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ABSTRAK 

Penemuan baru dalam bidang sistem elektrolit adalah sangat luas terutamanya dalam 

penyimpanan tenaga yang menggunakan bahan-bahan hijau. Peranti elektrokimia adalah 

penting berikutan sumbangannya yang besar sebagai penyimpan tenaga khususnya bagi 

sektor industri. Pada masa kini, penggunaan polimer sintetik terus meningkat tetapi 

polimer ini mahal dan tidak mesra alam sekitar. Oleh itu, system elektrolit biopolimer 

pepejal (SBEs) dipilih sebagai salah satu elektrolit jenis baharu yang menggunakan 

polimer semulajadi sebagai polimer perumah. Kajian ini dijalankan untuk mengkaji 

kekonduksian dan pengangkutan ionik SBEs sistem untuk membangunkan elektrolit 

biopolimer jenis baharu. Dalam kajian ini, sistem SBEs berasaskan alginat menggunakan 

pelbagai peratus berat ammonium nitrat sebagai bahan dop penderma proton telah berjaya 

dihasilkan melalui kaedah tuangan larutan. Beberapa teknik seperti spektroskopi 

inframerah transformasi Fourier (FTIR), belauan sinar-X (XRD) spektroskopi impedans 

elektrik (EIS), pengukuran nombor pemindahan (TNM) ), dan analisis termogravimetrik 

(TGA) dijalankan untuk mencirikan kajian ini. Analisis FTIR mengesahkan bahawa 

interaksi telah berlaku antara kumpulan karboksilat (COO-) daripada alginate dan H+ di 

mana terdapat perubahan pada puncak di nombor gelombang 1415 cm-1 dan 1598 cm-1 

yang berpadanan dengan C=O dan CO- dalam alginate, 1062 cm-1 yang sepadan dengan 

C-O-C, dan 3393 cm-1 yang sepadan dengan kumpulan OH-. Kelincahan (μ) dan pekali 

resapan (D) didapati mempengaruhi daya kekonduksian ionik dalam sistem SBEs seperti 

yang diamati melalui teknik nyahkonvolusi-IR. Analisis belauan sinar-X (XRD) 

mendedahkan bahawa sampel 25 wt.% NH4NO3 merupakan sampel yang paling amorfus 

dan matriks polimer menyebabkan perubahan pada keadaan bahan daripada semi-kristal 

kepada sifat amorfus. Daripada analisis TGA, peningkatan kestabilan terma bertambah 

dengan penambahan NH4NO3. Kekonduksian ionik sistem SBEs telah diukur 

menggunakan EIS dengan julat frekuensi daripada 50 Hz hingga 1 MHz dan mencapai 

kekonduksian ionik maksimum pada suhu ambien (303 K) dengan 5.56 × 10-5 S cm-1 

untuk sampel yang mengandungi 25 wt.% NH4NO3. Sistem SBEs didapati mematuhi 

kelakuan Arrhenius dengan R2~1 di mana semua sampel diaktifkan secara termal dengan 

peningkatan suhu dan sampel yang menunjukkan kekonduksian tertinggi mempunyai 

nilai tenaga pengaktifan Ea yang paling rendah (0.11 eV). Analisis model mekanisme 

konduksi mencadangkan model loncatan penghalang berkorelasi (CBH) untuk sistem 

alginate-NH4NO3 SBEs. Sampel alginate-NH4NO3 SBEs dengan kekonduksian tertinggi 

mempunyai nombor pemindahan, tion bersamaan 0.97, yang menunjukkan bahawa spesies 

konduksi adalah kation. Tujuan penghasilan sistem SBEs ini adalah untuk digunakan 

sebagai penyimpan tenaga seperti bateri atau super kapasitor pada masa hadapan.   
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ABSTRACT 

There are numerous new discoveries in the field of electrolytes system especially in 

energy storage using green materials. Electrochemical devices are essential due to their 

huge contribution in energy storage, especially for the industrial sector.  Nowadays, the 

usage of synthetic polymer keep increasing but these polymers are costly and not 

environmental friendly. Therefore, the solid biopolymer electrolytes (SBEs) system have 

been chosen as one of the new types of electrolytes that use natural polymer as a host 

polymer. This research was undertaken to investigate the conductivity and ionic transport 

of SBEs to develop a new type of biopolymer electrolyte. In the present research, SBEs 

system was developed based on alginate as the host polymer doped with various weight 

percentages of ammonium nitrate as a proton donor and prepared using the solution 

casting method. Several techniques, such as Fourier transform infrared (FTIR) 

spectroscopy, X-ray and diffraction (XRD), electrical impedance spectroscopy (EIS), 

transference number measurement (TNM) and thermogravimetric analysis (TGA) were 

performed to characterize this present work. FTIR analysis confirmed that interaction has 

occurred between the carboxylate group (COO-) from alginate and H+ where there were 

changes in the peaks at wavenumbers 1415 cm-1 and 1598 cm-1 that corresponded to C=O 

and C-O- in alginate, 1062 cm-1 that corresponded to C–O–C, and 3393 cm-1 that 

corresponded to the OH-group. The mobility (µ) and diffusion coefficient (D) were found 

to influence the ionic conductivity in the SBE system as observed via IR-deconvolution 

technique. X-ray diffraction analysis (XRD) revealed that the 25 wt.% NH4NO3 was the 

most amorphous sample, and the polymer matrix resulted in the change of state of the 

material from semi-crystalline to amorphous in nature. From TGA analysis, the thermal 

stability increased with the addition of NH4NO3. The ionic conductivity of the SBEs 

system was measured using EIS with a frequency range from 50 Hz to 1 MHz and 

achieved the maximum ionic conductivity at ambient temperature (303 K) with 5.56 × 

10-5 S cm-1 for the sample containing 25 wt.% of NH4NO3. The SBEs system was found 

to obey the Arrhenius behavior with R2~1 where all samples were thermally activated 

with increasing temperature with the highest conducting sample showing the lowest value 

of  activation energy Ea (0.11 eV). The conduction mechanism model suggested a 

correlated barrier hopping (CBH) model for the alginate-NH4NO3 SBEs system. The 

alginate-NH4NO3 SBEs system sample with the highest conductivity had a transference 

number, tion of 0.97, which further indicated that the conduction species is a cation. In the 

future, this SBE system is aimed to be used for energy storage, including as a battery or 

supercapacitor.  
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CHAPTER 1 

 

 

INTRODUCTION 

1.1 Background of Research 

Electrochemical energy devices play a main role in industry sectors that include 

material considerations and the history of changes in demand prospects, spanning 

fundamental mechanisms to engineering challenges. The first discovery of ionic 

conductivity by Wright in 1975 led to the development of solid polymer electrolytes 

(SPEs) where Armand in 1978 continued the study with the implementation of 

electrolytes in batteries (Isa & Samsudin, 2016; Sohaimy & Isa, 2016; Przyluski & 

Wieczorek, 1989). Polymer plays a role as the host in developing the migration of ion in 

SPEs.  

Yet, today’s industries are using materials in batteries that contain hazardous and 

toxic chemicals such as lithium, cadmium, mercury, and lead. These materials are 

unfriendly to the environment and humans. Most of the batteries are thrown away when 

they are broken or drained, which may cause environmental pollution. When the materials 

are burned, toxic chemicals will release hazardous gasses into the air, or known as air 

pollution (Verma et al., 2016).  In addition, the polymer industry contributes to the 

pollution of the environment due to its poor disposal (Sakurai et al., 2003). A recent crisis 

involved the electronic device Samsung Galaxy Note 7, which exploded due to its battery 

and caused an adverse effect to the reputation of the company (Cheng & Dou, 2016). 

In addition, it was reported in the previous studies that the usage of synthetic 

materials as polymer electrolytes (PEs) is harmful to the surrounding and costly. From 

the literature, there are many different types of PEs such as poly (ethylene oxide), poly 

(vinyl pyrrolidone), poly (vinyl alcohol), poly (acrylonitrile), poly (methyl methacrylate), 

poly (vinyl chloride), and other synthetic polymers (Maitz, 2015). The synthetic polymer 
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is costly and not environmentally friendly. The consideration to switch to a new system 

of electrolytes is an excellent step toward building green technology without the use of 

dangerous materials. 

Solid polymer electrolytes (SPEs) are a promising substitute to liquid electrolytes 

(Itoh et al., 2009). SPEs are formed by dissolution of salts in a polymer matrix. They have 

received much attention as solid electrolyte materials for advanced applications, such as 

high-energy density batteries, sensors, electrochromic devices, and fuel cells (Zang, Luo 

& Ru, 2010). Several advantages of SPEs have been discovered since their development, 

such as good contact between the electrode and electrolyte, simple preparation in different 

forms, good mechanical and adhesive properties, no leakage of electrolytes, higher energy 

density, and improved safety hazards.   

In recent times, researchers have started to focus on proton conducting PEs for 

use as a power source. They are keen to develop biopolymer electrolytes due to the eco-

friendly and biodegradable properties. The biopolymer provides renewable energy, as 

well as being cheap and eco-friendly. These advantages have made the solid biopolymer 

electrolytes (SBEs) a promising alternative to synthetic polymers in the electrolytes 

system. Nowadays, SBEs have gained remarkable attention among researchers due to 

their potential application in electrochemical devices such as in batteries, electrochromic 

displays, fuel cells, and supercapacitors (Gurunathan et al., 1999; Hafiza & Isa, 2014; 

Khiar & Arof, 2011; Shukur et al., 2014). Currently, electronic devices like cell phones, 

remote controllers, laptops, and tablets used batteries as their energy storage.   

Natural polymers meet the criteria to be used as an electrolyte due to the high 

demand for a green environment (Monisha et al., 2017; Ramesh et al., 2013; Ramli & Isa, 

2016). The materials used for the PEs are from natural polymers such as starch, cellulose 

derivatives like hydroxyethyl cellulose (HEC), methyl cellulose (MC), carboxyl 

methylcellulose (CMC), chitosan, agar-agar, pectin, gelatin, and alginate, which are 

suitable to be used as a host polymer in the SBEs. Polysaccharides are made of natural 

polymers, which are abundant in nature. Among all the materials, alginate is a possible 

candidate as a polymer host for natural polymers electrolytes.  Alginate is a biological 

polymer (biopolymer), which is a new industrial polysaccharide extracted from seaweeds, 

and it has shown excellent performance in water solubility. It may be used in many 

applications such as in the food industry, biomedical science, engineering, and 
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pharmaceutical (Andrea et al., 2016; Lee & Mooney, 2012). Purified alginates have 

widespread industrial uses especially due to their ability to form hydrogels, beads, fibers, 

or films. In addition, alginate is used as a host polymer due to its superior characteristics 

such as biocompatibility, low toxicity, and relatively low cost (Lee & Mooney, 2012). 

Due to these favorable characteristics, alginate is suitable to be used as a host polymer in 

this research.  

However, the use of natural polymer in SBEs results in low ionic conductivity, 

which limits its use as energy sources (Awadhia & Agrawal, 2007). Therefore, the ionic 

dopant can overcome the ionic conductivity limitations. Ammonium salt is a good proton 

donor as it provides ions that can help the polymer host to increase its ionic conductivity 

(Hafiza & Isa, 2017). Thus, the SBEs system based on natural polymer, alginate doped 

with salt, ammonium nitrate (NH4NO3), will be studied in this research to find a 

replacement for the current electrolytes system. To the best of our knowledge, other 

researchers have never studied this material. 

1.2 Problem Statement 

Nowadays, most researchers demand for long cycle, reliable, and rechargeable 

devices especially in the application of electronic devices such as batteries, 

supercapacitors, and fuel cells. When it was first reported in 1973, researchers believed 

that SBEs could be used to replace synthetic polymers. SBEs are the negatively charged 

groups attached to the polymer backbone (Ng & Mohamad, 2008) and are the dominant 

charge carriers, while the positively charged ions are essentially harmonized to the host 

(Onishi et al., 1980). Indeed, the addition of salt ensures that the polymer is amorphous 

in nature above the glass-transition temperature, which is our aim of interest. 

 

Synthetic polymers or referred to as “plastics” are derived from petroleum. The 

use of synthetic polymers such as poly (vinyl alcohol) (PVA), poly(vinylpyrrolidinone) 

(PVP), poly(ethylene oxide) (PEO), and poly(vinylidene fluoride) (PVDF) (Kulshrestha, 

et al., 2014; Ramya et al., 2007; Vijaya et al., 2012) in the making of SBEs has been 

increasing, but these polymers are costly and not environmentally friendly as compared 

to the natural polymer. Thus, many alternatives have been considered to replace the 

electrolytes by using the biopolymer electrolytes system to overcome the drawbacks of 

using un-renewable resources.  
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Biopolymer-based polymer-salt complex electrolytes are a relatively new class of 

material and being environmentally friendly, it can replace the usage of synthetic polymer 

(Basu et al., 2012; Singh et al., 2012). Many researchers are studying the biopolymer-

based polymer-salt complexes. A review of natural polysaccharides as polymeric 

materials by Finkenstadt investigated the basics and importance of using nature-based 

electrolytes (Finkedstadt, 2005). Many green materials of SBEs have been discovered and 

used as a host polymer as they are the most abundant natural polymers on earth. A study 

on the suitable electrolytes made from alginate-based biopolymer has been conducted on 

the SBEs system. One of the efforts to preserve the environment is by learning about 

biopolymers as a host polymer. It is essential to replace synthetic polymers with a new 

system based on biopolymer that can produce green technology. 

 

1.3 Significance of research 

A few types of energies are continuously being used in our daily activities, such 

as oil, nuclear, and fossil fuels. To reduce the usage of these energies due to 

environmental concerns, environmentally friendly power sources need to be considered 

such as batteries, supercapacitors, and dye-sensitized solar cells. The concept of SBEs is 

very specific and involves multidisciplinary fields that include the disciplines of 

electrochemistry, polymer science, organic chemistry, and inorganic chemistry (Aziz, 

2013). SBEs become the center of attention among researchers due to its interesting 

properties as compared to other systems such as liquid and gel electrolytes.  

 

Recent studies have focused on electrolytes based on natural polymer due to the 

low cost of production, storage, and distribution of energy (Varshney & Gupta, 2011). 

Hence, the development of different electrolytes using natural products is vital to 

overcome the drawbacks of non-biodegradable products. Biodegradable natural 

electrolytes are already used to synthesize electrolytes for many applications, such as 

cosmetics (Al‐Hetar et al., 2011; Jyothi, 2010),  pharmaceutical (Andrade et al., 2009; 

Raphael et al., 2010), food industry (Osman et al., 2001; Vieira et al., 2007), and also in 

the preparation of new SBEs.  

 

SBEs have gained attention due to its properties such as versatility of use, 

biocompatibility, biodegradability, abundance in nature, and lower cost. The natural 
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polymer, namely alginate, an anionic polymer derivative is chosen as a host polymer to 

discover the potential of alginate as a SBEs system for application in electrochemical 

devices. In the present work, alginate is used to discover its potential as a biopolymer 

matrix. Alginate molecules are a natural polymer of polysaccharides (natural 

carbohydrate) that have the cell structure of seaweeds. It is regarded as biocompatible, 

nontoxic, and biodegradable, which explains its extensive use in modern industry sites. 

In recent times, alginate has been tested with chemical modifications to enhance its 

hydrophilic property. The dispersion of free hydroxyl and carboxyl groups along the 

backbone makes it the best candidate for chemical testing (Braccini & Perez, 2001). 

 

1.4 Objectives 

The objectives of this research are as follow: 

1. To prepare alginate doped with ammonium nitrate (NH4NO3) as a solid 

biopolymer electrolytes (SBEs) system.  

2. To identify the structural and thermal properties of the alginate doped with 

NH4NO3 SBEs system. 

3. To determine the ionic conduction and transport properties of the alginate doped 

with NH4NO3 SBEs system.  

 

1.5   Thesis Outline 

This thesis contains five chapters with each chapter describing an aspect of the 

research. Chapter 1 gives an introduction to the research including the background of the 

study, problem statement, objectives, and scope of the thesis.  

 

Chapter 2 contains the literature review, which gives an exhaustive overview of 

previous and current research on the SBEs system. The enhancement of biopolymer 

conductivity also are discussed. 

 

Chapter 3 focuses on the research methodology used in the present research. The 

detail explanation in preparation of the thin films using casting method is presented. This 

chapter describes the details of sample preparation and characterization using Fourier 

transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD) spectroscopy, and 
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thermogravimetric analysis (TGA), electrical impedance spectroscopy (EIS), and 

transference number measurement (TNM).   

 

Chapter 4 elaborates the analysis and explains the results including structural 

properties, thermal properties, ionic conduction properties, and transport properties. 

Lastly, Chapter 5 explains the conclusion of the thesis that is reflected to the objectives 

in this research and explanation with several recommendations for future studies is 

presented.  
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CHAPTER 2 

 

 

LITERATURE REVIEW 

2.1 Polymer electrolytes (PEs) 

Electrolyte is the substance that conducts electricity, which occurs between the 

anode and cathode (Saikia et al., 2008). Ionic conductors or electrolytes are one of the 

main major components in energy sources as ionic conduction gives high impact to the 

durability of devices (Hofmann et al., 2013; Rao et al., 2012). In the past three decades, 

electrochemical devices have been extensively used in our daily lives with liquid 

electrolytes (LEs) because of their excellent ionic conductivity. Yet, there are problems 

in using LEs include leakage, low stability, and corrosion reactions with the electrode 

(Kim et al., 2013). The possibility of electronic conduction also leads to its drawbacks. 

These limitations of LEs make it less appropriate for use in electrochemical devices. New 

electrolytes materials need to be developed to replace the LEs to overcome the limitations 

and subsequently become the new energy sources in the electrolytes system (Goriparti et 

al., 2014).  

 

The evolution of solid-state materials such as ceramic, glass, crystalline, and PEs 

as electrolytes were discovered in the early 1970s (Ngai et al., 2016; Ramesh & Liew, 

2010). Other developments in PEs are amorphous polymers, hybrid composite materials 

polymers, and crystalline polymers (Armand et al., 2011). PEs was introduced by Fenton 

et al. in 1973, and the importance of its technological application was acknowledged in 

the early 1980s (Shriver, 1995). PE is a membrane made from the dissolution of salts in 

a polymer matrix with high molecular weight (Ramesh & Lu, 2012). This solid solvent-

free system owns ionic conduction properties and therefore, is extensively used in 

electrochemical devices such as solid-state batteries and rechargeable batteries, especially 

lithium-ion batteries. In recent years, PEs have other medium applications in progressive 
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electrochemical, electrochromic, and electronic devices such as supercapacitors, fuel 

cells, dye-sensitized solar cells, rechargeable batteries, electrochemical sensors, analogue 

memory devices, and electrochromic windows (Kim et al., 2004; Scrosati, 1993; Vincent, 

1987). It can also be used as a separator in batteries as a replacement for the ionic solution 

(Ahmad & Isa, 2012). 

 

PEs consist of mutual characteristics, which are crystalline and amorphous phases. 

Some research works have shown that the transportation of ions happens in the 

amorphous phase rather than the crystalline phase; however, the PE host polymer is 

usually semi-crystalline (Aziz & Abidin, 2013; Aziz & Abidin, 2015). Therefore, to 

overcome the shortcomings and enhance PEs' conductivity, one of the most commonly 

applied techniques is to recover the ambient ionic conductivity. Ionic conductivity usually 

refers to the crystallinity phase and the viscosity of the PEs (Liew et al., 2014). 

Crystalline-based PEs are related to the sample with high crystallinity. It has lower ion 

mobility, which leads to low conductivity (Kam et al., 2014; Liew et al., 2014). The lower 

viscosity in PEs contributes to more holes and hence results in higher ionic conductivity 

(Liew et al., 2014). 

 

In 1975, Wright introduced ionic conductivity based on polyethylene oxide (PEO) 

of PEs. In the same year, Feuillade and Perche reported the plasticization of polymer with 

an aprotic solution containing alkali metal salts. More than one type of polymers have 

been used as the host PE. If the mixture of the structurally different polymers interacts 

without covalent bond formation, it is known as blend electrolyte. Some polymer blends 

that have been studied include PEO (Devendrappa et al., 2006), PMMA (Rho & 

Kanamura, 2006), PVDF (Hwang et al., 2008), PVA (Rajendran et al., 2003), PVC 

(Reddy et al. 2006), CMC (Saadiah & Samsudin, 2018), and carrageenan (Zainuddin & 

Samsudin, 2018). In polymer blend electrolytes, inorganic salts usually cooperate to 

become charge carriers.  

 

PEO is popular as a polymer host and has been widely investigated. PEO-based 

PE offers great potential for high energy density and high power lithium-ion batteries 

because of its ease of formation of a complex with lithium salt, flexibility, mechanical 

strength, comparatively high mobility of charge carriers, etc. Pure PEO shows both 

crystalline and amorphous phases at room temperature and has lower conductivity at 
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about  ~10-7 Scm-1 (Zhao et al., 2012). However, PEO has some shortcomings, which 

limit its performances. The poor conductivity of PEO at room temperature is due to the 

high crystallite peak present in pure PEO; the conductivity is not high enough for 

industrial applications (Itoh et al., 2003).  

 

PEs can be classified into two different types based on their physical properties 

and structures, namely gel polymer electrolytes (GPE) and solid polymer electrolytes 

(SPE). These types will be discussed in the next sub-section. 

 

2.1.1 Gel polymer electrolytes (GPE) system 

In 1975, gel polymer electrolytes (GPE) system was popular as gelionics 

(Appetecchi et al., 1994). It was first proposed by Feuillade and Perche (1975). GPE is 

formed by heating a combination of a suitable polymer matrix such as poly(ethylene 

oxide) (PEO), an alkali metal salt such as a lithium salt, and a solvent. GPE incorporates 

both the diffusive property of liquids and cohesive property of solids (Saaid, Rodi, & 

Winie, 2017).  

 

GPE system has its own advantages such as high ionic conductivity, low volatility, 

low reactivity, good operation safety, and also good chemical, mechanical, 

photochemical, electrochemical, and structural stabilities (Ramesh & Wen, 2010; Saikia 

et al., 2011). It is also light in weight, solvent-free, possesses a wide electrochemical 

window, high-energy density, good volumetric stability, and is easily configured into a 

desired size and shape (Adebahr et al., 2003; Nicotera et al., 2006; Stephan, 2006; Uma 

et al., 2005). The interesting behavior of GPE increases its safety and applicability in 

modern electronics. The usage of GPE in battery avoids leakage and internal shorting and 

therefore lengthens shelf life (Kim et al., 2003). The unique behavior of GPE makes it a 

choice of electrolyte to replace the LEs. 

 

GPE system has several shortcomings, which deters its usage in wider practical 

applications. The impregnation with liquid electrolytes leads to poor mechanical strength  

(Kim et al., 2008;  Zhang et al., 2011). Insufficient mechanical strength refers to the 

inability to prevent the stress between the electrodes (Kim et al., 2003), the release of 

volatiles, and the increased reactivity to the metal electrodes (Jacob, Hackett, & 
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Giannelis, 2002). Nevertheless, this unexpected outcome can be reduced with the addition 

of fillers or nanomaterials to the samples  (Zhang et al., 2011). Table 2.1 shows the GPEs 

from previous studies. 

Table 2.1 Gel polymer electrolyte (GPE) and its conductivity from previous studies 

  Gel polymer electrolytes 

               system 

Conductivity 

(S cm-1) 

References 

poly(methyl methacrylate)-grafted/ 

lithium triflate/ ethylene carbonate 

MG30:LiTf:EC 

8.95 × 10−3 (Ali et al., 2013) 

PVDF-HFP/SN-BMImBF4 5.00 × 10−4 (Pandey et al., 2016) 

PVDF/PMMA/TiO2 3.90 × 10−3 (Zhou et al., 2013) 

HNT-PEI 5.30 × 10−3 (Wang et al.,  2018) 

LC/PEG 3.22 × 10−3 (Song et al., 2017) 

guar gum (GG)+ LiClO4+glycerol 2.22 × 10−3 (Sudhakar et al., 2014) 

 

2.1.2 Solid polymer electrolytes (SPEs) 

Wright (1975) launched the research on SPEs system and spread it extensively 

among the researchers. Armand et. al (1979) had verified the technological application of 

SPEs in electrochemical devices. A “dry solid” polymer electrolyte based on PEO was 

the first SPEs investigated (Fenton et al. 1973). This is a solvent-free system that does 

not use organic liquid. The performance of this PEO-based SPEs system was 

unsatisfactory due to the poor ionic conductivity at room temperature (Ramesh & Liew, 

2012). 

 

The realization of utilizing SPEs system in power sources is mainly due to certain 

advantageous features such as the feasibility of high ionic conductivity, non-volatility, no 

decomposition at the electrodes, no possibility of leaks, shape flexibility, wide 

electrochemical stability window, higher temperatures of operation, superior structural 

stability and so on. SPEs possess many interesting features such as solvent-free, leak-

proof, low volatility, and also high thermal, electrical, mechanical, volumetric, and 

electrochemical stabilities. Other promising properties are light in weight, high ionic 

conductivity, high automation process, superior mechanical strength, high energy density, 

flexibility, and easy to process or fabricate and configure into various geometries.  
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Previous studies reported that there are different forms of SPEs, namely solid or 

gel ion-conducting membranes consisting of an ionic salt dispersed in a polymer matrix 

forming ionically conducting solid solutions. SPEs are solid ionic conductors that are 

formed by dissolving salt in host polymers with high molecular weight. They are usually 

prepared through an economic and reliable process in the form of semi-solid or solid state 

(Hsu et al., 2014; Kaneko et al., 2004; Majid & Arof, 2007; Sequeira & Santos, 2010; 

Singh et al., 2014; Singh et al., 2015). Like GPEs, SPEs system eliminate the occurrence 

of hazardous gas or corrosive solvent liquid leakage and offer a longer shelf life and wider 

operating temperature range.  

 

The main disadvantages of GPEs are increased reactivity with lithium metal 

electrode, solvent volatility, and poor mechanical stability at a high degree of 

plasticization due to its gel type nature (Jacob et al., 2003). To preserve the desired 

mechanical characteristics of GPEs, these films have to be hardened either by chemical 

or physical curing process (high energy radiation), which results in high processing costs 

(Stephan & Nahm, 2006). Due to these reasons, SPEs system become the preferred choice 

among researchers for the electrolytes system. 

 

However, SPEs system have some shortcomings, such as low conductivity at 

ambient temperature and high interfacial resistance. The use of SPEs system is limited by 

their propensity to crystallize whereas the high ionic conductivity is related to the 

amorphous phases. Some of the basic considerations to be a host polymer include features 

such as amorphous or low crystalline phases, involve polar groups such as O, N, S, and 

F, the molecular chain has a high molecular weight, and sufficient electron pair donors to 

coordinate with cations. The polymer is predicted to have a very small in glass transition 

temperature (Tg), i.e., higher flexibility of the polymer chain, which facilitates fast ion 

conduction and provides dissociation of salt that enhances only whenever the lattice 

energy of the selected salt and cohesive energy of the polymer are lower. Other than that, 

the fabricated material of the electrolytes needs to be stiff in order to form a device 

(Suthanthiraraj & Johnsi, 2017).  Table 2.2 shows the SPEs system from previous studies. 
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Table 2.2 Solid polymer electrolytes (SPEs) from previous studies.  

Solid polymer electrolytes Conductivity, σ 

(S cm-1) 

References 

Dextan-chitosan- ammonium 

thiocyanate (NH4SCN) 

1.28 × 10−4 (Kadir & Hamsan 2018) 

 

polyethylene oxide (PEO)- 

LiClO4 

6.64 × 10−5 (Gurusiddappa  et al., 2016) 

PEO-PVP-NaPO3 1.07 × 10−5 (Chandra, 2013) 

Polyacrylonitrile (PAN)-

ammonium hexafluorophosphate 

(NH4PF6) 

3.90 × 10−3 (Karthikeyan et al., 2016) 

 

starch-chitosan- LiCF3SO3 + 

glycerol 

1.32 × 10−3 (Amran et al., (016) 

 

PVP-NH4SCN 1.70 × 10−4 (Ramya & 

Selvasekarapandian 2014) 

 

SPEs have emerged as the key in ionic conducting materials due to its interesting 

characteristics as discussed before. The aim of this research is to find a new type of 

biopolymer electrolytes that can be used as an alternative material for application as 

current industrial materials. With various types of biomaterial selections in the market, 

the product cost can be reduced. Typically, ionic conduction in PEs is governed by the 

salt concentration as well as the interaction of the polymer host with salt. 

 

2.2 Solid bio-polymer electrolytes (SBEs) system 

PEs based on petrochemicals have been widely investigated and are well known 

for causing environmental problems and expensive costs. It is possible to solve these 

problems by applying bio-polymers electrolyte as a host (Campo, Kawano, da Silva Jr, & 

Carvalho, 2009;  Kumar, Tiwari, & Srivastava, 2012; Samsudin, Khairul, & Isa, 2012). 

The bio-based polymers are also promising candidates to be used as an electrolyte that 

meets different requirements especially to address the main issue of the synthetic 

polymer, which is insoluble in solution (Ma et al., 2007). SBEs system are believed to 

function as thin films due to their desirable size, good mechanical properties, and good 

contact with electrode materials (Winie et al., 2009). Thus, extensive work has been done 

to welcome the biopolymer electrolytes by using natural polymer.  

 

Some biodegradable polysaccharides are appropriate to be used as the polymer 

matrix in the SBEs, such as alginates, cellulose, starch, cellulose, chitosan, kappa-

https://www.sciencedirect.com/topics/chemistry/electrolyte
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carrageenan, pectin, chitin, lignocellulosic materials, hyaluronic acid, agarose, 

polylactides, polyhydroxyalkanoates (bacterial polyesters), and soy-based plastics (Ma et 

al., 2007; Ma, Yu, & Zhao, 2006). This is due to their popular characteristics, which are 

richness and abundance in nature. As a comparison, Li+ exhibits higher energy capacities 

than the proton conducting SBEs system, but in contrast, SBEs system have no safety 

issues and use cheap electrode and electrolytes materials, which can reduce the cost of 

production of the electrolyte system (Shukur et al., 2015). As mentioned earlier, polymer 

originally is an insulator and has very low conductivity value at room temperature. The 

conducting polymer is produced by doping the polymer with acids or ammonium salts. 

This is due to the mobile ion, proton (H+) originating from acid or salt, which loosely 

bonds, and proton exchange occurs under the influence of an electric field. Thus, the 

polymer-acid or salt system becomes a proton conductor. Conduction takes place when 

protons from the acid/salt hop via each coordinating site of the polymer host. The 

development of new electrolyte materials for PEs and their application create an 

opportunity for new types of electrochemical devices, which may themselves, in turn, 

revolutionize many industrial areas. Many studies have been conducted by using natural 

polymer as biopolymer electrolytes, as listed in Table 2.3. 

 

Table 2.3 Solid bio-polymer electrolytes (SBEs) from previous studies 

SBEs Conductivity 

without dopant, σ 

(S cm-1) 

Conductivity with 

dopant, 

σ (S cm-1) 

References 

CMC-AC 1.00 × 10−7 1.43 × 10−3 (Ahmad & Isa, 2015) 

 MC-NH4I 2.00 × 10−10 5.08 × 10−4 (Salleh et al., 2016) 

CMC-DTAB 0.38 × 10−5 7.72 × 10−4 (Samsudin & Isa, 2012) 

Alginate-NH4Br 4.67 × 10-7 4.41 × 10-5 (Fuzlin et al.,(2018) 

 K-carrageen -

NH4SCN 

4.81 × 10-6 6.83 × 10-4 (Selvin et al., 2018) 

CMC-NH4SCN 1.00 × 10-7 6.48 × 10-5 (Noor & Isa, 2016) 

I-Carrageenan-

NH4Br 

1.46 × 10-5 1.08 × 10-3 (Karthikeyan et al., 

2017) 

 

Among these well-known biodegradable natural polysaccharides, alginate as a 

polymer host is highlighted in this present work for the SBEs system. Alginate or known 

as algin, a natural anionic polymer extracted from brown seaweeds types, such as kelp, is 

a principal component of the cell membrane with other substances. Surprisingly, alginate 

can produce an “egg-box” form that can have complexed metal ions (Chtchigrovsky et 
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al., 2012; Davis et al., 2003; Fourest & Volesky, 1997; William & Edyvean, 1997). 

Alginate possesses some superior properties such as being biocompatible, non-

immunogenic, non-toxic, and most importantly, biodegradable. It is attracting the 

attention of researchers in their quest to reduce the load on the environment (Fuzlin et al., 

2018). Alginate is widely used in the pharmaceutical and food industries (Downs et al., 

1992; Liu et al., 1997). Alginate is believed to speed up the process of wound healing as 

it can control the moisture of the microenvironment (Lee & Mooney, 2012).  It is used as 

an energy storage material (Liu et al., 2016; Lv et al., 2016; Sun et al., 2017). The 

derivation of seaweed-based alginate is believed to give high performance in 

electrochemical materials, which can enhance energy conversion and storage (Li et al., 

2015; Yang et al., 2014). 

 

Alginate is a relatively economical biopolymer with compositions of α-1, 4-L-

glucuronic acid (G units), and poly-β-1, 4-D-mannuronic acid (M units) which can 

provide rich ester groups (COO−) for adsorbing cation with the empirical formula, 

NaC6H7O7 (Yang et al., 2014). Alginate can be dissolved in water, but it is not completely 

soluble in some organic solvents. Chemical components of alginate belong to 

carbohydrate. It only contains free carboxylate (COO-), and it is a macromolecule 

heteropolymer brought by copolymerization between mannuronic acid and guluronic 

acid.  

 

Thus, the natural polymer material in SBEs system is chosen as the polymer host 

even though very few studies have reported of using alginate with ammonium salts, and 

polymer has shown relatively low ionic conductivity. Several methods will be focusing 

on to enhance the ionic conductivity because alginate is believed to have a good potential 

as a host polymer in the electrolytes system. 

 

2.3 Enhancement of SBEs system conductivity 

In recent years, some methods have been proposed to enhance ionic conductivity 

in the electrolytes system. Ionic conductivity can be enhanced with the addition of salt as 

ionic dopant, copolymerization, polymer blending, plasticization, and also by 

incorporating ceramic fillers (Amaral et al., 2015; Han et al., 2002; Ng & Mohamad, 

2006; Rajendran & Sivakumar, 2008). Previous studies have shown that ionic dopant 
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presents the cheapest and simplest technique (Monisha et al., 2017; Sohaimy & Isa, 2016; 

Voigt & van Wüllen, 2012). The addition of a suitable ionic dopant is a common and 

favorable method, and the product of this process is called biopolymer salt complexes.  

 

In the study of SBEs system, the main aspect that gains attention is its ionic 

conductivity at ambient temperature. As mentioned earlier, the ionic conductivity of 

polymer electrolyte is lower at room temperature (Schaefer et al., 2012) due to its dual 

features, which is partially amorphous and crystalline (Samsudin & Isa, 2012). The ionic 

dopant method is the best way for enhancing ionic conductivity because it is the easiest 

and the cheapest. This conductivity enhancement can be explained by the diffusion of 

free mobile ions, which can trigger conduction and hence, improve the ionic conductivity 

of the host polymer (Karthikeyan et al., 2016; Ma et al., 2016). The role of ionic dopant 

is to provide more ionic conducting species inside the polymeric matrix, for example, 

lithium-based electrolyte where Li+ functions as the conducting species. Beside, H+ acts 

as the conducting species in the proton-based electrolyte system. 

 

The polymer-salt complexation system or salt-in-polymer electrolytes were 

studied in depth by (Armand et al., 1978). Recently, PEs that have sodium salts have 

gained some attention. The incorporation of sodium salts in PEs has a few benefits over 

their lithium medium. The softness of sodium resources makes them easy to use and 

handle with other components in the device (Reddy et al., 2006). Research on the 

development of sodium ions has received great attention from researchers (Vignarooban 

et al., 2016) as it is cheaper than lithium (Li). The similarities in chemical properties 

between sodium and lithium make them suitable to be used as an electrolyte. In addition, 

sodium has several advantages to be used in the battery such as environmentally friendly, 

non-toxic, and low cost (Li et al., 2016).  

 

  (Samsudin et al., 2012) stated that in polymer salt complexation, proton 

conduction could occur by lone pair migration or proton-carried migration mechanisms. 

According to (Ahmad & Isa, 2016), their study of SBEs system on CMC doped with 

NH4CI found that lone proton migration of H+ is more possible. With the addition of an 

ionic dopant, the amorphousness of the sample becomes higher. Similar behavior was 

also reported by other researchers (Chai & Isa, 2013; Kamarudin & Isa, 2013; Sit et al., 

2012) where they believed that the amorphousness of the samples is important to obtain 
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good conductivity. Hema et al. (2009) stated that there are interactions between 

ammonium ions with the polymer host, CMC. A similar work by Kamarudin and Isa 

(2013) found that the addition of salt in the electrolytes system increased the dissociation 

of H+. Furthermore, the enhancement of ionic conductivity can be related to the Arrhenius 

law of various polymer salt electrolytes at different temperatures. (Fuzlin et al., 2018) 

have studied alginate-NH4Br of SBEs and found that the SBEs system behavior was in 

line with the Arrhenius behavior since ionic conductivity was found to increase from 303 

K to 353 K. They assumed that the regression value of R2 was close to unity, indicating 

that with the addition of NH4Br, the sample’s conductivity was a thermally activated 

process. The process of transportation of ions occurred when the ions jumped into 

neighbouring vacant sites, thus the ionic conductivity increased (Buraidah et al., 2009; 

Sit et al., 2012). 

 

2.3.1 Ammonium salt dopant 

Ammonium salt as an ionic dopant acts as a proton conductor of H+ as it provides 

ions for the SBEs to enhance the ionic conductivity value (Radha et al., 2013; Salleh et 

al., 2016).  It is the source of the charge carrier (conducting species) in PEs, which is vital 

in ionic conductivity that gives effects to the miscibility of polymer pairs and morphology 

of electrolytes through the interaction of ions. The Incorporation of ammonium salt has 

many benefits, including increasing the ionic conductivity from ~10-7 Scm-1 to ~10-3 Scm-

1 (Ahmad & Isa, 2015). 

 

In this research, ammonium nitrate (NH4NO3) has been used as a salt dopant in 

the development of alginate complexes-based SBEs system. Previous studies revealed 

that chitosan–NH4NO3 based electrolytes had shown complexation between the nitrogen 

of the amine functional group in chitosan with the cation of the salt (Majid & Arof, 2005; 

Majid & Arof, 2008). (Khiar & Arof, 2011) stated that the complexation of 

starch/chitosan with NH4NO3 has a conductivity of 3.89 ± 0.79 × 10− 5 Scm-1. The work 

done by (Ng & Mohamad, 2006) showed proton conductivity of 9.93 × 10−3 Scm-1 for 

plasticized chitosan with NH4NO3. (Kamarudin & Isa 2013) reported that their system 

gave the conductivity value of 7.71 × 10− 3 Scm-1 for CMC with NH4NO3. (Monisha et 

al., 2017) presented the proton conductivity value of 1.02 × 10− 3 Scm-1 for cellulose 

acetate doped with NH4NO3. Proton conductivity value of 1.03 × 10− 3 Scm-1 for agar-
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agar with NH4SCN was reported by (Selvalakshmi et al., 2017). (Premalatha et 

al., 2016) reported proton conductivity value of 2.85 × 10− 4 Scm-1 for tamarind 

seed doped with NH4SCN. (Boopathi et al., 2016) claimed the value of conductivity for 

agar-agar doped with NH4NO3 was 1.09 × 10− 3 Scm-1. The natural polymer has anionic 

polysaccharide in its backbone, which has high affinity to proton ions (Monisha et al., 

2017). Normally, the differential of the host polymer and ionic dopant can be explained 

in term of its motion of ions in electrolytes system which governed by the degree of 

crystallinity (Kumar et al., 2011), salt content (Idris et al., 2009; Sit et al., 2012) as well 

as the nature of polymer and ionic dopant. Table 2.4 shows some information on solid 

biopolymer electrolytes (SBEs) using NH4NO3 used from previous study with its ionic 

conductivity.  

 

Table 2.4 Solid biolymer electrolytes (SBEs) using  NH4NO3 from previous 

studies. 

Solid polymer- electrolyte Conductivity, σ  

(S cm-1) 

References 

MC -NH4NO3 2.10 × 10-6 (Shuhaimi et al., 2010) 

Agar-NH4NO3 1.09 × 10-3 (Boopathi et al., 2017) 

CMC-NH4NO3 7.71 × 10-3 (Kamarudin & Isa, 2013) 

Cellulose acetate-NH4NO3 1.02 × 10-3 (Monisha et al., 2017) 

2-HEC-NH4NO3- EC 1.17 × 10-3 (Hafiza & Isa, 2018) 

 

Ammonium salt is considered a good dopant where the H+ ions from ammonium 

become a possible proton donor when doped in polymer/biopolymer. Ammonium salt is 

selected as it is proven to be a good proton donor to the electrolytes system (Buraidah et 

al., 2009; Chandra et al., 1990; Kumar & Sekhon, 2002; Samsudin et al., 2012). The 

previous work done by Aziz et al. (2010) was based on methyl cellulose (MC) and 

ammonium fluoride (AF) as one of the potential polymer-salt systems in electrolytes. The 

proton-conducting SBEs system has the highest conductivity of 6.4 x 10-7 Scm-1, obtained 

at room temperature upon the addition of 18wt. % of AF. The ionic mobility and diffusion 

coefficient obtained for the system were in good agreement with the increment of the 

weight percentage (wt. %) of ammonium salt content. The cellulose-based system was 

successfully formulated with another polymer-salt system consisting of hydroxyethyl 

cellulose (HEC) by (Sit et al., 2012).  By doping NH4Br in polymer-salt complexes, they 

managed to get the optimum value of ionic conductivity and good electrochemical 

properties with conductivity of ~10-4 Scm-1, and the increase in ionic conductivity was 

https://www.sciencedirect.com/topics/materials-science/polysaccharides
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due to the migration of proton H+ ions from ammonium salts. Other ammonium salts 

studied include NH4I (Maurya et al., 1992), NH4SO3CF3 (Ali, Mohamed, & Arof, 1998), 

and (NH4)SCN (Vahini & Muthuvinayagam, 2018), which were used as doping salts. 

These results proved that ammonium salts are good candidates to be used as a dopant in 

polymer-salts complexes system and are also a proton conductor in the electrolytes 

system. 

 

Based on this background, the present work was carried out using alginate-based 

SBEs doped with ammonium nitrate. To the best of our knowledge, the alginate doped 

with ammonium nitrate SBEs system has never been studied and reported by others. The 

alginate–NH4NO3 SBEs produced were explored in terms of its potential to be used as 

proton conducting electrolytes using electrical impedance spectroscopy (EIS), 

transference number measurement (TNM), Fourier transform infrared spectroscopy 

(FTIR), and X-ray diffraction (XRD). In addition, an ion-movement model and free ions 

mobile observation were studied for the doped SBEs system to gain new knowledge and 

understanding of the complexation within the components affecting the changes in 

conductivity in this system. Table 2.5 shows some information on ammonium salt used 

from previous study with its ionic conductivity. 

 

Table 2.5 Types of ammonium salt used in electrolyte system 

Polymer-salt electrolyte Conductivity, σ 

(S cm-1) 

References 

CMC-NH4F 2.68 × 10-7 (Ramli & Isa, 2015) 

PVA-CH3COONH4 9.29 × 10-3 (Wen Liew et al., 2015) 

MC- NH4F 6.40 × 10-7 (Aziz et al., 2010) 

Alginate-NH4Br 4.41 × 10-5 (Fuzlin et al., 2018) 

MC/potato starch-NH4NO3 4.37 × 10-5 (Hamsan et al., 2017) 

Chitosan/PVA- NH4NO3 2.07 × 10-5 (Kadir et al., 2010) 
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CHAPTER 3 

 

 

RESEARCH METHODOLOGY 

3.1 Introduction 

This chapter discusses the methodology of the present research that is divided into 

two parts, which are the first part is the preparation of solid biopolymer electrolytes 

(SBEs) and are the second part is the characterization of solid biopolymer electrolytes 

(SBEs) to achieve the objectives of this research. The entire experimental work in this 

research was carried out as presented in the flowchart in Figure 3.1.  

 

3.2 Phase 1: Preparation of SBEs 

In this present research, the SBEs system was prepared via the solution casting 

technique in ambient temperature. The alginate was prepared with various content of 

NH4NO3 from 5 wt. % until 35 wt. %. The alginate acts as electron donor to interact with 

cations from NH4NO3 to contribute the ion conduction of the SBEs system.  

 

3.2.1 Materials 

The SBEs films consisted of alginate, which was obtained from Shaxii Orient Co. 

with molecular weight (M.W.) ~10,000 acting as the bio-polymer host. In this research, 

ammonium nitrate (NH4NO3) (M.W.) of 80.043 g/mol from Merck KGaA was used as 

the ionic dopant, and distilled water was used as the solvent to prepare the sample. In this 

work, the alginate and NH4NO3 are based on powder form and mix with water to form a 

solution.  
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Figure 3.1  Overall view of experimental work in this research 

                                    

3.2.2 Preparation of SBEs system films 

Alginate was weighed 2.00 g with different contents in weight percent (wt.%) of 

NH4NO3 as calculated using equation 3.1. Then, distilled water was added and stirred 
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continuously until the solution appeared completely homogeneous. After a homogeneous 

solution was obtained, the mixture was cast into different glass Petri dishes and left to dry 

in the oven (55 °C) until alginate-NH4NO3 SBEs system films were formed. Lastly, the 

SBEs films were kept in the desiccator for further drying. Table 3.1 shows the list of 

sample content and their designation for the SBEs system.  

Table 3.1 List of sample with their content respectively 

  

The amount of NH4NO3 used was calculated using equation 3.1 below: 

wt. % = 
𝑥

𝑥+𝑦
 ×  100% 3.1 

 

3.3 Phase 2: Characterization of SBEs system 

Four different types of instruments were used to characterize the prepared 

alginate-NH4NO3 SBEs system, including Fourier transform infrared (FTIR) 

spectroscopy, X-ray diffraction (XRD) spectroscopy, thermogravimetric analysis (TGA), 

electrical impedance spectroscopy (EIS), and transference number measurement (TNM). 

 

3.3.1 Fourier Transforms Infrared Spectroscopy (FTIR) 

FTIR is the best tool for identifying the type of materials. FTIR spectroscopy has 

been used to explore molecular interactions occurring between the polymer host and salt 

system. The sample was tested whether using attenuated total reflectance infrared (ATR-

Designation Weight percentage 

(wt. %) 

Ammonium nitrate 

(g) 

S0 0 0.000 

S1 5 0.1053 

S2 10 0.2222 

S3 15 0.3529 

S4 20 0.5000 

S5 25 0.6666 

S6 30 0.8571 

S7 35 1.0769 

where, x is the weight of NH4NO3 in gram, g 

 y is the weight of alginate in gram, g 

 wt. % is the weight percentage of NH4NO3 
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IR) for films sample and using solid materials with potassium bromide (KBr) for sample 

pure alginate in powder and ammonium nitrate powder. Besides, FTIR can detect the 

presence of impurities and confirm the pure compound through a collection of absorption 

bands. In this present research, the prepared samples were characterized via Perkin Elmer 

FTIR to obtain IR spectrum of the samples, as shown in Figure 3.2. The Fourier transform 

has an absorption or transmittance spectrum as a function of wavenumber (cm-1). Some 

of the samples had been cut and put on a solenoid crystal; then the infrared light went 

through the prepared samples from wavenumber of 700 to 4000 cm-1 with a resolution of 

2 cm-1. While for the sample using (KBr) procedure, the prepared powder materials 

(alginate and NH4NO3) were subjected to high pressure to obtain (KBr) pellet. In general, 

the FTIR converts the collected spectra data from an interface pattern to a spectrum. The 

pattern of this analysis shows complexation between the materials, whether it shifts or 

has differences in term of intensity.   

 

 

Figure 3.2 Perkin Elmer FTIR spectroscopy 

 

3.3.2 X-ray Diffraction (XRD) 

XRD was performed to determine the nature of the alginate and ammonium nitrate 

complexes whether crystal or amorphous. The chaos in the crystalline peaks can be valued 

by measuring the crystallite sizes according to the radial widths ∆(2θ) of the reflections 

at a scattering angle 2θ by the Scherrer equation (Murthy, 2004). The broad peaks 

observed in the XRD pattern indicated the amorphous nature of materials (Jayalakshmi 

& Sivadevi, 2018). The XRD measurements were performed using MiniFlex II from 

Rigaku using monochromatic Cu-Kα radiation sources with 1.5406 Å wavelengths. The 



23 

sample was placed onto a glass slide and then placed in the sample holder of the 

diffractometer with a sample area of 1.5 cm × 1.5 cm. X-ray spectra were formed when 

electrons had abundant energy to remove inner-shell electrons of the materials. The 

intense reflected X-rays are produced when the wavelengths of the scattered X-rays 

interfere constructively due to a crystal is bombarded with X-rays of fixed wavelengths 

and at definite incident angles. The common relationship between the angle of incidence 

X-rays, the spacing between lattice planes of atoms, and the wavelength of incident X-

rays is known as Bragg’s Law, as shown in equation 3.2. In this present work, alginate 

and ammonium nitrate biopolymer electrolytes were scanned at 2θ angles between 5˚ and 

80˚. The x-ray diffraction is shown in Figure 3.3. 

nλ = 2d sin θ 3.2 

where,  n  = integer 

            λ   = is the wavelength of the incident X-ray beam 

            d  = is the distance between atomic layers in a crystal 

            θ  = Bragg angle 

 

 

Figure 3.3 Rigaku Miniflex II Diffractometer 

 

3.3.3 Thermogravimetric analysis (TGA) 

The thermal stability of the obtained alginate-NH4NO3 polymer films was 

observed using NETZSCH TG- DTA 2010SA of TGA measurement as set up in Figure 

3.4. The samples were placed into an aluminium pan and tested in various temperatures 

ranging from room temperature to 536 °C with a scan rate of 10 °C/min, with nitrogen 
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flow. The samples were carefully weighed at about ~4 mg and were subjected to TGA to 

determine the thermal stability range and decomposition characteristics of the SBEs. The 

TGA data of all SBEs samples were analyzed according to two possible aspects: (1) the 

content of alginate-NH4NO3 by temperature and (2) the thermal stability of each sample 

of the alginate-NH4NO3 SBEs system. This instrument can also verify the loss of water, 

loss of solvents, and weight percentage of ash. The TGA analysis can serve as a guideline 

to relate the results of the FTIR study where it provides the information of complexation 

between the alginate and NH4NO3 in the SBEs system.  

 

 

Figure 3.4 TG/DTA 2010SA of TGA measurement 

 

3.3.4 Electrical Impedance Spectroscopy (EIS) 

The ionic conductivity, as well as electrical and conduction mechanism of the 

prepared samples were characterized via EIS using HIOKI 3532-50 LCR Hi-TESTER 

interfaced with a computer as shown in Figure 3.5. The EIS was similarly used in other 

works (Ahmad & Isa, 2016; Shukur et al., 2014; Taib & Idris, 2014). The measurements 

used the frequency range from 50 Hz to 1 MHz at ambient temperature. This analysis was 

carried out by sandwiching each sample of thin film between two stainless steel electrodes 

with a spring pressure on it. The SBEs system samples were cut into a suitable size and 

the thickness of each prepared SBEs system sample was measured using a digital 

micrometer screw gauge (Figure 3.6). The EIS machine recorded the real resistance and 

imaginary capacitance part of the response of the system. The imaginary impedance (Zi) 

was plotted against real impedance (Zr) while the bulk resistance (Rb) was taken from the 
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intercept of the semi-circle line and spike line. The ionic conductivity of each sample was 

calculated using the equation below: 

 

𝜎 =
𝑡

𝑅𝑏𝐴
 

         3.3 

where t is the thickness of the electrolytes, Rb is bulk resistance, and A is the electrode’s 

electrolyte contact area (cm2). The conductivity measurement was tested at different 

temperatures from 303 K to 343 K. 

 

Based on the EIS measurement, the complex impedance data (Z*) is represented 

by its real (Zr) and imaginary (Zi) through the equation: 

 

Z* = Zr + Zi          3.4 

The plot of impedance analysis may not be exactly the same for all tested samples 

as the instrument itself depends on the behavior of the tested sample either wet or dry. To 

further study the conduction of ion among all the alginate- NH4NO3 SBEs system, 

frequency-dependent parameters were obtained using the impedance modulus |Z| and 

phase shift (θ) using the EIS technique. According to Macdonald (1987), the relationship 

between complex impedance, admittance, permittivity, and electrical modulus can be 

obtained. The formulation for the dielectric study is discussed in the next section.  

 

 

Figure 3.5 HIOKI 3532-50 LCR Hi-Tester interfaced to a computer 
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Figure 3.6 A digital micrometer screw gauge 

 

For further study in electrical study, the dielectric constant, εr and dielectric loss, 

εi are determined and calculated with using the following equation:   

 

𝜀𝑟 =
𝑍𝑖

𝜔𝐶𝑜(𝑍𝑟
 2 + 𝑍𝑖

 2)
 

3.5 

𝜀𝑖 =  
𝑍𝑟

𝜔𝐶𝑜(𝑍𝑟
 2 + 𝑍𝑖

 2)
 

3.6 

where,  Co = εoA/t 

             ω = 2πf 

              A = Electrode-electrode contact area 

              t   = thickness of sample 

                          f   = frequency 

The complex electric modulus (M*) is used to investigate the conductivity 

relaxation phenomena. It also needed to suppress the effects of electrode polarization and 

bulk dielectric properties of the SBEs system. The real modulus, 𝑀𝑟  and imaginary 

modulus, 𝑀𝑖 was calculated using the following equation:   

 

𝑀𝑟 =
𝜀𝑟

(𝜀𝑟
 2 + 𝜀𝑖

 2)
 

3.7 

𝑀𝑖 =
𝜀𝑖

(𝜀𝑟
 2 + 𝜀𝑖

 2)
 

3.8 
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3.3.5 Transference Number Measurement (TNM) 

SBEs system are ionic conductors in electrolytes system. TNM was conducted to 

determine the mechanism of the transference ions for biopolymer electrolytes system by 

using the direct current (DC) Wagner’s polarization technique (Monisha et al., 2017). 

Each sample was sandwiched between two stainless steel blocking electrodes and the 

current through the circuit was monitored with the time until it saturated at room 

temperature. The circuit was set up as shown in Figure 3.7 by using fixed dc voltage 1.5 

V and the experimental arrangement for measuring ionic transference number shown in 

Figure 3.8. 

 

 

Figure 3.7 The Digital Auto-ranging True RMS Multimeter interfaced to computer 

 

 

Figure 3.8 Experimental arrangement for measuring ionic transference number  

 

According to Linford (1988), the cationic transference numbers of the SBEs 

system need to be determined using the dc polarization technique. The ionic proton 
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transference number (tion) and electron transference number (tele) are based on the 

equations below: 

 

                                       tion= 
𝐼𝑠

𝐼𝑖
                                                                   3.9 

 

                                                   tele   =  
𝐼𝑖−𝐼𝑠

𝐼𝑖
                                                            3.10 

where,  Ii   = Initial current 

             Is   = Saturated current 

            tion  = Transference number 

             tele = Electronic current 

  

 

             The current or charge carrier is purely ionic when tion = 1 (Aziz et al., 2010; Chai 

& Isa, 2013a). Once the transference number (tion) was measured and calculated, the 

contributing ionic species toward σ in this system was determined using equations (3.11) 

and (3.12) for diffusion coefficient, D, and mobility, µ, of conducting species.  

 

                                              tion
 = 

𝜇+

𝜇+  + 𝜇−
 = 

𝜇+

𝜇
                                                            3.11 

 

                                                 tion
 =  

𝐷+

𝐷+  + 𝐷−
 = 

𝐷+

𝐷
                                          3.12 

where,  𝜇+  = Ionic mobility cation 

             𝜇− = Ionic mobility anion 

             𝐷+ = Diffusion coefficients cation  

             𝐷− = Diffusion coefficients anion 
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CHAPTER 4 

 

 

RESULT AND DISCUSSION 

4.1 Introduction 

In this chapter, the structural and physical properties of the SBEs system are 

analyzed using different techniques to achieve the objectives of this research.  

 

4.1.1 Physical appearances of the samples 

  Figure 4.1 shows the SBEs films, which are transparent, clear, flexible, self-

standing thin films with good appearance properties. In this work, the samples of alginate-

NH4NO3 from S0 to S7 in solid forms which showed a solid property and good stability.  

 

 

 

Figure 4.1 Clear and transparent solid film 
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4.2 ATR-FTIR spectra on Alginate 

The structure of alginate by using Gaussian software is presented in Figure 4.2. 

Figure 4.3 presents the FTIR spectrum of alginate. The characteristic band at 3300 cm-1 

corresponds to the -OH stretching band, 2890 cm-1 corresponds to -CH stretching, 1580 

cm-1 and 1400 cm-1 correspond to COO- stretching, and 1030 cm-1 corresponds to the C-

O-C band. Table 4.1 shows the functional groups of alginate in the present system.  

 

Figure 4.2 The structure of alginate  

Source: Rasali & Samsudin, (2018) 

 

 

Figure 4.3 FTIR spectra of alginate powder 
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Table 4.1 The assignment of alginate with their references 

Polymer Wavenumber (cm-1) Assignment References 

Alginate 

1043 C-O-C 

stretching 

(Chen et al., 2017; 

Helmiyati & Aprilliza 2017; Kanti 

et al., 2004) 

1627 and 1440 COO- 

stretching 

(Solanki et al., 2016; Li  et al., 2008; 

Helmiyati & Aprilliza, 2017) 

3002 C-H 

stretching 

(Solanki et al., 2016; Li et al., 2008; 

Helmiyati & Aprilliza 2017) 

3413 O-H 

stretching 

(Solanki et al., 2016; Li et al., 2008; 

Helmiyati & Aprilliza 2017) 

 

4.2.1 ATR-FTIR spectra on NH4NO3  

The structure of NH4NO3 is presented in Figure 4.4. Figure 4.5 presents the FTIR 

spectrum of NH4NO3. Figure 4.5 shows the ATR-IR spectra of pure NH4NO3 in the region 

of 700–40000 cm-1. The band at 713 and 827 cm-1 corresponds to the symmetric bending 

(NO3
-), 1041 and 1286 cm-1 for symmetric bending and stretching (NO3

-) respectively. 

(N-H) band at 1408 cm-1 while 3057 and 3238 cm-1 were assigned to the asymmetric 

stretching (NH4
+) band.   

 

Figure 4.4 The structure of ammonium nitrate 
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Figure 4.5 FTIR spectra of NH4NO3 powder 

 

Table 4.2 The assignment of ammonium nitrate with their references 

Material Wavenumber (cm-1) Assignment References 

 
713 Symmetric bending 

 (NO3
- 
) 

(Moniha et al., 2018; 

Rani et al., 2016) 

Ammonium 

nitrate 

827 Symmetric bending 

(NO3
- 
) 

(Bourahla et al., 2014; 

Kamarudin & Isa, 2013; 

Shuhaimi et al., 2009; 

Wu et al., 2007) 

1040 Symmetric 

stretching 

(NO3
- 
) 

(Bourahla et al., 2014; 

Kamarudin & Isa, 2013;  

Shuhaimi et al., 2009; 

Wu et al., 2007) 

1286 Asymmetric 

stretching (NO3
- 
) 

(Bourahla et al., 2014; 

Kamarudin & Isa, 2013;  

Shuhaimi et al., 2009; 

Wu et al., 2007)  

1408 N-H band (Kamarudin & Isa 2013; 

Shuhaimi et al., 2009) 

3057 & 3238 Asymmetric 

stretching 

( NH4
+
 ) 

(Bourahla et al., 2014; 

Shuhaimi et al., 2009; 

Wu et al., 2007) 
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4.2.2 ATR-FTIR of Alginate doped with NH4NO3 

Some reports on IR spectrum studies on alginate can be obtained from the studies 

by (Chen et al., 2017) and (Aprilliza, 2017). The chemical structure of alginate is 

comparable to carboxymethyl cellulose (CMC) as the only difference between them is 

the presence of methyl carboxyl in CMC but absent in alginate, as reported by some 

researchers (Samsudin et al., 2012; Sohaimy & Isa 2017). The functional groups of 

interest for the alginate doped with NH4NO3 SBEs system which represent the complexes 

between the material are discussed below. 

 

The FTIR spectra as shown in Figure 4.6 correspond to the present peak 

containing a functional group of carboxylate anion in alginate doped with NH4NO3. 

Figure 4.6 (a) and (b) shows the FTIR spectrum of sodium alginate/ammonium nitrate 

SBEs that is defined at peaks 1415 and 1598 cm-1 corresponding to the presence of COO- 

stretching of C=O and C-O- in alginate (Li et. al., 2008; Ilie et al., 2016). As can be 

observed in Figure 4.6 (a) for pure alginate (0 wt.%), the peak intensity at 1598 cm-1 

seemed to increase with the addition of NH4NO3. Besides, in Figure 4.6 (b), the peak at 

1415 cm-1 has shifted to a lower wavenumber at 1406 cm-1 after adding 25 wt.% of 

NH4NO3 and disappeared when the addition of salt was more than 25 wt.% of NH4NO3.  

 

These two obvious changes are expected and imply that interaction occurred 

between COO-  peak in the carboxylic group of alginate with proton H+ from NH4
+ that 

is a substructure in NH4NO3, which is considered as protonation interaction by COO- 

group. According to the previous researcher (Hashmi et al., 1990), the H+ acted as a 

conducting ion, which originated from the ammonium ion in the polymer-salt system. 

The conduction took place through the Grotthus mechanism when electric field was 

applied in relation to the exchange of ions between complexed sites, which caused 

complexation between the host polymer and ionic salt or can called by the conduction 

process (Ahmad & Isa, 2016; Hema et al., 2009; Sohaimy & Isa, 2016). Furthermore, in 

tetrahedral structure of ammonium ion (NH4
+), one of four hydrogen atom was loosely 

bounded to the nitrogen atom and can be easily dissociated under influence of an electric 

field (Hafiza & Isa, 2017). The peak at ~1415 cm-1 started to disappear with the addition 

of more NH4NO3 might due to the ion association take place that lead to the founding of 
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neutral ion pairs (deprotonation). This would lead to the decrease in ionic conductivity 

and amorphousness of alginate– NH4NO3 system.  

 

This result is similar with (Mason et al., 2010) and (Kadir et al., 2011) in their 

works. A new peak was observed at 1390 cm-1 due to the presence of NH4
+ from NH4NO3. 

The interaction consequently caused an increase in intensity due to the addition of 

NH4NO3. These occurrences could be attributed to the coordination of NH4
+ ions with the 

polar group’s existence in the alginate group when NH4NO3 was incorporated into the 

system. The previous studies that used NH4NO3 as a dopant in their system also observed 

similar behaviour (Majid & Arof, 2008; Rajeswari et al., 2014). The authors assumed that 

the appearance of peaks at wavenumber ~1400 cm-1 corresponded to the NH4
+ ions of the 

ammonium salts.  

Figure 4.6 FTIR for a specific range of sodium alginate-ammonium nitrate 

correspond to carboxylic group between (a) 1500 – 1800 cm-1 and (b) 1200 – 1500 cm-1 
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Furthermore, other evidence to prove the interaction can be seen in Figure 4.7, 

which shows that for the C–O–C group in alginate, the peak at wavenumber 1019 cm-1 

shifted to a higher wavenumber at 1028 cm-1 when NH4NO3 was added in the system 

from S1 until S7. It can be assumed that the complexation occurred due to the migration 

of NH4
+ toward C–O–C. There are strong contributions of hydrogen bonding and 

coordination interaction of H+ to the C–O–C between alginate-NH4NO3 as found in other 

comparable work using ammonium salts (Samsudin & Isa, 2012). There are two possible 

charge carrier elements in the polymer–salt electrolytes system, namely cation and anion 

(Chai & Isa, 2013). Based on previous reports (Hema et al., 2008; Samsudin et al., 2012), 

it is believed that H+ is the only cation contributing to the ionic transport properties, which 

would affect the ionic conductivity in the SBEs system. This proves that complexation 

had occurred at the coordinating site (oxygen) of the biopolymer (alginate), and thus 

conduction should take place by observing the change of peaks.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 FTIR for a specific range of sodium alginate-ammonium nitrate 

correspond to C-O-C group between 900 – 1200 cm-1 

 

In Figure 4.8, the presence of the functional group, namely O-H stretching, can 

be observed, which corresponded to alginate at wavenumber 3393 cm-1
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The absorption peak of O-H stretching became more broadened with the addition of 

NH4NO3 in SBEs system where the wavenumber has shifted higher from 3393 cm−1 to 

3452 cm−1. A new peak can be seen at 3271 cm−1 with the addition of 15 wt.% of NH4NO3, 

which corresponded to the presence of asymmetrical N-H stretching from NH4NO3. The 

O-H band of alginate has obviously changed where overlapping of peaks is observed in 

the O-H region, which led to the shifting of the O-H group in alginate. This process is 

found in other similar works by other researchers that used NH4NO3 as  an ionic dopant 

in the SBEs system (Shuhaimi, Majid, & Arof, 2009; Sohaimy & Isa, 2017).  

 

 

The change in the O-H band of alginate confirmed the occurrence of  

complexation between salt and the polymer host. The shifting and change of intensity of 

the bands, absence of peaks, and appearance of new peaks can be due to the complexation 

of salt with the polymer matrix. The above result confirmed the interaction between the 

polymer and salt. Table 4.3 gives a summary of the changes in the wavenumber where it 
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Figure 4.8 FTIR for a specific range of sodium alginate-ammonium nitrate 

correspond to O-H group between 3000 – 3700 cm-1 
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is proven that complexation has occurred between alginate and NH4NO3 in the SBEs 

system. The schematic diagram of the proposed interactions occurred between alginate-

NH4NO3 in SBEs system can be depicted in Figure 4.9. 

 

Table 4.3 Summary of complexation between alginate and NH4NO3 for SBEs 

system 

 

 

Sample 

 Functional group with wavenumber (cm-1) 

C–O–C 

bending 

COO− 

stretching 

NH4
+ 

stretching 

COO− 

stretching 

N-H 

stretching 

O-H 

stretching 

S0 1019 1415 - 1598 - 3393 

S1 1019 1412 1390 1598 - 3403 

S2 1021 1410 1390 1604 - 3414 

S3 1025 1410 1390 1604 3271 3426 

S4 1028 1408 1390 1604 3271 3433 

S5 1028 1406 1390 1605 3271 3442 

S6 1028 - 1390 1605 3271 3448 

S7 1028 - 1390 1605 3271 3452 

 

 

Figure 4.9 Proposed interaction alginate with NH4NO3  via [N–H4
+] 

 From the findings, it is believed that there is obvious interaction of coordination 

interaction of H+ of NH4NO3 between the COO- , of carboxyl group of alginate and O-H 

hydroxyl group of alginate between alginate-NH4NO3 in SBEs system based on 

deprotonation, protonation and ion hopping process.  
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4.3 X-ray Diffraction (XRD) Spectroscopy Study 

In the present research, XRD was used to reveal the nature of materials in the 

electrolytes system whether crystalline, amorphous, or semi-crystalline (Aravindran et 

al., 2009; Aziz et al., 2015; Aziz, 2016; Ramesh et al., 2011).  

 

4.3.1 XRD spectra on Alginate and NH4NO3  

The information on phases of the materials in this present work was examined by 

XRD analysis. Figures 4.10 and 4.11 show the XRD spectra of pure powder of ammonium 

nitrate and alginate, respectively. Based on the figure 4.10, the XRD pattern of NH4NO3 

shows the presence of a peak at 2θ  = 17.18°, 23.78°, 29.94°, 33.08°, and 43.92°, which 

correspond to the crystalline peaks of NH4NO3.  From the literature by Shuhaimi et al., 

(2010) similarly assigned the peak at ∼18°, 22°, 29°, and 33° as the diffraction peaks of 

NH4NO3. Figure 4.11 shows the XRD pattern of alginate powder. Based on the figure, 

the peak intensity was seen at 2θ = 13.16° and 21.78°.  

  

 

Figure 4.10 XRD analysis for ammonium nitrate. 
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Figure 4.11 XRD analysis for alginate powder 

 

4.3.2 XRD on Alginate doped with NH4NO3  

The XRD patterns of SBEs of alginate doped with ammonium nitrate are shown 

in Figure 4.12. The previous researcher assigned alginate X-ray diffraction with two main 

semi-crystalline peaks at 2θ = 13.7° and 23.0° (Wang, Hu & Du, 2014; Yang et al., 2000). 

Their work is similar to this present work. On the other hand, the peak become more 

amorphous due to the presence of NH4NO3 in the polymer host, and these regions 

increased after the addition of salt in the electrolyte system (Jafirin et al., 2013). From 

Figure 4.12, S0 gave a clear hump at 13° and 21°. These two peaks shifted to the higher 

intensity 2θ = 14.42° and 22.06°, respectively, with the addition of 5 wt. % NH4NO3. As 

the content of NH4NO3 increased, the hump became more broadened and shifted to the 

higher Bragg’s angle implied that the microstructure of the host polymer became more 

homogeneous (Gao et al., 2017). Singh et al. (2017) proved that all the dopant system 

were well dissolved in the biopolymer matrix, which was confirmed by the disappearance 

of XRD peaks related to salts in the biopolymer-salt complex.  

This XRD pattern implies that the samples became more amorphous due to the 

decrement in crystalline peaks with the addition of more NH4NO3. It could be suggested 

that the most amorphous sample is S5 where the peak shifted to lower Bragg’s angle. 
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Figure 4.12 XRD analysis for entire content of alginate-ammonium nitrate 

 

This might be attributed to the optimum complexation between alginate and 

ammonium nitrate which was discussed in FTIR analysis in previous section and this 

could lead to enhance the transport properties of SBEs system. This phenomena of the 

changes in Bragg’s angle was supported by (Zainuddin et al., 2018) work. In their work, 

amorphous peak shifted to lower Bragg’s angles while semicrystalline peak shifted to 

higher Bragg’s angle due to the cross-linking of the host polymer, carboxymethyl 

cellulose/kappa carrageenan. Hence, upon the addition of more than 25 wt. % of NH4NO3, 

(samples S6 and S7), the samples became more crystalline.  

 

The presence of two peaks at 2θ ~ 21° and 23° corresponded to undissociated salt 

and reassociation of the ions into the aggregations of ion cluster in the SBEs. In addition, 

it indicates that the polymer could no longer dissolve the salt (Shuhaimi, Teo, & Arof, 

2010). Therefore, the extra salt recrystallized out of the samples. The amorphous region 

contributed to the increment of protonation of H+ in the alginate, thus leading to the 

enhancement of ionic conductivity among the samples.  

 

Conductivity increased as the amorphousness of the sample increased (Rajendran 

& Sivakumar, 2008). Thus, the ionic conductivity increased by reducing the crystallinity 
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of the materials. This behavior confirmed that complexation has occurred in the 

amorphous sample. The amorphous phase obtained caused a reduction in the energy 

barrier to the segmental motion of the polymer electrolyte (Chu et al., 1999; Ibrahim et 

al., 2011). This amorphous nature resulted in high ionic conductivity, which can be 

observed in amorphous polymers having flexible backbones.  

 

A study on crystallite size was carried out to examine the nature of alginate with 

the addition of NH4NO3. It involved an analysis using the information of full width at half 

maximum (FWHM) and calculated using the Debye-Scherrer equation (Aziz & Abidin, 

2013; Mahakul et al., 2017; Mazuki et al., 2018; Samsudin et al., 2018) as shown in 

Equation 4.1 to examine the role of salt on the crystalline structure of alginate.  

 

The FWHM values obtained for the samples are presented in Table 4.4, which 

lists down the summary of crystallite size, D. It can be found that the value of crystallite 

size is higher when alginate incorporate with NH4NO3 for sample S1 and S2. It might due 

to the salt undissolved well during the preparation and give the effect for the crystallite 

size as shown in region ~21 degree. The table shows that sample S5 exhibited the lowest 

crystallite size value. The addition of NH4NO3 managed to alter the crystallite size of the 

samples.  

 

The increment in the amorphous phase of the polymer electrolyte was attributed 

to a delocalized complex system that affected the flexibility of the host polymer (Rasali 

& Samsudin, 2018). However, it is obvious that as more NH4NO3 was added, the samples 

S6 until S7 produced higher FWHM values, indicating a larger crystallite size. It 

suggested that the samples were in the crystallinity phase of the SBEs system and 

comparable with experimental result in XRD analysis. 

D = 
𝐾𝜆

𝐹𝑊𝐻𝑀 cos  𝜃
 4.1 

 

where K =0.94, λ = 0.154 Å and 𝜃 = peak location 
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Table 4.4 Crystallite size of alginate-ammonium nitrate SBEs system 

SAMPLE 
2θ 

(degree) 

FWHM 

(degree) 

Crystallite size, D 

(Å) 

S0 13.99 3.78 22.11 

 21.75 0.83 101.76 

 38.60 9.60 9.15 

S1 14.46 4.09 20.44 

 22.25 6.90 12.25 

S2 13.64 1.90 43.96 

 21.69 2.30 36.71 

S3 13.72 3.02 27.66 

 28.80 10.10 8.48 

S4 28.13 8.10 10.56 

S5 24.24 12.55 6.76 

S6 14.46 5.01 16.68 

 21.34 0.53 159.25 

 23.61 0.48 176.53 

 39.83 10.00 8.82 

S7 15.21 2.96 28.27 

 21.32 0.63 133.97 

 28.20 5.60 15.27 

 29.50 6.60 12.99 

 

In addition, when a polymer host has complexation with salt, the crystallinity of 

that polymer could be disturbed by the presence of impurities (Armand, 1983; Kumar et 

al., 2007). It can clearly be seen that the crystallinity behavior started at the region 

between ~14° and 40° when the alginate was added with more than 25 wt.% of NH4NO3. 

The crystalline peaks observed corresponded to the appearance of NH4NO3 and alginate 

crystalline phase. This implies that the alginate could not solvate the NH4NO3 any longer 

as more free ions of H+ concentration were supplied in the SBEs system that led to 

overcrowding and blocking of the pathway for migration, thus increasing the crystalline 

phase. This eventually led to the decrease in the transport properties and ionic 

conductivity in the present samples. The appearance of the crystalline peak also indicated 

that the de-protonation process has occurred, as proven in the FTIR analysis. 

 

4.4 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of 

the different samples. Thermal decomposition of alginate doped with ammonium nitrate 

for selected sample are presented in Figure 4.13 and the decomposition temperature value 
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are tabulated in Table 4.5. TGA thermogram of alginate undoped system exhibited two 

distinct stages. The first stage in the range of 30-108 °C where it showed that with 

increasing temperature the weight of sample decreases slowly up to 108 °C. This is 

mainly due to the diminished of water by the adsorption by hydrophilic polymer (Işıklan 

et al., 2009). In addition, based on pointed by Tripathy and Singh (2001), the first region 

of thermal decomposition of alginate (below 100 °C) is caused by the presence of 

moisture in alginate.  

 

The second stage in the range of 208–330°C with a maximum decomposition 

temperature was found at 260.76 °C. At this stage, the phenomenon of dehydration of the 

saccharide rings, depolymerization with the formation of water, CO2, and CH4 are 

occurred in alginate backbone (Işıklan et al., 2009; Zhang et al., 2003). Previous report 

explained that the presence of COO- groups in the alginate, which refers to the occurrence 

of decarboxylation where carbon atoms are removed from the carbon chains in the 

carboxylic acids in this temperature range (Tripathy & Singh, 2001). 

 

With the addition of NH4NO3 in alginate, an improvement is observed in both the 

heat-resistivity and thermal stability of alginate pure film as indicated by the weight 

reduction of the TGA curve. For the different sample with addition of NH4NO3, there was 

three distinct regions of the decomposition SBEs system. The first region was between 

30 until ~200 °C which corresponded to the loss of moisture from the presence of 

hydrophilic groups along the backbone chain of hydroxyl and carboxylic (Eldin et al., 

2017). The second region’s decomposition started at around 200 °C and continued above 

to 330 °C, which was attributed to the degradation of the alginate’s backbone chain 

(Shaari et al., 2018). 

 

Based on Table 4.5, the SBEs system with the content of 25% showed the highest 

maximum decompose temperature, Td at 320.97 °C. Notably, the sample become more 

stable in term of its thermal stability as the temperature increased. This can be seen where 

the decomposed of sample is high and could be attributed to the interaction between 

alginate and NH4NO3 as explained in the FTIR analysis previously. Gao et al., (2017) and 

Azeredo et al., (2012) reported that the thermal decomposition of alginate based on their 

carboxylic groups was present at the second stage with temperature range of 216−312 °C, 

which supported this result.   



44 

 

 

Figure 4.13 The comparison of thermal decomposition of the alginate-NH4NO3 SBEs 

system with different weight percentages. 

 

In addition, this can be associated with the presence of greater amorphous phase 

in the SBEs system causing an increase in heat sensitivity. Since it is thermally stable, 

less monomer will be detached from the complex structure of alginate – NH4NO3 thus 

increased the decomposition temperature, Td.  

 

On the other hand, an increase in NH4NO3 content (above 25 wt. %) was found to 

lead to the reduction in heat resistivity and thermal stability. The displacement of the 

maximum decomposition temperature of samples with higher content to lower 

temperature reveals the decline in the samples heat resistivity. The diminishing heat-

resistivity explains the possible structural disorderness in carboxylate anion (COO–) from 

alginate that leads to the existence of vast free volume between the connected molecules 

which results in deprotonation occurring which was supported by the FTIR results.  

 

Similar pattern has been reported by (Samsudin et al., 2014) and (Mohamad & 

Arof, 2007), where the increased of ionic dopant in polymer electrolytes system would 

lead to the reduction in heat resistivity as more (+ve) ions was removed from the polymer 
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matrix in polymer electrolytes system through heating process. This observation 

demonstrates that the sample S5 containing with 25 wt. % NH4NO3 expected to exhibit 

highest ionic conductivity.  

 

The third region at the temperature above ~320 °C elucidated the degradation 

process of the polymer backbone and ash formation (Freile et al., 2011; Liew et al., 2017). 

Accordingly, all the curves clearly demonstrated the different thermal behaviours of 

alginate, and from them, it is confirmed that the polymer is more thermally stable with 

the addition of ionic dopant.  

 

Table 4.5 The maximum total decomposition of SBEs 

Sample 
Total maximum decomposition 

temperature, Td (◦C) 

Alginate 260.76 

S1 301.16 

S2 304.37 

S4 306.23 

S5 320.97 

S7 309.06 

 

4.5 Ionic Conductivity Study 

In this part, the result obtained from the experiment using Electrical Impedance 

Spectroscopy (EIS) is discussed in detail, as one of the objectives of this research is to 

determine the ionic conductivity of the samples. 

 

4.5.1 Cole-Cole plot 

Electrical properties of all the prepared alginate-NH4NO3 SBEs system have been 

analyzed using the EIS. From the EIS analysis, the Cole-Cole plot of imaginary 

impedance, Zi, against real impedance, Zr, for samples of alginate-NH4NO3 at room 

temperature was obtained, as shown in Figure 4.14. According to Havriliak and Negami 

(1996), almost all the polymer materials have an arcuated Cole–Cole plot at low-

frequency and a linear Cole–Cole plot at high frequency. The compressed semicircle at 

higher frequency indicated the bulk conductivity  process, and the spike line represented 

the migration of ions  through the free volume of the polymer matrix in the SBEs  system 
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(Reddy et al., 2006; Govindaraj, Baskaran, Shahi, & Monoravi, 1995; Samsudin & Isa, 

2012).  

 

Based on previous research, the impedance analysis showed that the Cole-Cole 

plot with an equivalent circuit having a semicircle was due to the parallel combination of  

bulk resistance, (Rb) and bulk capacitance, (Cb) or  popularly known  as the constant phase 

element (CPE) of the sample (Malathi et al., 2010). The value of bulk resistance is 

determined based on the intersection of the real impedance axis with the adjacent line 

(spike). 

 

From the plot, samples S0, S1, S2, and S3 possessed the semicircle in the high 

frequency region and were inclined at the low frequency region. It implies that the line 

adjacent to the semicircle was caused by the effect of electrode polarization behavior in 

the diffusion part (Reddy et al., 2006). As the salt concentration of NH4NO3 increased, 

the bulk resistance of impedance seemed to lessen, and the highest conducting sample, 

namely the 25 wt.% of NH4NO3, gave the lowest frequency spike with the lowest bulk 

resistance. 

 

It is noted that the semicircle observed at high frequencies completely disappeared 

in the SBEs with 25 wt.% of NH4NO3 (sample S5). This result suggests that only the 

resistive component of the SBEs prevailed when the amount of NH4NO3 was high. When 

the addition of salt increased up to 25 wt.%, the bulk resistance decreased due to the 

mobile charge carriers (Ramya et al., 2006; Shukur, Ithnin, & Kadir, 2014).  It indicates 

that the current carriers were ions, and it can be concluded that the conduction was due 

to the ions (Jacob, Prabaharam & Radhakrishna, 1997; Kadir, Aspanut & Arof, 2009; 

Rajendran, Mahendran, & Krishnaveni, 2003). As a result, sample S5 exhibited the 

highest ionic conductivity at room temperature in the SBEs system. 
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Figure 4.14 Cole – cole plot of alginate and ammonium nitrate SBEs system 
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Figure 4.14 Continued 

 

Table 4.6 lists down the calculated value of the circuit elements in the SBEs 

system samples. The result shows that capacitance was low when the frequency was in 

the high region, which is consistent with the equation:    

d

A
C ro


 

4.2 

where A is the area of the interface between electrode and electrolyte, d is the electrolyte’s 

thickness, εo refers to the permittivity in vacuum, and εr refers to the dielectric constant. 

As the frequency increased, the value of εr decreased, which gave a low capacitance value 

(Hema et al., 2008). Details of εr for the present study will be explained further in the 

dielectric section. 

 

Based on the table 4.6, the value of parameter in theoretical part is obtained from 

the substitution of the value with trial and error based on equation of 4.4 until 4.7 until 

achieved the suitable fitting pattern of the plot and reliable with the experimental result. 

In the present research, it shown the value of bulk resistance in theoretical and 

experimental is quite similar. The value of Rb decreased as NH4NO3 was added in the 

alginate SBEs system. The reduction of Rb’s value is because of the enhancement of the 

polymer chain’s segmental motion and salt’s dissociation. As notice in table 4.6, the value 

of capacitance at lower frequency region higher than at higher frequency region which in 

line with equation 4.2. The value of p1 and C1 were missing for sample S5 and S6 due to 

the disappearance of semicircle that has been replaced by spike.  
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Table 4.6 The value of the circuit elements of the alginate-NH4NO3 SBEs system 

at room temperature 

Sample 

(wt. %) 

p1 

(rad) 

C1  

(F) 

p2 

(rad) 

C2 

 (F) 

Theoretical 

Rb (Ω) 

Experimental 

Rb (Ω) 

S0 0.88 1.06 × 10-9 0.41 3.33 × 10-6 9.45 × 103 1.22 × 104 

S1 0.86 1.76 × 10-9 0.49 9.09 × 10-7 3.41 × 103 9.42 × 103 

S2 0.79 2.63 ×10-9 0.59 1.56 ×10-6 2.16 × 103 2.54 × 103 

S3 0.77 4.90 × 10-9 0.52 4.81 × 10-6 8.00 ×102 8.86 × 102 

S4 0.68 5.56 × 10-8 0.58 4.26 × 10-6 3.02 × 102 3.72 ×102 

S5 - - 0.63 2.00 ×10-5 3.90 ×101 6.09 × 101 

S6 - - 0.63 2.39 × 10-5 8.00 × 101 1.43 × 102 

S7 0.76 1.43 × 10-8 0.62 3.32 × 10-6 6.00 × 102 6.77 × 102 

 

In the impedance analysis, the electrical equivalent circuit was used due to its 

straightforwardness and ability to give the entire picture of the system (Teo et al., 2012) 

and can be determined from the result of Cole-Cole plot. Constant phase element (CPE) 

is a “leaky capacitor”, which is due to inhomogeneity in the electrolyte and can be 

conveyed (Qian et al., 2001): 
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Here, Zr and Zi stand for the real and imaginary parts of impedance, respectively, 

p is correlated to the plot’s deviation from the axis, ω stands for angular frequency, and 

C represents CPE’s capacitance. If p is equal to 0, ZCPE is frequency independent, and if 

p is equal to 1, CiRZCPE  . CPE performs as the intermediary between a resistor and 

capacitor (Shuhaimi et al., 2012). 

 

Scheme 4.1 represents an equivalent circuit for all the samples excluding for the 

highest conducting samples, S5 and S6. For impedance plot of this section, which is 

composed of a semicircle and a line adjacent to it, the equivalent circuit is a combination 

of constant phase elements (CPE) and Rb in parallel with another CPE in series. The 

deviations of impedance spectra from ideal behaviour can be explained as a new circuit 

parameter known as CPE. CPE alone gives impedance value which when plotted in the 

impedance plane looks like an inclined straight line.  
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The equivalent circuit is a combination of resistances and capacitances as well as 

a few electrochemical elements such as Warburg diffusion elements and CPE. CPE can 

be expressed in Scheme 4.1, the higher frequency semicircle refers to the dependent 

capacitor (CPE1) in parallel with bulk resistance (Rb), and the low frequency spike 

corresponds to constant phase element (CPE2) (Nath & Kumar, 2011).  

 

 

Scheme 4.1 Equivalent circuit of the SBEs system which correspond to plot of S0, 

S1, S2, S3, S4, and S7 of NH4NO3 

 

The resistor refers to the ions migration through the polymer matrix, and the CPE1 

represents the polarized immobile polymer chains in the alternating field. Such plots are 

widely used for electrochemical measurement in other PEs (Ghelichi et al. 2013; Seanwa 

& Choundhary, 2014; Mohapatra et al., 2009). The Zr and Zi for this equivalent circuit are 

given as (Arof et al. 2014; Bandara & Mellander, 2011):  

 

Zr = 
𝑅𝑏 +𝑅𝑏

2𝐶1
−1𝜔𝑃1  cos(

𝜋𝑝1
2

)
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                  4.5 

 

Here, p1 stands for deviation of circle’s radius from the imaginary axis while p2 is 

the deviation of tilted adjacent line to the semicircle from the real axis. k1 represents the 

high frequency capacitance, and k2 stands for low frequency capacitance. 

 

CPE
1
 

CPE
2
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Scheme 4.2 shows that the bulk resistance, Rb, was in series with the CPE as the 

Cole-Cole plot gave the only spike results when the S5 and S6 of NH4NO3 were 

determined in electrical parts. The presence of a complex impedance plot with a spike at 

low frequency was due to the effect of the capacitive electrode performance. 

 

 

Scheme 4.2 Equivalent circuit of the plot S5 and S6 of NH4NO3 SBEs. 

 

Further addition of more than 30 wt.% of NH4NO3 led to the forming of the 

semicircle in the high frequency range due to the effect of the blocking electrode 

(Muthupradeepa et al., 2017). This is due to the deprotonation and the formation of 

crystalline pattern of alginate–NH4NO3 SBEs system as proven in the FTIR and XRD 

analysis in the previous discussion.The Zr and Zi for this equivalent circuit are given as: 

 

Zr = 𝑅𝑏 +
cos(

𝜋𝑝2
2

)

𝐶𝜔𝑝2
 

     4.6  

Zi = 
sin(

𝜋𝑝2
2

)

𝐶𝜔𝑝2
 

     4.7  

 

4.5.2 Ionic Conductivity of Alginate doped with NH4NO3 SBEs system 

According to Samsudin et al. (2012) and Schantz and Torell (1993), the ionic 

conductivity of SBEs can be influenced by several factors, such as temperature, salt 

content, cationic or anionic type charge carrier, and the charge carrier’s mobility. Other 

researchers opined that the ionic conductivity of SBEs system can be influenced by the 

amorphousness, thermal stability, cation and anion motions, and ion pair formation 

(Pradhan et al., 2007).  
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The variation of conductivity for alginate and ammonium nitrate SBEs system is 

presented in Figure 4.15. It is observed that the ionic conductivity of SBEs increased with 

the addition of NH4NO3, which can be related to the decrease in the value of Rb, indicating 

that lower Rb gives the higher conductivity. The dependence of ionic conductivity on the 

content of the ionic dopant gave specific information about the interaction that occurred 

between NH4NO3 and alginate in this SBEs system.  

 

 

Figure 4.15 Ionic conductivity of alginate–NH4NO3 SBEs system at room 

temperature 

 

Conductivity increased gradually with increasing NH4NO3 until it reached a 

maximum value at 25 wt.% of NH4NO3, which can be related to the dissociation of ion 

as proven in the FTIR analysis. In the complexation of entire samples of alginate-

NH4NO3, the ammonium salt had interacted with the carboxyl group of the alginate host. 

More ions hopping were occurred, which enhanced the ionic conductivity.  

 

As the content of salt increased, more free ions of H+ were supplied due to 

dissociation of the salt (Sit et al., 2012). Hence, there was ion hopping and exchange 

among the ions occurring at vacant sites, which led to the increment in ionic conductivity.  

Moreover, XRD results suggested that the increasing amorphous phase in the SBEs 

system and from TGA analysis, the thermal stability increases with the addition of 

NH4NO3.  
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The preeminent ionic conductivity for this system is for the sample at 25 wt .% of 

NH4NO3 with 5.56 × 10-5 Scm-1 and for pure alginate, which reached 2.94 × 10-7 Scm-1 

at room temperature. The most amorphous sample S5 (25 wt. % NH4NO3) as shown in 

XRD analysis showed the highest ionic conductivity where this sample has backbone 

flexibility due to the greater ion diffusion that caused a reduction in the energy barrier to 

the segmental motion in the SBEs (Othman, Samsudin, & Isa, 2012; Teeters, Neuman, & 

Tate, 1996).  

 

Furthermore, TGA analysis proved that sample with 25 wt. % NH4NO3 will 

exhibit highest ionic conductivity as the decomposition temperature, Td is higher and this 

would lead to greater protonation H+ between alginate and NH4NO3. Beyond 25 wt.% of 

NH4NO3, the ionic conductivity decreased due to the re-association of the ions into the 

aggregations of ion cluster (Hodge et al. 1996; Schantz & Torell, 1993). The excess salt 

turned the sample into a recrystallized phase as figured out in the XRD analysis, which 

caused an increase in the energy barrier to the segmental motion in this system (Rasali et 

al., 2018). For further understanding of the ionic conductivity mechanism, the ionic 

conductivity of the alginate– NH4NO3 SBEs systems was tested at elevated temperatures 

from 303 to 343 K.  

 

4.5.3 Temperature dependence  

For further understanding of the mechanism of ionic conductivity, the entire 

samples of alginate– NH4NO3 SBEs system were tested at different temperatures within 

the range of 303 K to 343 K (5 K increment), as shown in Figure 4.16.  

 

The plot in Figure 4.16 shows that the ionic conductivity for all samples increased 

with the increase in temperature from 303 K to 343 K where it was thermally assisted in 

the present system. In current work, no sudden drop or increase in conductivity value with 

temperature can be seen in each SBEs system. This indicates that the SBEs exhibit a 

completely amorphous structure (Ravi et al., 2011) and it proved that the ionic 

conductivity of SBEs is not affected by water content, but it is because of  the existence 

of charge carrier from the salt or ionic dopant (Sim et al., 2016). The films seemed 

mechanically stable at higher temperatures, which contributed to the enhancement of 
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ionic conductivity due to the thermal movement of the polymer chain, indicating that the 

electrode-electrolyte interfaces acted as a capacitance (Hema et al., 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 Temperature dependence of ionic conductivity for SBEs system at 

different temperatures 

 

In addition, the increase in conductivity with temperature can be explained by the 

increase in free volume of SBEs in the ion movement. Consequently, ions and solvated 

molecules moved easily to the free volume, thus enhancing the ions and segmental 

mobility of polymer and ionic conductivity (Johan & Ting, 2011). This can also be 

explained by the segmental motion of the polymer facilitating the translational ionic 

motion (Buraidah et al., 2009). This event was also attributed to the decrease in viscosity 

of the electrolyte, thus increasing the chain flexibility (Michael et al., 1997; Yang et al., 

2008).  Thus, the ionic conductivity increased with increasing temperature. 

 

The regression value, R2, was found to be close to unity (R2~1), suggesting that 

the plot was linear, and entire contents of the alginate–NH4NO3 SBEs system obeyed the 

Arrhenius rules (Teeter et al., 1999; Othman et al., 2012) as plotted in Table 4.7. Similar 

results were observed for different types of electrolytes (Rajendran & Uma 2000; Sit et 

al., 2012; Samsudin & Isa 2012; Hashmi et al., 1990; Shukur et al., 2014). Since the 

thermal stability of alginate was found to increase with the addition of  NH4NO3, the 

increase in conductivity with temperature is assumed to be caused by the high free volume 
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of ions movement (Miyamoto et al., 1973) through the alginate backbone. This can be 

explained by the vibration of the energy of the segmental motion functions countering the 

hydrostatic pressure imposed by its neighboring atoms when the temperature increased. 

 

Table 4.7 Regression value (R2) of alginate–NH4NO3 SBEs system 

Sample Regression, R2 

S0 0.95 

S1 0.99 

S2 0.98 

S3 0.99 

S4 0.97 

S5 0.98 

S6 0.97 

S7 0.96 

 

As the plot obeyed the Arrhenius rules, the transportation of ions occurred that is 

the ions jumped into other sites, and hence the ionic conductivity in the system increased 

(Sauquet et al., 1994). This event of ion transportation also occurred in the ionic crystal. 

The increase in ionic conductivity with temperature can be related to the segmental 

motion where it led to the increment in the free volume in the system (Hema et al., 2008).  

 

It can be assumed that with the segmental motion, the ions can jump to another 

site or provides a pathway for the motion among the ions. This interaction of ions 

movement led the ionic conductivity to increase with the increase in temperature 

(Buraidah et al., 2009). Other researchers with different types of SBEs also claimed the 

same behavior (Chai & Isa, 2013; Kadir et al., 2010). 

 

The conductivity of alginate–NH4NO3 at elevated temperature was also 

determined. The activation, 𝐸𝑎 of the samples can be calculated as it corresponds to the 

effect of temperature on conductivity by using the Arrhenius relation:  

σ = σo exp(
−𝐸𝑎
𝑘𝑇

)
 

         4.8 
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Where 

𝜎𝑜 = pre-exponential factor 

 𝑘  = Boltzmann constant 

            𝐸𝑎 = Activation energy 

  𝑇 = Absolute temperature in Kelvin 

 

From the temperature dependence plot, the activation energy, 𝐸𝑎 ,  can be 

calculated from the slope of the graph by using equation (4.8). Activation energy is 

defined as the requirement of energy for an ion to start a movement. When the ion has 

enough energy, it can easily escape from a donor site and jump to another donor site 

(Ahmad, 2012; Ahmad & Isa, 2012). 

 

Figure 4.17 shows the activation energy,𝐸𝑎 , for all samples of the alginate–

NH4NO3 SBEs system. The value of 𝐸𝑎 is inversely proportional with the value of ionic 

conductivity, where the sample with 25 wt.% of NH4NO3 has the lowest 𝐸𝑎, 0.11 eV, 

which indicated that less energy is required by the charge carriers in higher conducting 

electrolyte to make a motion of ions.  

 

The activation energy value obtained in the work is similar as reported by Asmara 

et al. 2011. As can be observed in Figure 4.17, the value of 𝐸𝑎  decreased as the 

conductivity of the samples increased, indicating that the ions in highly conducting 

samples need lower activation energy to have the migration of ions.  

 

The decrement in 𝐸𝑎 was due to the increasing density of ions in the sample with 

the increase in NH4NO3, hence the energy barrier of the ion transport decreased. Since the 

transportation of ions was affected by its segmental motion (Ramesh & Arof, 2000), the 

sample with a lower value of 𝐸𝑎 applied rapid conduction of ions. This can be further 

explained with the presence of charge carriers that moved easily, leading to an increase 

in ionic conductivity (Sit et al, 2012). The value of 𝐸𝑎 was low, which could be due to its 

amorphous nature that produced more free ions of H+ in the SBEs system.  
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Figure 4.17 Activation energy (𝐸𝑎) for SBEs system at different temperatures  

 

4.5.4 Transport Properties Study 

The transport parameter was determined by using the deconvolution of IR method 

using Origin Lab 8.0 analysis which can detect the free ions, contact ions, and what can 

influence the ionic conductivity (Kauppinen et al., 1981). The IR-spectra chosen in this 

work were between the range 1200–1500 cm-1 based on the obvious interaction occurring 

in this work as discussed in the FTIR analysis and were plotted as shown in Figure 4.18 

(Aniskari & Isa, 2017; Hay & Myneni, 2007). This region was selected due to the 

appearance of functional group of carboxyl group as revealed from FTIR analysis. Based 

on this method, the determination of considerable peaks can be done, which may then be 

separated into free or contact ions. The peak consists of several overlapping bands that 

represent different ionic species, which are, free ions and contact ions. Thus, curve fitting 

is applied to separate or deconvolute envelope into individual component bands. The 

percentage of free ions, contact ions, ion pairs and ion aggregates are estimated from the 

area under the respective band. The free ions was calculated using equation as shown 

below:     

Percentage of free ions (%) = (
𝐴𝑓

𝐴𝑓+𝐴𝑐
) × 100% 
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where Af  is the area under the peak referring the free ions region, and Ac is the total area 

under the peak referring to the contact ions. 

Figure 4.18 FTIR deconvolution of various sample of SBEs system 

 

Based on Figure 4.18, the free ions indicated the free mobile ions (∼1350 cm-1 to 

~1400 cm-1), and the contact ion pairs (∼1350 cm−1 to ∼1420 cm-1) indicated the contact 
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ions and ion aggregates in the present system (Hafiza & Isa, 2017; Ramli & Isa, 2016; 

Rasali & Samsudin, 2018; Yap, 2012). The free and contact ions can be derived based on 

the total area from the deconvolution of the peaks, which is shown in Table 4.8. The table 

shows that the percentage of free ions increased as NH4NO3 was added until reached 

maximum value for sample S5. This occurrence was due to the increase of ion 

dissociation between H+ substructures of NH4
+, which caused more ion conduction that 

led to the improvement of the ionic conductivity in the SBEs system. According by (Hema 

et al., 2010), it is due to the increment in number of mobile charge carriers and also the 

increment in amorphous nature of the polymer electrolyte which decreases the energy 

barrier thereby facilitating the fast ion transport.  

Table 4.8 Percentage of free ions and contact ions in SBEs system 

Sample Free ions (%) Contact ions (%) 

S1 33.39 66.61 

S2 38.77 61.23 

S3 45.78 54.22 

S4 50.67 49.33 

S5 55.68 44.32 

S6 51.06 48.94 

S7 50.95 49.05 

 

It was observed in Table 4.8 that the percentage of free ions in this work increased 

until S5. This may be due to the dissociation of ions that led to an increase in the 

conduction of ions. For the addition of salt up to 25 wt.% of NH4NO3 (S6 and S7), the 

free ions were observed to decrease, which can be related to the result of ionic 

conductivity at room temperature, giving a decrement with content beyond 25 wt.% of 

NH4NO3. The value of free ions decreased due to the association of ions, similar to the 

work by Rahaman et al. (2014). Thus, it can be concluded that the free ions increased as 

ionic conductivity increased. . This may be due to the influence of ion pairs and ion 

aggregation leading to the formation of ion clusters, thus decreasing the number of mobile 

charge carriers and the overall mobility (Hema et al., 2010). 

 

Since the area of the de-convoluted peaks was selected, the transport parameters 

in this system, namely the number of ions (η), the mobility of ions (µ), and diffusion 

coefficient (D), were determined and calculated using the following equations (Rahaman 

et al., 2014):  



60 

η = (
𝑀×𝑁𝐴

𝑉𝑡𝑜𝑡𝑎𝑙
) × free ions (%) 4.10 

μ= 
𝜎

𝜂𝑒
 4.11 

D = (
𝑘𝑇𝜇

𝑒
) 4.12 

  

where M is the number of moles of salt used in the present work, NA = 6.02 × 1023 mol-1) 

is the Avogadro’s number, Vtotal is the total volume of the SBEs sample, e = 1.6 × 10-19, 

C is the electric charge, k = 1.38 × 10-23m2 kg s-2, K-1/JK-1 is the Boltzmann constant, and 

T is the absolute temperature in Kelvin.  

 

Based on the data presented in Table 4.8, the transport parameter were calculated 

using equations 4.10 to 4.12 and presented in Figure 4.19. From the percentage of free 

ions obtained in the FTIR deconvolution, the number density (η), ionic mobility (μ), and 

diffusion coefficient (D), of charges carriers can be determined.   

    

Based on the figure 4.19, the result of the transport properties shows that the 

number of ions (η) increased gradually with the addition in salt, while the mobility of ions 

(μ) and the diffusion coefficient (D) were aligned to the ionic conductivity pattern. The 

pattern of ƞ values increased continuously with the increase in NH4NO3 and can be related 

to the gradual increment in the percentage of free ions in the system. When the sample 

became more amorphous, the free ions of H+ moved easily and complexed with COO- of 

alginate more rapidly, hence increasing the ionic conductivity along with transport 

properties until the highest conductivity was achieved. 

 

As the salt increased to more than 25 wt.% of NH4NO3, the value of ƞ kept 

increasing. In contrast, μ and D were found to decrease. This phenomenon conveys that 

the SBEs system was overcrowded with the formation of more ions (H+) and needed 

enormous amount of the activation energy, Ea, to migrate the ions and hence, the diffusion 

of ions decreased (Chai et al., 2013; Ramesh & Ng, 2009). 
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Figure 4.19 The transport parameters of the alginate–NH4NO3 SBEs system 

 

Besides, the result of the XRD analysis suggests that the pathways for ions to 

jump into other vacant sites were difficult due to the presence of the crystal peak for 

samples S6. It can be explained by the blocking site for the transition of ions created by 

the crystalline phase in the SBEs system. Thus, it resulted in a decrement in three factors: 

mobility, diffusion, and ionic conductivity. This behaviour was found in other works of 

the SBEs system (Samsudin & Isa, 2012; Shuhaimi et al., 2010). 

 

4.5.5 Electrical properties  

The dielectric properties were studied to understand more about the conduction 

mechanism of the SBEs system (Ravi et al., 2015). The study also covers the 

electrical/dielectric behavior based on the frequency and temperature of the sample 
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(Halder et al., 2018). The electrical modulus formalism has been extensively used to study 

electrical relaxation behavior in ion conducting materials (Macedo et al., 1972). The 

advantage of this plot is that the electrode polarization effects are reduced in this 

formalism.  

 

4.5.5.1 Dielectric constant ɛr and dielectric loss ɛi     

The dielectric constant, ɛr, for the alginate–NH4NO3 SBEs system at room 

temperature is indicated in Figure 4.20. Figure 4.20 depicts ɛr at a lower frequency with 

the addition of up to 25 wt.% of NH4NO3, and this pattern was detected to follow the 

ionic conductivity pattern. As the NH4NO3 increased, the amount of stored charge also 

increased, implying that there was an increment in the number of mobile ions, which 

caused the asymptotic rise in ɛr. ɛr continued to show a decrement and became saturated  

at a higher frequency as witnessed in Figure 4.20 (Ganea, 2012;Woo et al., 2013; Majid 

& Arof, 2005; Saroj & Singh, 2012).   

 

 

 

Based on Figure 4.20, at higher frequency part, the electric field orientation, acting 

on the medium occurs so quickly and there is no time for ion diffusion thru the medium 

following the direction of the electric field. It can be noted that the polarization due to the 

charge accumulation decreases and so does the ɛr values. 
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Figure 4.20 Dielectric constant of SBEs system at ambient temperature 
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Meanwhile, Figure 4.21 shows the plot of ɛr for entire contents at various 

temperatures. It can be observed that the value of ɛr increased as the temperature 

increased. As the temperature increased, the degree of salt dissociation and redissociation 

of ion aggregation also increased, resulting in the increasing number of free ions of H+ or 

charge carrier density and thus leading to the increment in the ɛr value. Majid and Arof 

(2007) stated that charge build-up at the boundary would be suppressed at high frequency.  

 

Figure 4.21 Dielectric constant of entire contents of SBEs system at various 

temperatures 
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Figure 4.21 Continued 

 

This led to the enhancement in ionic conductivity as the value of ɛr increased for 

all samples in this work. Moreover, the absence of the relaxation plot strengthened this 

work study. It could be due to the easy movement of ions because of the increment in the 

amorphous nature in this work and the flexibility of the backbones from alginate as 

confirmed in the XRD analysis (Kulshrestha et al., 2014). 

 

Besides, with increasing frequency during the investigation, there was no time for 

charge build-up at the interface because of the increasing rate of reversal of the electric 

field. Thus, the polarization due to charge accumulation decreased because of the 

decrement in the value of ɛr (Molak et al., 2005; Shafee, 1996). 

 

The plot in Figure 4.22 depicts the dielectric loss, ɛi for the all samples of the 

alginate– NH4NO3 SBEs system at room temperature. From the plot, it can be seen that 

ɛi increased with the increment of NH4NO3 content at lower frequency in room 

temperature. At lower frequency, the value of ɛi increased due to no charge movement 

through the samples and the increase in mobility of the charge carrier in the electrolytes 

system (Hasan & Nasir, 2015). 

 

 The value of ɛi decreased through the increment in frequency due to the fast rate 

occurring in the electric field that led to the decrement in ionic conductivity. On the other 

hand, Figure 4.23 presents ɛi for all contents of the SBEs system at various temperatures.   
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Figure 4.22 Dielectric loss of entire contents of SBEs system at room temperature 

Based on the plot of ɛr and ɛi, it can be said that both of the plots gave the same 

characteristics for all samples. A sudden increase of 𝜀𝑟 and 𝜀𝑖 at low frequency and high 

temperature was observed, which can be attributed to the anode and cathode polarity 

effects (Shasty & Rao, 1991) in the SBEs system. At high frequency, the periodic reversal 

of the electric field occurred rapidly as there was no excess ion diffusion in the path of 

the field (Baskaran et al., 2006a; Ramesh et al., 2007). Baskaran et al. (2006a) stated that 

charge build-up at the boundary would be suppressed at high frequency. The polarization 

due to the charge accumulation decreased, which lowered the value of the real and 

imaginary parts of ɛr (Baskaran et al., 2006a). This characteristic indicates non-Debye 

characteristics with no single relaxation time.     

 

 

Figure 4.23 Dielectric loss of SBEs system at various temperature 
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Figure 4.23 Continued 

 

4.5.5.2 Real Modulus and Imaginary Modulus, Mi 

The complex electric modulus (M*) is used to investigate the conductivity 

relaxation phenomenon. It is also needed to suppress the effects of electrode polarization 

and bulk dielectric properties of the SBEs system. Figure 4.24 presents the real part of 

M* for the alginate–NH4NO3 SBEs system at room temperature. From Figure 4.24, it can 

be observed that the real modulus, Mr, increased as frequency increased. At a lower 
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frequency, the plot approached zero due to electrode polarization (Mishra & Rao, 1998; 

Pradhan et al., 2008).  

 

 

Figure 4.24 The real modulus of SBEs system at room temperature  

 

As frequency increased, the value of Mr also increased until it reached the 

maximum constant value for all temperatures in the electrolyte system as shown in Figure 

4.25.   

 

Figure 4.25 Real modulus study of entire contents in wt.% at various temperature 
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Figure 4.25 Continued 

Based on Figure 4.25, the value of the real part modulus has reached a constant 

value at high frequencies, and it approached zero at low frequencies suggesting that the 

interfacial effect tends to be eliminated in modulus representation (Migahed et al., 1996). 
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Figure 4.26 presents the plot of the imaginary modulus, Mi, for entire contents of 

the SBEs system at various temperatures. From Figure 4.26, it can be observed that Mi 

increased proportionally to the increment in frequency. According to Ramesh et al., 

(2011), when Mi is approaching zero in the low frequency region, the anode and cathode  

polarity phenomena are negligible. The slope of each plot for the imaginary electrical 

modulus exhibited a long tail extending into the region of longer relaxation time 

Figure 4.26 Imaginary Modulus study of entire contents in wt.% various temperature 
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Figure 4.26 Continued 

These plots imply that the asymptotic peak shifted to the higher frequency region 

as temperature increased. These show that the entire samples were highly capacitive and 

suggest excellent electrochemical stability (Suthanthiraraj et al., 2009). The relaxation 

peak did not appear in the plot, indicating that the plot was more intense at the high 

frequency region. The curve peaks imply the bulk effect in the SBEs and further conclude 

that the SBEs are an ionic conducting mechanism. 

 

4.5.6 AC Conduction Properties of Alginate-NH4NO3 SBEs system 

In this present research, the ion movements in the SBEs system need to be 

understood in order to identify the theoretical hopping mechanism or the physical 

conduction model for the interaction in the alginate-NH4NO3 SBEs system. The 

appropriate model for the conduction mechanism depends on the conduction mechanism 

of ac conductivity with s (T) characteristics. Besides, one material can be categorized by 

two or more different conduction mechanisms in different temperature ranges (Kahouli 

et al., 2012). The value of the exponent s can be achieved from the slope of ln ɛ against 

ln ω, where no or minimal space charge polarization occurred at this acceptable frequency 

range of 12.0 < ln ω <14 (Buraidah et al., 2009). 

 

  According to Buraidah et al. (2009), the lower electrode polarization nearest to 

zero in the higher frequency region was due to less time needed for the electric field to 

change at a fast rate. In the literature, the conduction models were developed to convey 

the characteristic of the conduction of model by exponent s, namely the quantum 

mechanical tunneling (QMT) model, the small polaron hopping (SPH), the correlated 
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barrier hopping (CBH) model, and the overlapping large-polaron tunneling (OLPT) 

model, which was determined using the logarithm rule in the following equation (Khiar 

& Arof, 2011; Rani et al. 2015). 

 

Furthermore, the temperature dependence of s is very useful to confirm the AC 

conduction mechanism in various types of materials (Elliott & Philos, 1977; Pike, 1978). 

As reported in earlier studies, many theoretical models for ac conductivity have been 

developed to explain the temperature dependence of s. The electron tunneling model 

suggests that s is not influenced by temperature but depends on frequency. The value of 

s increases in the case of small polaron tunneling, whereas for the large polaron tunneling 

process, s decreases up to a certain temperature and then increases with a further increase 

in temperature (Elliott, 1978). 

 

The ac conductivity can be found from dielectric loss, εi at every frequency with 

using equation: 

σac = εiεoω   4.13 

 

The occurrence of ac conductivity can be determined using Jonscher’s Universal 

Power Law (UPL) (Winie and Arof, 2004). 

  σω = σdc + Aωs       4.14 

  σac = Aωs 4.15 

 

Here, σ (ω) is the total dc and ac conductivity. The dc conductivity, σdc is the 

frequency independent component, A is a parameter dependent on temperature and s is 

the power law exponent with value in the range between 0 and 1. In the literature, the 

conduction models were developed to convey the characteristic of the conduction of 

model by exponent s, namely the quantum mechanical tunneling (QMT) model, the small 

polaron hopping (SPH), the correlated barrier hopping (CBH) model, and the overlapping 

large-polaron tunneling (OLPT) model. The value of s can be expressed by the relation 

of (Khiar & Arof, 2011; Misenan et al., 2018; Rani et al. 2015; Samsudin & Isa, 2012): 

  ln εi = ln 
𝐴

𝜀𝑜
  + (s-1)ln ω 4.16 
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To determine precisely the predominant conduction process under the alternating 

current (AC) field for the studied device, different theoretical models have been proposed. 

One such model, the OLPT model, was proposed by Chakchouk et al., (2017), Rosli et 

al., (2012), and Navaratnam et al., (2015). In their work, the OLPT model implied that 

the exponent s decreased with increasing temperature to a minimum value at a certain 

temperature and then began to increase with increasing temperature. Therefore, the OLPT 

conduction mechanism is not applicable to the obtained results. In the non-overlapping 

small polaron hopping (SPH) conduction mechanism, the exponent s increases with 

increasing temperature. In the SPH model, a conduction electron localizes at a site in the 

system, and lattice distortion is present which can be stable at the localized electron (Khan 

et al., 2011). Due to thermal motion, this electron migrates from site to site via a hopping 

mechanism. The small polarons are produced when the strong electron–phonon reacts 

adequately in these structures. This model was used by Holstein to confirm whether the 

polaron is diabatic or non-diabatic.  

 

According to Samsudin and Isa (2012), the SPH model can be explained by the 

difference of the index s with the temperature at the formation of the charge carrier, which 

results in the large degree of local lattice distortion. They believed that the small polarons 

are localized to ensure their distortion clouds do not infringe so that the jumping energy 

does not depend on intersite separation. This SPH model was also used by Jung (2002), 

Chai and Isa (2012), and Buraidah et al. (2009) for other electrolyte systems. In the QMT 

conduction mechanism, the exponent s is almost equal to 0.8 and increases slightly with 

increasing temperature or is independent of temperature (Mansor et al., 2010). According 

to Shukur et al. (2013), the ionic hopping between two points occurs not only by jumping 

over a barrier but can also be accompanied by QMT. Other similar works following the 

QMT model include Hafiza and Isa (2014), Isa and Samsuddin (2013), and Shukur et al. 

(2013). Therefore, the OLPT, SPH, and QMT conduction mechanism are also not 

applicable to the obtained results. 
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Figure 4.27 shows the plot of frequency against dielectric loss, ɛi, at an elevated 

temperature for the sample with the highest conductivity, 25 wt.% of NH4NO3 (S5). The 

sample of S5 was chosen to classify the theoretical hopping mechanism or physical 

conduction model of alginate–NH4NO3 SBEs system due to the sample is most 

conducting and good thermal stability sample compared to other samples. Furthermore, 

sample S5 was the most amorphous sample and it is considered being an almost 

disordered ionic conductor (Shujahadeen, 2012).  

 

Figure 4.27 Plot of ln ɛi against ln ω for 25 wt.% of NH4NO3 at various temperatures 
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Figure 4. 27 Continued 

It can be observed from Figure 4.27 that the value of s is independent of the 
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increase in temperature at selected frequency range is between (5 < ln ω < 12). The value 

of s can be determined at a higher frequency of the slope. Other researchers claimed that 

the value of s is obtained due to the negligible or less space charge polarization effect 

(Buraidah  et al., 2009; Khiar & Arof, 2011).   

 

The plot of s against temperature is shown in Figure 4.28. From the figure, it is 

clear that the value of s decreased as the temperature increased and can be best presented 

by the equation s = -0.0007T + 0.8451, shown a negative gradient in the plot. It suggesting 

that the correlated barrier-hopping (CBH) conduction mechanism model is applicable in 

this system. The exponent s has values between 0 and 1 (Dyre, 1988). In this present 

research, the results of the temperature dependence of s gave the range of values (0.59–

0.63).  

 

The CBH model is proposed by Pike (1972) and developed by Elliot (1977). 

According to (Farid et al., 2005), the concept of CBH is based on ion hopping between 

two charge-defect states over the barrier separating them. The correlated barrier-hopping 

(CBH) model has been widely used to semiconducting materials (Sahu et al., 2013). 

According to this mechanism, the conduction occurred via a bipolaron hopping process 

where ions were assumed to be surrounded by a Columbic interaction that occurred 

between many ions and a potential well. When the ions had enough energy, they jumped 

from one site to another. The hops were thermally activated (Buraidah et al., 2009). Other 

similar works following the CBH model include Ajili et al., (2018) and Kahouli et al., 

(2012).   

  

Figure 4.28 Plot of s against temperature for 25 wt.% of NH4NO3 
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4.6 Transference Number Measurement (TNM) 

Transference number measurements (TNM) are presented to reveal a correlation 

between the diffusion of the ion and the conductivity behavior of alginate-NH4NO3 SBEs 

was calculated from DC polarize method (Pushpamalar et al., 2006; Samsudin et al., 

2011). This technique defines the transmission mechanism of a sample whether cationic, 

anionic, or electronic in the electrolytes system. Figure 4.29 shows the plot of the 

normalized current against time, and Table 4.9 shows the list value of tion. 

 

 

Figure 4.29 The plot of normalized current against time for alginate–NH4NO3 

A steady state or constant current signifies that the electrolytes are ionic 

conductors (Woo, Majid, & Arof, 2012) where the cell is polarized and current flows due 
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to the electron movement between the electrolytes and surfaces (Monisha et al., 2017). 

The tion values were between 0.92 and 0.98, thus ions were the dominant conducting 

species. Other works on ammonium salt-based electrolytes reported the values of tion in 

the range of 0.91 to 0.98 (Shukur & Kadir, 2015; Vijaya et al., 2013).      

 

As can be seen from Table 4.9, the highest conductivity sample, S5gave the tion 

value of 0.97. This result matched the conductivity result. This evidence shows that the 

conduction species for this present work were primarily cation. From the results, based 

on ionic mobility (µ) and diffusion coefficient (D) results, it showed that µ+ and D+ were 

higher than µ- and D-, implying that the samples were more cationic (+) than anionic (-), 

which confirmed the Grotthus-type mechanism of protonation conduction in this present 

work. It can be assumed that in an electrolytes system, the ionic transference number, tion, 

should be higher than the value of ionic conductivity. This is due to the increase in the 

concentration gradient of ions and decrease in working current in the lower transference 

number. Thus, this will finally lead to battery letdown (Lu et al., 2007; Tao & Fujinami, 

2007).  

 

Table 4.9 TNM parameters data of alginate-NH4NO3 for SBEs system 

Sample tele tion 
µ+ 

(cm2V-1s-1) 

µ- 

(cm2V-1s-1) 

D+ 

(cm2s-1) 

D- 

(cm2s-1) 

S1 0.01 0.99 4.58×10-10 4.63 ×10-12 1.19 ×10-11 1.20×10-12 

S3 0.03 0.97 8.84×10-10 2.73 ×10-11 2.30 ×10-11 7.14×10-13 

S4 0.02 0.98 1.07×10-09 2.19 ×10-11 2.80 ×10-11 5.72 ×10-12 

S5 0.03 0.97 3.65×10-09 1.13 ×10-11 9.52 ×10-11 2.94 ×10-12 

S6 0.06 0.94 2.60×10-09 1.66 ×10-10 6.80 ×10-11 4.34 ×10-12 

S7 0.01 0.99 3.80×10-10 3.83 ×10-11 9.92 ×10-12 1.00 ×10-13 
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CHAPTER 5 

 

 

CONCLUSION AND RECOMMENDATION  

5.1 Conclusion 

In this research, alginate and ammonium nitrate were selected due to their 

favorable characteristics such as low cost, non-toxic, renewable, and good solubility. 

Alginate and ammonium nitrate solid biopolymer electrolytes (SBEs) system is clear and 

transparent with no phase separation of thin films. As a conclusion, this work was well 

prepared by the solution casting method with salt content from 5 to 35 wt.% of NH4NO3. 

The highest ionic conductivity for this system was for the sample S5 containing 25 wt.% 

of NH4NO3 which achieved 5.56 × 10-5 Scm-1.  

 

The SBEs system was observed to follow the Arrhenius behavior with R2~1, 

implying that the samples were thermally assisted with increasing temperature. The 

highest conducting sample had the lowest value of Ea (0.11 eV). X-ray diffraction analysis 

(XRD) showed that the sample with 25 wt.% of NH4NO3 was the most amorphous, and 

the complexation of the materials showed the change of state of the material from semi-

crystalline to amorphous. FTIR analysis confirmed that interaction has occurred between 

the carboxylate group (COO-) from alginate with H+, where there were changes in 

wavenumbers 1415 cm-1 and 1598 cm-1 which were associated to C=O and C-O- in 

alginate, 1019 cm-1 corresponding to C–O–C, and 3393 cm-1 corresponding to the OH- 

group. This result also confirmed that more ions were produced and interacted with 

oxygen atoms in the C–O–C group as ammonium salt increased by weight percentage. 

Based on these interpretations, the H atom of the N–H4
+ from NH4NO3 is believed to 

interact with the oxygen in alginate as proposed in Chapter 4. The mobility (µ) and 

diffusion coefficient (D) were found to influence the ionic conductivity of the SBEs 

system, as observed via the IR-deconvolution technique. The thermogravimetric analysis 
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(TGA) proved that the addition of alginate influenced the thermal stability of the system 

by increasing the temperature decomposition until get the highest maximum decompose 

with sample S5 at 320.97 ◦C. The transference number of 0.97 was reached for the most 

conducting sample, S5. Analysis of frequency exponent indicated that correlated barrier 

hopping (CBH) was the hopping mechanism in the alginate-NH4NO3 SBEs system. 

 

5.2 Recommendations 

From the result obtained in this study, it is recommended for future researchers to 

take precautionary steps during the laboratory research. The use of chemicals or 

equipment may be harmful or toxic. The preparation must be done properly as the solution 

casting method has many problems during the sample preparation, which can affect the 

behavior of the biopolymer electrolytes. Besides, during sample preparation, the accuracy 

of the amount of ammonium nitrate is very important because it will influence the 

properties of the SBEs system. Ammonium nitrate is very sensitive to the environment as 

it can melt easily. The experiments should be conducted in a suitable laboratory 

environment so that the actual amount of materials is not affected. 

 

The structural study of the SBEs can be furthered by using Scanning Electron 

Microscopy (SEM), Atomic Force Microscopy (AFM), and Energy Dispersive 

Spectroscopy (EDS) to identify the surface structure of the materials to confirm the 

homogeneity of the system. Nuclear Magnetic Resonance (NMR) test can be conducted 

for verification of structure and elucidation. It can also verify the pureness of raw 

materials used in the system. Next, it is necessary to investigate the thermal properties 

and transition behavior pf the SBEs system with the differential scanning calorimetry 

(DSC) In addition, the density functional theory (DFT) can be examined using the 

Gaussian software that provides structural information of a molecule of the polymer, and 

this can be correlated to the ATR-FTIR characterization. 

 

Lastly, the ionic conductivity of alginate doped with ammonium nitrate 

biopolymer electrolytes can be increased with the addition of a plasticizer. The plasticizer 

is expected to increase the ionic mobility in the material and increase the ionic 

conductivity of SBEs. For additional learning in this field, battery or supercapacitor 
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application can be produced by using the natural polymer electrolyte, which is 

environmentally friendly to be used in the electrolytes system.
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