
(2012), the decrease in thermal stability with the addition of salt reveals the decline in
capability of the polymer chain to sustain its original form upon subject to heating. On
addition of 35 wt.% glycerol, there is an additional stage of weight loss at 136-177 °C
due to the degradation of glycerol in the electrolyte (Ayala et al., 2012). The major
decomposition of P7 electrolyte occurs at 180 °C. The first weight loss of S1, S5 and P7
electrolytes is higher (~ 7-10%) than that of S8C2 film due to the hydrophilic nature of
NH4CI salt and glycerol (Halim et al., 2012; Noor et al., 2012). These results show
higher water content within S1, S5 and P7 electrolytes compare to S8C2 electrolyte. To
study the effect of water on conductivity, variation of conductivity of P7 electrolyte
with temperature under one heating-cooling cycle has been carried out. The
conductivity is found to be lower on cooling cycle than the heating cycle by ~ 3%. This

is attributed to the loss of water from the electrolyte during the heating cycle.

Ionic and electronic transference numbers of an electrolyte are crucial in
explaining the conductivity of the electrolyte (Sekhar et al., 2012a). For an ionic
conductor, ionic transference number (#,,) should be higher than the electronic
transference number (7,) (Aziz et al., 2012; Shukur & Kadir, 2015; Woo et al., 2011b).
From Figures 6.44 to 6.46, the current is observed to decrease rapidly at the initial

before being saturated at 0.2 pHA. Before reaching the saturation level, the current is
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carried by both ions and electrons. However, the ions cannot pass through the ion
blocking stainless steel electrodes leaving only electrons to carry the current through the
electrodes (Woo et al., 2011b). This phenomenon results in saturation of current at 0.2
LULA. Generally, ions are mobile in the amorphous phase while crystalline phase favours
electron transport (Gadjourova et al., 2001). From the XRD analysis in Chapter 6, the
degree of crystallinity of P7 electrolyte is the lowest, followed by PS5 and S5. Due to its
higher amorphous content than the other two electrolytes, P7 electrolyte has the highest

t;on Value of 0.98 and the lowest ¢, of 0.02.

The contribution of cation to the total conductivity is important to be known due
to its major role during the charge-discharge process of a battery. Manganese (IV) oxide
(MnQO,) was used as the electrodes for cation transference number (f,) measurements
since it is proton transparent. It is found that the value of ¢, of P7 electrolyte is 0.56. As
for comparison, the values of 7, for other P3 and S5 electrolytes were also determined
and found to be 0.33 and 0.26, respectively. According to Suthanthiraraj and Vadivel
(2012), the increase in t, value with increasing amount of plasticizer in polymer
electrolyte could be due to favourable cation migration within the electrolyte. As shown
in Chapter 5, the addition of glycerol has provided the alternative pathways for the

cations for migration, thus leading to the increase in ..

The dielectric constant (&) and dielectric loss (&) as a function of NH4Cl and
glycerol concentration at selected frequencies were presented in Chapter 7. The
objective of the presentation of & and & is to correlate the conductivity with those
parameters. As NH4CI content increases to 25 wt.%, the charge stored in the electrolyte
increases indicating an increase in the number density of mobile ions hence increases

the conductivity (Buraidah et al., 2009). The decreasing &, and & values for electrolytes
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containing more than 25 wt.% NH4Cl can be attributed to ion reassociation, leading to a
decrease in conductivity (Woo et al., 2011a). A higher glycerol content up to 35 wt.%
increases the value of & and &. As glycerol was added, more undissociated salt become
ions, hence the stored charge in the electrolyte increases. The & and & values are
observed to decrease with the increase in frequency. As frequency increases, the
periodic reversal of the electric field occurs so rapidly which disable the charge carriers
from orienting themselves in the field direction, resulting in the decrease of & and &

(Ali et al., 2011; Mishra & Rao, 1998).

The & and & values are observed to be affected by temperature as depicted in
Figures 7.5 to 7.8. Temperature assists the dissociation of ions by increasing the
vibration of the anions and cations which leads towards the break up of the salt and
increase the number of ions (Kadir, 2010). This result is in agreement with the transport
parameters as shown in Tables 6.21 and 6.22, where the number density of ion increases

with the increase in temperature.

The frequency dependent of loss tangent (tan o) for the electrolytes indicates that
the loss peaks (tan d,,,) are shifted to high frequency side with increasing conductivity.
The shift of tan 9, to high frequencies indicates the decrease in relaxation time (., 5)
(Hashim & Khiar, 2011; Ramly et al., 2011; Subban & Arof, 2003a). The tan d,,, are
also observed to shift to high frequencies with increasing temperature, meaning that the
value of #,, s decreases as shown in Tables 7.6 and 7.7. The height of tan &, also
increases which attributed to the decrease in resistivity of the electrolytes (Idris et al.,
2007). The activation energy of the frequency at tan . (fuax) is very close to those

obtained from the plots of Log ¢ vs 1000/T in Chapter 6. Thus it can be indicated that
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the ion transport mechanism has the same potential energy barrier upon conducting and

relaxing (Ali et al., 2009).

Debye relaxation denotes a system with a single relaxation time (Macdonald,
1999). In polymer electrolytes, under an alternating external electric field, different
polarization mechanism such as electronic, dipolar and ionic polarization occur. Thus a
distribution of relaxation times will occur in polymer electrolytes, which deviates from
Debye type relaxation (Aziz, 2012). To prove this matter, scaling of tan ¢ has been done
by plotting the normalized of tan &/(tan &)m.x against f/f;.., for selected electrolytes. For
a typical Debye peak, the value of full width at half maximum (FWHM) of the plot is
1.14 decades, which gives the Kohlrausch exponent (Sxww) = 1 (Dutta et al., 2002; Idris
et al., 2007). The value of Sxww for S5 electrolyte at 298-343 K is 0.57-0.60. For P1
electrolyte, the value of S gww is found to be 0.42-0.47 at 298-343 K. The small value of

LPrxww in the present system shows the deviation of relaxation from Debye relaxation.

Jonscher’s universal power law (Buraidah et al., 2009; Winie & Arof, 2004) has
been used to predict the ac conduction mechanism of the highest conducting electrolyte
in salted and plasticized systems. The conduction mechanism was predicted from the
variation of power law exponent s with temperature. For S5 electrolyte, the exponent s
is almost temperature independent which follows quantum mechanical tunneling (QMT)
model (Kadir et al., 2009). In QMT model, the polarons are able to tunnel through the
potential barrier that exists between two complexation sites (Majid & Arof, 2007). In S5
electrolyte, the polarons are resembled by the H" ions and their stress fields. For P7
electrolyte, the exponent s decreases with the increase in temperature, thus follows
correlated barrier hopping (CBH) model. In CBH model, the ions are surrounded by

several potentials. The ions can only hop from one site to another after acquiring
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enough energy (Buraidah, et al, 2009). The difference in conduction mechanism of S5
and P7 electrolytes can be attributed to the difference in E, value. Due to the higher E,
(0.31 eV), the ions in S5 electrolyte are able to tunnel through the potential barrier. The
E, of P7 electrolyte is lower (0.19 eV). The addition of plasticizer decreases T, and
increases the segmental motion. Hence, the ions can easily hop across the potential

barrier (Kufian et al., 2007).

The electrochemical stability of the highest conducting electrolyte (P7) was
carried out using LSV measurement with stainless steel foils as working, counter and
reference electrodes. As for comparison, LSV measurements for other selected
electrolytes were also been carried out using the same type of electrodes. P7 electrolyte
was found to be electrochemically more stable than S5, P3 and P35 electrolytes due to its
higher conductivity value than the other electrolytes. The current onset of P7 electrolyte

was detected at 1.65 V which is suitable for EDLC and proton batteries application.

In an EDLC, the charge storage mechanism is based on the formation of
Helmholtz double-layers (Lim et al., 2014a). Since electrodes of the same type (i.e
symmetry) were used, the EDLC needed to be charged first to provide the potential
difference between the electrodes. During the charging process, electrons from the
positive electrodes move towards the negative electrode through the outer circuit. This
movement of electrons provides holes at the positive electrode. At the same time, the
cations in the electrolyte migrate to the negative electrode while the anions move to the
positive electrode. The accumulation of cations and anions at the surface of electrodes
to compensate the opposite electronic charges at the electrode surfaces provide the
potential difference between the two electrodes. No chemical reactions are involved in

this energy storage mechanism. The energy storage mechanism of the EDLC is based on

224



Chapter 9 Discussion

the physical movement of electrons and ions. During the discharge, these electrons
move back from the negative electrode to the positive electrode, and ions are released
from the electrode surface into the electrolyte, so the cathode and anode come back to

the same potential (Chen, 2011; Ho, Khiew, Isa, & Tan, 2014).

In the present work, the EDLC was fabricated by sandwiching P7 electrolyte
with two carbon based electrodes using perspex plates. The EDLC was charged and
discharged at a constant current density of 0.063 mA cm™ between 0 to 0.85 V for 500
cycles. The specific capacitance (Cy) is observed to decrease to 3915 mF g'1 during the
first 70 cycles before remains constant at ~ 3444 mF g™ until 500" cycle. The strong
relation between conductivity and mobility of charge carriers means that the EDLC’s
performance affected by the mobility of charge carriers. The ionic mobility of P7
electrolyte is (4.42 + 1.23) x 10* cm® V' s™'. Comparing the present result with reports
from literature (Arof, Amirudin, et al., 2014; Arof, Shuhaimi, et al., 2014; Majid, 2007),
it can be concluded that the higher the ionic mobility, the greater the C, value. The
Coulombic efficiency (77) of the EDLC increases from 69% to 91% towards the 50"
cycle before remains constant at ~ 90-95%. Efficiency of ~ 90% indicates the intimate
electrode-electrolyte contact (Lim et al., 2014a). This result shows that the present

EDLC exhibits good cycling stability for 500 cycles.

The value of C; is also obtained using the result from cyclic voltammetry (CV)
measurements before and after galvanostatic charge-discharge measurement. The C;
value decreases as the scan rate increases. According to Nasibi et al. (2012), when the
scan rate was increased, energy loss increases and the stored charge on the electrode
surface decreases leading to a decrease in C,. At low scan rates, ions can utilize all the

vacant sites in the active electrode material since they have enough time to diffuse into
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the vacant sites leading to the higher C; value (Lim et al., 2014b). The enclosed area of
the CV curve becomes smaller after 500 charge-discharge measurement, indicating
smaller C; value. This phenomenon is due to the effect of internal resistance. From the
literature (Arof et al., 2010; Liew et al., 2015; Pendashteh et al., 2014), internal
resistance increases with increasing charge-discharge cycle. At higher resistance, less
charges flow causes less current flow which result a decrease in C; value (see Table

8.2).

In a primary battery, the energy storage mechanism is based on the chemical
reactions occur at the electrodes. During the discharge of proton battery, zinc at the
anode is oxidized and releases Zn®* and electrons. The reaction involving the
ZnS0,-7H,0 releases H' ions. Electrons from the anode will then move to the cathode
through the outer circuit, while the H" ions (from the anode and the electrolyte) move to
the cathode through the electrolyte. At the cathode, the reaction between MnO,,
electrons and H" ions causes MnO, to undergo reduction. All these reactions will
provide the battery with the potential as shown in Table 8.4. However, as stated in
Chapter 8, the difference between the theoretical and experimental result of potential of
battery could be due to the concentration and transport of ions (Botte & Muthuvel,

2012).

Primary proton batteries were fabricated by sandwiching P7 electrolyte with zinc
based anode and MnQO, based cathode in coin cells. Result of 48 h open circuit potential
(OCP) shows that the potential of the batteries is (1.54 + 0.02) V, which is 20.31%
higher than the expected potential (see Table 8.4). Botte and Muthuvel (2012) stated
that the difference between the theoretical and experimental values of OCP is due to

several factors e.g. concentration and transport of ions. Similar result has been reported
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in the literature (Alias et al., 2014; Samsudin et al., 2014). The batteries were then
discharged at different constant currents (0.10, 0.25, 0.40 and 0.60 mA) at room
temperature. During the discharge process, the zinc was oxidized while MnO, wass
reduced thus forming Mn;03-ZnO (McComsey, 2001; Rahman et al., 2013). As the
discharge time increases, more Mn,03-Zn0O particles are formed causing the increase in
charge transfer resistance. This phenomenon has resulted to the abrupt decrease in
potential after ~ 1.0 V. The discharge capacity (Q) was found to be higher at lower
discharge current (Q = 9.36 mA h at 0.10 mA). According to Roscher et al. (2011), at
high discharge current, the variation of ion concentration along the pores depth of an
electrode increases, forcing a non-uniform proton insertion process. From the current-
potential (/-V) and current density-power density (J-P) characteristics measurement, the
internal resistance (r) of the batteries is found to be 36.74 Q. The maximum power
density is (7.90 £ 0.50) mW cm™ while the short circuit current of the batteries is 35
mA. The characteristics of the present primary proton batteries are comparable with
other reported works (Kadir et al., 2010; Ng & Mohamad, 2006; Shukur, Ithnin, et al.,

2013).

In a secondary proton battery, the battery is able to charge to its initial potential.
During the charging process, the process of discharge is reversed where the electrons
move back to the anode through the outer circuit while the H' ions move to the
electrolyte towards the anode. In the present work, P7 electrolyte was also been used in
the fabrication of secondary proton battery. Before the fabrication, the highest
conducting electrolyte solution has been added to the cathode to enable the
deintercalation of proton from the cathode active material and enter the anode through
the electrolyte for rechargeable process (Kadir et al., 2010). The OCP of the secondary

proton battery for 48 h is lasted at (1.58 + 0.01) V. The secondary proton battery was
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subjected to discharge and charge at a constant current of 0.35 mA. This charge-
discharge process was performed for 40 times and lasted for ~ 440 h. At the first cycle,
the battery is discharged to 1.00 V before being recharged to 1.58 V. A decrease in
specific discharge capacity (Q;) at 2 cycle can be attributed to the electrode-electrolyte
contact, which is not always perfect at the first charge (Guinot et al., 1998; Mohamad et
al., 2003). The Q, value increases thereafter and reaches 7.83 mA h g'1 after 6™ cycle.
The Q, value is almost stable until 15™ cycle before decreases until the 40" cycle. This
phenomenon may be caused by the poor interfacial stability of the electrode thus
develop the large interfacial resistance between the electrode and the electrolyte as
reported for other proton batteries (Mishra et al., 2014; Samsudin et al., 2014;

Selvasekarapandian et al., 2010).

228



Chapter 10 Conclusions and Suggestions for Future Work

CHAPTER 10

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

10.1 Conclusions

Solid polymer electrolyte systems of starch-chitosan, starch-chitosan-NH4Cl
(salted system) and starch-chitosan-NH4Cl-glycerol (plasticized system) were
successfully prepared via solution cast technique. From XRD analysis, the blend of
80 wt.% starch and 20 wt.% chitosan (S8C?2) was found to be the most amorphous blend
and was chosen to serve as the polymer host. SEM studies have revealed the miscibility
between starch and chitosan. Starch-chitosan miscibility in S8C2 film was further
confirmed by the appearance of only one 7, value in the DSC thermogram, which is
found to fall in between the 7, values of pure starch (S10C0) and pure chitosan (SOC10)
films. TGA analysis shows that the water content of the film has been decreased upon

blending starch with chitosan.

From FTIR analysis, the shifting of bands’ peak as well as changes in intensity
has proved the occurrence of interaction among the materials. Hydrogen bonding
interaction between starch and chitosan has been proposed. Interaction between NH,4Cl
and the polymer blend host was observed by the shifting of the peak at hydroxyl,
carboxamide and amine bands as well as glycosidic linkage and C-O-C group bands.
The addition of glycerol has further shift those peaks indicating more ions have

interacted with the polymer host.

229



Chapter 10 Conclusions and Suggestions for Future Work

In the salted system, the addition of 25 wt.% NH4Cl has optimized the
conductivity to (6.47 + 1.30) x 10”7 S cm™. The increase in conductivity was due to the
following reasons:

¢ Increase in the number density of ions with the increase in NH4Cl concentration
up to 25 wt.%.

® Amorphousness of the electrolyte.

e Increase in the mobility of ions since ions are more mobile in the highly
amorphous electrolyte.

e Low value of 7, increases the segmental motion of the polymer chains, thus

assists the ion mobility.

In the plasticized system, the addition of 35 wt.% glycerol enhanced the
conductivity to (5.11 + 1.60) x 10* S cm™. The plasticizer has assisted the conductivity
enhancement by the ways stated below:

e [ts high dielectric constant value helps to weaken the Coulombic force between
cation and anion, thus ease the salt disscociation.
® Provides the alternative pathways for ionic conduction.

® Reduces the crystallinity as well as the T, of electrolytes.

The conductivity-temperature relationship in the temperature range of
298-343 K for all electrolytes was found to follow Arrhenius rule. The increase in
conductivity with increasing temperature was contributed by the increase in mobility of
ions. Higher conducting electrolyte obtained lower activation energy implying that
lower energy is required for ionic conduction in higher conducting electrolyte. From
transference number measurements, ion has been found as the dominant conducting

species. Transference number of cation for P7 electrolyte was 0.56. The relaxation time
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of the electrolytes was found to decrease with increasing conductivity and temperature.
Scaling of tan o confirmed that electrolyte systems in this study obey non-Debye

behaviour. The ac conduction mechanism for S5 and P7 electrolytes was best explained

by QMT and CBH models, respectively.

LSV results revealed that P7 electrolyte decomposed at 1.65 V, confirming the
suitability of P7 electrolyte for EDLC and proton batteries application. The EDLC was
charged and discharged for 500 cycles, where the specific capacitance was lasted at
~ 3444 mF g'. The EDLC’s performance has been related to ionic mobility, with
comparison to other works. From CV, the specific capacitance was scan rate dependent,
and decreases after 500 charge-discharge cycles due to the increasing internal
resistance. The OCP of the primary and secondary proton batteries after 48 h was
(1.54 £0.02) V and (1.58 = 0.01) V, respectively. The discharge capacity of the primary
batteries was enhanced by lowering the discharge current. The internal resistance and
short circuit current of the primary proton batteries were 36.74 Q and 35 mA,
respectively. Charge-discharge of the secondary battery was able to perform up to 40

cycles for ~ 440 h.

10.2  Suggestions for Future Work

Since the maximum conductivity of the electrolyte in the present work is in the
order of 10* S em™, the conductivity of the electrolyte should be further enhanced by
using the following methods:

¢ Modify the structure of polymer host by inserting an additional functional group

using processes such as carboxymethylation (Mobarak, Ramli, Ahmad, &
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Rahman, 2012), phthaloylation (Aziz et al., 2012), hydroxyalkylation (Lawal,
2009) and acylation (Zong, Kimura, Takahashi, & Yamane, 2000). This method
provides additional complexation site for the ions, thus more salt can be solvated
which can increase the conductivity.

Addition of inorganic filler like aluminum oxide (Al,O3) (Aziz, Majid, Yahya, &
Arof, 2011), silicon dioxide (SiO;) (Subban & Arof, 2003b) and titanium
dioxide (TiO,) (Rosli, Chan, Subban, & Winie, 2012) into the electrolyte. The
presence of filler can create favourable pathways for ionic conduction, increase
the amorphousness and immobilize the anions (Hassan et al., 2013).

Double salt system (Ramesh & Arof, 2000; Yap, 2012). Mixed salts in an
electrolyte can encourage more ion dissociation by anion-anion dipole
interactions (Yap, 2012).

Gamma irradiation treatment on the electrolytes. Irradiation with gamma rays of

the electrolytes can cause more ions to dissociate (Rahaman et al., 2014).

The performance of EDLC and proton batteries could be further studies by the

following ways:

The performance of the devices at different temperatures.
Alteration of the electrodes by addition of suitable additives.
Increases the surface area of activated carbon.

Synthesizes the carbon material from natural materials such as fruit shells (Arof

et al., 2012) and woods (Abdullah et al., 2001).
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