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ABSTRACT 

In this study, new sequences of fish gelatin (FG) as polymer host for solid polymer 

electrolytes (SPE) impregnated with ammonium nitrate (NH4NO3) are prepared via 

solvent-casting method. Chitosan (CS) was blended with FG to provide extra pathways 

for protonic migration to boost up the conductivity. From FESEM micrographs, the blend 

of 60 wt. % FG and 40 wt. % CS, (CF4) are found to be miscible to one and another and 

from XRD analysis it is confirmed that the ratio is the most amorphous with the lowest 

degree of crystallinity ~ 15. 38 %. The most amorphous electrolyte in the salted single 

polymer system is found to be FG25 and that of the salted blended system, is CFs40. The 

interactions between the material have been determined from the band shifts and changes 

of the peak’s wavenumber from FTIR spectroscopy analysis. The ionic conductivity of 

pure FG film has been identified to be 1.17 × 10-10 S cm-1 and optimised at 1.52 × 10-5 S 

cm-1 with the inclusion of 25 wt. % NH4NO3. The value has increased to 1.61 × 10-3 S 

cm-1 with the addition of 40 wt. % NH4NO3 in FG-CS polymer electrolytes system. The 

temperature dependence conductivity plot is Arrhenian. The variation in conductivity is 

accompanied by the changed in surface morphology as can be observed from FESEM 

analysis. Transport analysis showed that the trend in conductivity can be influenced by 

the mobility (μ), the diffusion coefficient (D) and number density (n) of ions. TGA and 

DSC are discussed to study the thermal properties of the electrolytes. The degradation 

temperature and glass transition temperature decreased as salt is added into the system 

due to the complexation of salt and the polymer. Tg decreased to 54.83 °C in FG25 and 

to 83.33 °C in CFs40. From TNM analysis, ions were found to be the dominant charge. 

tions values in the highest conducting electrolytes are 0.92 and 0.96 in FG25 and CFs40, 

respectively. LSV result confirms the suitability for the highest conducting electrolyte 

with ~2.6 V for both salted systems.  
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ABSTRAK 

Dalam kajian ini, jujukan baru dari jelatin ikan (FG) sebagai perumah elektrolit polimer 

pepejal yang ditambah dengan NH4NO3 telah disediakan melalui kaedah penuangan 

larutan. Kitosan (CS) dicampur untuk memberikan laluan tambahan kepada pergerakan 

protonik bagi meningkatkan kekonduksian. Daripada mikrogam FESEM, campuran 60 

wt. % FG dan 40 wt. % CS, (CF4) didapati serasi dan daripada analisis XRD, nisbah 

tersebut adalah yang paling amorfus dengan darjah kristaliniti terendah iaitu ~15.38 %. 

Elektrolit paling amorfus dalam sistem polimer tunggal bergaram ialah FG25 dan dalam 

sistem campuran bergaram, ialah CFs40. Interaksi antara bahan ditentukan dari 

pergerakan jalur dan perubahan bilangan gelombang puncak daripada analisis 

spektroskopi FTIR. Kekonduksian ionik bagi filem FG tulen 1.17 × 10-10 S cm-1 dan 

dioptimumkan kepada 1.52 × 10-5 S cm-1 dengan 25 wt. % NH4NO3. Nilai meningkat 

kepada 1.61× 10-3 S cm-1 dengan 40 wt. % NH4NO3 dalam sistem elektrolit polimer FG-

CS. Plot kebergantungan suhu terhadap kekonduksian adalah Arrhenian. Variasi 

kekonduksian disertai perubahan morfologi permukaan diperhatikan dari analisis 

FESEM. Parameter pengangkutan menunjukkan corak kekonduksian dipengaruhi oleh 

mobility, pekali difusi, dan kepadatan nombor ion. TGA dan DSC dianalisis untuk 

mengkaji sifat termal elektrolit. Suhu degradasi dan suhu peralihan kaca, Tg berkurang 

apabila garam ditambah ke dalam sistem disebabkan oleh kompleksasi garam dan 

polimer. Tg berkurang kepada 54.83 °C dalam FG25 dan kepada 83.33 °C dalam CFs40. 

Daripada analisis TNM, ion didapati menjadi cas dominan. Nilai ion dalam elektrolit 

paling tinggi pengkonduksian adalah 0.92 dan 0.96 dalam FG25 dan CFs40, masing-

masing. Keputusan LSV mengesahkan kesesuaian untuk elektrolit paling tinggi 

pengkonduksian ~2.6 V untuk kedua-dua sistem yang mengandungi garam. 
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1. CHAPTER 1: INTRODUCTION 

1.1 Research Background 

In this modern society, digital devices industry is growing rapidly. Battery is one 

of the primary and important components in this current growth. Consumers nowadays 

are more attracted to use electronic devices that  are small, lightweight and portable with 

a longer lasting rechargeable battery (Dong et al., 2021). Several research have been done 

to produce a battery that can meet with the current demands. However, batteries that 

formerly employed liquid as electrolytes have some drawbacks. According to some 

research work, liquid electrolytes experience issues with leakage, electrode corrosion, a 

small operating temperature range, hermetic sealing, and internal battery short circuits 

(Aziz et al., 2020). Those issues could be due to the growth of metal dendrites during 

multiple charging and discharging process (Agrawal & Pandey, 2008; Dong et al., 2021; 

Yu et al., 2021). Thus, research and development on batteries nowadays are shifting from 

liquid based to solid based electrolytes. Studies have shown that solid electrolytes have 

higher temperature stability, low temperature operation, easy to construct and flexible in 

terms of their form factor (Azarian & Wootthikanokkhan, 2020; Dannoun et al., 2020). 

 

Solid polymer electrolytes (SPE) were first reported in 1973 by Peter V. Wright. 

Wright found that a solid electrical conductor can be produced using polyethylene oxide 

(PEO) as a host and sodium salt as dopants. Charge carriers for ion conduction can be 

produced via the solvation of dopant salt in the polymer. In 1978, Michel Armand has 

brought out the potential of these material as a new class of solid electrolyte for energy 

storage application (Armand, 1994). He realized that the complex from lithium salt and 

PEO has turned out to be a good conductor that perfectly matches the electrodes 
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intercalation. Since then, similar polymers have been tested to produce solid electrolytes 

such as polypropylene glycol (PPG) (Saikia et al., 2011) and polyethylene glycol (PEG) 

(T. J. Singh & Bhat, 2003).  

 

Synthetic polymer such as PEO that is originated from petroleum are non-

biodegradable (Alves et al., 2016). Due to the current environmental issue, biopolymer is 

being used as an alternative to host ionic conduction in electrolytes. Natural polymers are 

the types of polymers produced from raw materials found in nature. Natural polymers can 

be modified to produce a better electrolyte system with improved properties (Sudhakar, 

Selvakumar & Bhat, 2018). Natural polymers exhibit extra uniqueness such as thermally 

stable, easy handling, non-corrosive, abundance in nature and inexpensive (Aziz et al., 

2019). Furthermore, biopolymers are non-toxic, biodegradable, and biocompatible (Aziz 

et al., 2020; Selvalakshmi et al., 2017).  

 

Biopolymers such as starch, gelatin, agar, cellulose, pectin, gum, natural rubber, 

chitosan, carrageenan and agarose has been widely investigated as polymer electrolytes 

(Azli et al., 2020; Kadir & Hamsan, 2018; L. S. Kumar & Selvasekarapandian, 2021). In 

this work, biopolymer-based electrolyte made of fish skin gelatin (FG) will be 

investigated. To the best knowledge up to date, the usage of fish gelatin as solid 

biopolymer electrolytes is still new. Considering these research tendencies, the aim of 

this study is to produce a novel SPE based on fish gelatin that will be doped with 

ammonium salt. It has been reported that the loosely bound hydrogen ion (H+) in 

ammonium salts (NH4
+) are good proton donors that responsible for ionic conduction 

(Shenbagavalli et al., 2022). 
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Polymer blending has been extensively studied  since it claimed to be an easy 

method used to improve the ionic conductivity of electrolyte system (Aziz et al., 2020). 

Through the formation of new bonds, polymer blend can enhance the physical 

characteristics of pure components of a single polymer (Qiao et al., 2017). In this work, 

chitosan (CS) is blended with fish skin gelatin (FG) and several tests are conducted to 

study the effect on blending CS with FG. Previous study have shown that CS is 

compatible with FG (Fakhreddin et al., 2013; Qiao et al., 2017). 

 

Massive potential for the fabrication of SPEs with excellent electrochemical 

properties has been successfully established. SPEs offer a superior alternative for 

substituting liquid electrolytes in the production of electrochemical devices. Problems 

such as leakage, corrosion and explosion can be avoided by using SPEs. On the other 

hand, it is also important to consider alternatives to conventional polymers. Gelatin and 

other natural polymers make an excellent alternative. They function well as SPEs and are 

abundant in nature, non-toxic, cheap, and biodegradable (Jothi et al., 2022). Most studies 

on gelatin usually refer to mammalian gelatin which comes from cows or pigs. 

Nonetheless, the increased need for gelatin alternatives to bovine and porcine sources, 

driven by concerns over bovine spongiform encephalopathy (BSE) and religious 

considerations, has generated significant interest in fish gelatin (Ahmad & Benjakul, 

2011; Fox & Hanawa , 2004). 

 

 A study has been carried out to investigate the usage of collagenous fish waste in 

food and cosmetic packaging. To date, there are few research that has been done on fish 

gelatin as ion conducting SPE. The goal of this research is to synthesise and characterise 

biopolymer electrolytes using fish skin gelatin doped with ammonium salt. The used of 
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biopolymer electrolytes is expected to give a promising result towards the development 

of green technology electrochemical devices.  

1.2 Objectives of the Study 

The objectives of the study are as follows: 

• To develop solid biopolymer electrolytes employing fish skin gelatin impregnated 

with ammonium nitrate.  

• To evaluate the physical and electrical properties in solid biopolymer electrolytes 

system.  

• To study the effect of polymer blending in solid biopolymer electrolytes system. 

1.3 Dissertation Organization 

This present work is aiming to achieve the objectives that have been listed in 

subtopic 1.2. Fish skin gelatin and chitosan are employed as a polymer host to develop 

solid biopolymer electrolytes via solution casting techniques. This dissertation contains 

eight chapters. Chapter 1 will introduce the background study on solid polymer 

electrolytes. Chapter 2 provides the literature review and the previous works related to 

solid biopolymer electrolytes. The reason on why fish skin gelatin, chitosan and 

ammonium nitrate were chosen in this research will be elaborated in Chapter 2 as well. 

Chapter 3 provides the details on the preparation of the polymer electrolytes with the 

characterization techniques involved such as X-ray diffraction analysis (XRD), Fourier 

transform infrared spectroscopy (FTIR) and Field Emission Scanning Electron 

Microscope (FESEM). 
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 In this research work, 3 systems will be developed and analysed according to the 

experimental set up and the results will be discussed in Chapter 4, 5 and 6. The results on 

the development of electrolytes system from fish skin gelatin doped with different 

amounts of NH4NO3 salt (FG-NH4NO3) will be presented in Chapter 4. XRD will be used 

to investigate the amorphousness of the film as salt is added to the system. The 

interactions between the host polymer and the salt will be studied and discussed based on 

FTIR and the structural changes of the films will be analysed via FESEM micrographs. 

Other properties such as electrical impedance and transport parameters of the electrolytes 

system will also being studied and discussed using several different formulations and 

techniques. 

 

 The conductivity and other properties of the electrolytes can be improved using 

polymer blend techniques. Different ratio of chitosan will be blended with fish gelatin to 

develop a blended polymer host (FG-CS). The compatibility and miscibility between 

these two polymers will be investigated from both surface and cross-section micrograph 

of the blended polymer via FESEM. The interactions between chitosan and fish skin 

gelatin will be distinguished via FTIR spectrometer. The degree of crystallinity of the 

blended system will be determined from XRD analysis. All results pertaining to the 

blended system will be analysed and discussed in Chapter 5. Salted blended polymer 

electrolytes system comprises of fish gelatin, chitosan, and NH4NO3 (FG-CS-NH4NO3) 

will be analysed in Chapter 6. In this part, the effect of salt to the blended system on the 

physical and electrical performance of solid biopolymer electrolyte will be evaluated. 

Comparison on the results will be made with the previous single polymer salted system. 

The relation between all systems will be discussed in Chapter 7 and concluded in Chapter 

8. The novelty of this work and the further works will be suggested in this last chapter.   

Univ
ers

iti 
Mala

ya



 
 
 

6 
 

2. CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

Population growth increases the amount of energy required to meet their needs, 

and as portable technologies evolved, energy storage is becoming more significant 

nowadays (Garidepalli et al., 2022). Battery is one of the well-known forms of chemical 

energy storage among the current energy storage technologies. A battery is an 

electrochemical energy storage mechanism that converts chemical energy into electrical 

energy by facilitating the flow of ions from anode to cathode that is separated by a 

conductive electrolyte (Sohaimy et al., 2022). The design of high-performance 

electrochemical devices has underwent substantial research to provide secure and 

affordable energy storage solutions (Dannoun et al., 2022).  

 

A polymer is a molecule made up of smaller molecules that are repeated and 

connected in 2- or 3-dimensional networks to build long or massive molecular chains 

(Ibnu et al., 2022). Due to that variable structure, polymeric materials can have a broad 

variety of physical, chemical, and mechanical properties (Aziz et al., 2020). Polymer 

electrolytes (PEs) are crucial for electrochemical devices due to their numerous unique 

benefits over commercial liquid electrolytes including their ability to form thin films, 

leakage-free, lightweight, flexible, easy to handle, transparent and good conductivity 

value (Aziz et al., 2020; Hamsan et al., 2020; Xun et al., 2019). 

 

 Researchers have extensively studied various methods to enhance the properties 

of PEs with the primary focus on improving their conductivity since it is a crucial aspect. 

Blending two or more polymers as PEs could be one of the alternatives with good 
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advantage to significantly increase their ionic conductivity. As a result, polymer blends 

have drawn the interest of past research due to their ability to develop novel materials 

through polymer combinations. These blends possess unique qualities that set them apart 

from single polymer and elevate their performance (Abdullah et al., 2022). 

2.2 Natural Polymer 

Development of a new generation of biobased polymers, for example polymers 

that derived from renewable resources and biodegradable through the action of living 

organism, is progressing rapidly. This is especially true in various energy generation and 

storage applications, where plastics are frequently integrated into manufacturing 

processes, despite their lack of eco-friendliness (Hamed et al., 2022). Unfortunately, the 

extensive utilization of these products has led to the generation of harmful pollutants (Xu 

et al., 2022a). The commercial batteries and electronic devices that are commonplace 

today incorporate electrolytes known for their high conductivity yet exposed to unwanted 

risks due to their hazardous and non-biodegradable nature, leading to a significant threat 

to the environment and biodiversity (Zhao et al., 2022).   

 

Researchers all over the world have started to replace  synthetic polymers with 

biopolymers because of their biodegradability and biocompatibility (Jothi et al., 2022; 

Leo et al., 2021). These benefits have led towards the establishment of biobased polymers 

as key contributors to the progress of environmentally friendly technology. Biopolymers 

can be categorized into four groups as tabulated in Table 2.1 based on their synthesis 

method, source, and the chemical composition of their backbone (Deshmukh et al., 2017). 
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Table 2.1: Classification of biodegradable polymers. 

Categories Example References 

Biomass products from 
agro 

Polysaccharides 
Example: Starch, chitosan, gum 

(Abdulwahid 
et al., 2022; 
Deshmukh et 
al., 2017; Koc 
et al., 2020) 

Protein, lipids 
Example: Collagen, Gelatin, Gluten 

Microorganism extraction 
Polyhydroxy-alkenoates 
Example: Poly(hydroxybutyrate) 

Biotechnology synthesis Polylactides 
Example: Polylactic acid 

Petrochemical products 

Polycaprolactones 

Polyester amides 
Aliphatic co-polyesters 

Aromatic co-polyesters 

 

2.3 Polymer Electrolyte (PE) 

A polymer electrolyte (PE) is produced by dissolving salt into polymer matrix 

with a high molecular weight (P. Singh et al., 2022). According to Xu et al (2022) the 

ability of biopolymers to interact with the salt cations and conduct ions is attributed to the 

presence of hydrophilic -OH, -COOH, -NH2, and -CONH2 groups along with other 

functional moieties in the polymers. Examples of synthetic polymers that have been 

studied as polymer electrolytes are poly(vinyl pyrrolidone), poly(acrylonitrile), 

poly(methyl methacrylate), and poly(vinyl chloride) (Aziz et al., 2019; Garidepalli et al., 

2022; Selvalakshmi et al., 2017). PEs have been used to produce electrochromic window, 

solar cells, solid state batteries, electrochromic display devices, electric vehicles because 

of the PEs properties such as transparent, light weight, safe, high ionic conductivity and 

versatile (Chattopadhyay et al., 2023; P. Singh et al., 2022).  
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There are three categories of PEs; liquid PEs, gel PEs and solid PEs. Solid PEs 

are preferred over liquid and gel for various reason that will be discussed in subtopic 2.4. 

The performance of PEs can be improved with physical treatment such as blending or 

cross-linking two different polymers. Beside physical treatment, PEs can also be 

improvised using chemical addition such as by adding plasticizer, filler, salts and ionic 

liquids (P. Singh et al., 2022). The concentration of the ions, viscosity of the electrolytes 

and the diffusivity are the factors that determined the ionic conductivity of liquids 

electrolytes (Ehrlich et al., 2023). Ghazali and Samsudin (2022) reported two criteria for 

a polymer to be served as an effective polymer electrolyte host: (1) the segmental motion 

of the polymer must be easily accomplished and (2) the material should have a low glass 

transition temperature in order to have a low cohesive energy. 

2.4 Solid Polymer Electrolyte (SPE) 

Solid polymer electrolyte (SPE) can be categorized as a polymer that has the 

ability in conducting ions. They are also referred as solid solvents, possessing ion 

transport characteristics akin to those found in traditional liquid ionic electrolyte solutions 

used in batteries and supercapacitors (Ong et al., 2020). SPEs have garnered significant 

attention owing to their built-in safety features and extensive operational temperature 

span, attributed to the absence of combustible liquid constituents. Moreover, they hold a 

very promising potential advantages concerning both gravimetric and volumetric energy 

density. (Abdulkareem, 2021; Yu et al., 2019). One of the SPEs setup was created through 

the disintegration of alkali metal salts within a polar polymer matrix. Upon the breakdown 

of the polymer matrix structure, electron-donor groups within the polymer will form a 

dative bond with cations from the inorganic salts. Under the influence of electric field, 
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these ions will be detached and starts their movement from one segment of the chain to 

another. (Aziz et al., 2020; Ong et al., 2020).  

 

Chattopadhyay and co-workers (2023) reported that SPEs are considered to serve 

as electric vehicles (EVs) batteries. This is due to the improved in safety, a longer cycle 

life and a higher energy density (Chattopadhyay et al., 2023). SPEs also have been used 

in lithium-ion batteries, sodium-ion batteries, dye-sensitive solar cells, fuel cells, 

capacitors and many more (Ge et al., 2021; Teo & Buraidah, 2021).  

2.5 Gelatin as polymer host in SPE 

Gelatin is a proline and hydroxyproline protein that can be obtained by 

hydrolysing collagen (Siburian et al., 2020). Figure 2.1 shows the structure of gelatin 

according to its amino acid composition (Ramos et al., 2016). Animal skins and bones 

are the source of gelatin. Gelatin has historically been utilised extensively as an 

emulsifier, foaming agents, biodegradable packaging materials, and colloid (Oliveira et 

al., 2019; Rayung et al., 2020). Gelatin is frequently used in the food packaging industry 

because it can create a flexible and nearly colourless film (Lu et al., 2022; Ramos et al., 

2016). Since it was discovered that gelatin can conduct electrical current, it has already 

been investigated for several electrochemical studies (Alam et al., 2021; Bommalapura et 

al., 2021). 

 

Gelatin is one of the many different types of biopolymers currently in the market. 

Due to its high transparency, adhesiveness and plasticity, gelatin has gained interest in 

producing flexible energy devices such as supercapacitor, batteries and DSSC (Azarian 

& Wootthikanokkhan, 2020). Based on the reviews, solid polymer electrolyte that used 
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gelatin as host polymer have given a promising result in producing ion conducting film. 

The presence of lone pair electrons as shown in Figure 2.1 able to facilitate ion transport, 

offering gelatin as a good candidate for ionic conduction (Aziz et al., 2022). Table 2.2 

shows the previous work on gelatin-based polymer electrolyte.  

  

Figure 2.1: Structure of gelatin.  

Table 2.2: Review of earlier works on gelatin-based polymer electrolytes. 

Electrolyte Highest conductivity 
at room temperature References 

Gelatin-LiCLO4 3.58 × 10−6 S cm−1 (Kadir, 2021) 

Gelatin-CF3SO3-IL 1.18 × 10−4 S cm−1 (Leones et al., 2012) 

Formaldehyde gelatin-LiClO4-
glycerol 1.04 × 10−4 S cm−1 (Ramadan et al., 2014) 

Formaldehyde gelatin-LiCl-
glycerol 2.02 × 10−4 S cm−1 (Ramadan et al., 2014) 

Gelatin-NH4NO3-glycerol 1.67 × 10−4 S cm−1 (Aziz, et al., 2022) 
 

Collagen has traditionally been extracted from the skin and bones of terrestrial 

mammals like cows and pigs (Liu et al., 2015). However, due to the bovine spongiform 

encephalopathy (BSE) and religious restrictions, its use has been limited (Liao et al., 

Univ
ers

iti 
Mala

ya



 
 
 

12 
 

2018). Due to this concern, researchers are looking for a substitution to mammalian 

gelatin. Gelatin from fish skin has attracted much attention due to its diversity of aquatic 

species. The advantages of using aquatic animals include low disease risk, no dietary 

limitations, and high collagen yield (Jafari et al., 2020; Wang, 2021). 

 

Processed by-products have also been thought of as potential substitute sources of 

collagen (Ahmad & Benjakul, 2010). Due to their capacity to create an extensible, almost 

colourless film, by-products from the fishing industry, such as heads, skin, bones, and 

scale, have recently come under consideration (Ramos et al., 2016) . As it produces 

between 70 and 85 percent of the entire catch weight in by products, the fish processing 

business has promising future (Salvatore et al., 2020). In order to reduce the amount of 

disposable trash, research has been conducted to examine the usage of collagenous fish 

waste in pharmaceuticals, cosmetic and food packaging items (Liu et al., 2021; Ramos et 

al., 2016). 

 

However, studies on fish gelatin based solid polymer electrolytes are still very 

limited and not fully optimized. Kadir (2021) reported that fish gelatin doped with 25 

wt. % of LiClO4 has obtained a conductivity value up to 3.58 × 10−6 S cm−1. Considering 

these research tendencies, the current work is intended to develop a new SPE based on 

fish gelatin that will be doped with ammonium salt to increase the ionic conductivity 

value.  

2.6 Chitosan as host polymer in SPE 

Chitosan is a natural linear polysaccharide with the average molecular weight of 

100 – 500 kDa, which is derived from deacetylation of chitin in the presence of alkali 
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(Deshmukh et al., 2017). Chitosan is one of the natural abundant resources that is 

biodegradable, nontoxic, simple to use and possesses an excellent film forming ability as 

well as good mechanical properties (Hadi et al., 2021; Martins et al., 2012). Chitosan is 

mostly derived from shrimp waste and widely employed as a natural polymer in various 

applications, for examples, in biomedical material, drug delivery, waste water treatment 

and tissue engineering  (Aziz et al., 2019; Koc et al., 2020;Wang et al., 2015). Figure 2.2, 

shows the chemical structure of chitosan (Martins et al., 2012).  

 

Figure 2.2: Structure of chitosan. 

Chitosan contains free amino groups in its structure which make it able to dissolve 

in dilute aqueous acidic solvents (Deshmukh et al., 2017). The amine and hydroxyl groups 

on the backbones of chitosan promote a good complexation, chemical modification and 

salt dissociation which makes chitosan a good candidate as a polymer host for ionic 

conduction (Abdulwahid et al., 2022; Leo et al., 2021). Table 2.3 shows examples on the 

highest conductivity achieved in room temperature for chitosan-based polymer 

electrolytes from the previous studies. A key aspect of chitosan is its capacity to be 

moulded into a wide range of morphologies, including hydrogels, porous scaffolds, and 

films (Dannoun et al., 2021).  
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Table 2.3: Review of earlier works on chitosan-based polymer electrolytes. 

Electrolyte Highest conductivity at 
room temperature References 

CS-MgCl2-glyerol 1.03 × 10−3 S cm−1 (Hamsan et al., 2020) 

CS-LiCLO4-glycerol 1.20 × 10−3 S cm−1 (Aziz et al., 2021) 

CS-NaI 1.11 × 10−4 S cm−1 (Rahman et al., 2021) 

CS-LiCO2CH3-glycerol 5.19 × 10−4 S cm−1 (Asnawi et al., 2020) 

2.7 Polymer Blending 

Developing a brand-new polymer can be a time consuming and expensive process, 

thus incorporating desirable properties from individual materials into polymer blends 

would be advantageous. It is well known that polymer blending can create new 

interactions that enhances the physical qualities of pure components (Qiao et al., 2017). 

Figure 2.3 depicts a cartoon illustration for the increment of amorphous region in polymer 

electrolyte after blending which in turns, increase the mobility of ion diffusions.  

 

Figure 2.3: Cartoon illustration of polymer electrolyte (a) before and (b) after 
blending. 

Depending on how much of each polymer is present in the mixture, the physical 

properties differ from those of the parent polymers and the compatibility of polymers in 

blend systems determines how effectively a property is modified (Toh et al., 2021). 

Galindo and co-workers (2019) have reported that polymer blending has effected the film 

(a) (b) 
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morphology, structure and as well as the electronic properties. Mazuki (2020) has 

reported that a single polymer based PVdf-HFP that has a conductivity value of PVdf 

blended with PMMA has increased from ~10-10 S cm-1 to ~10-7 S cm-1. The conductivity 

value of chitosan as a single host as listed in Table 2.3 have improved as another polymer 

is blended with it. The improvement of the conductivity value due to blending chitosan 

with other polymers can be clearly observed in Table 2.4.  

Table 2.4: Review of earlier works on blended chitosan-based polymer electrolytes. 

Electrolyte 
Highest conductivity 

at room temperature 
References 

CS-CMC-NH4Br 2.12 × 10−5 S cm−1 
(Muhamaruesa & Mohd 

Isa, 2017) 

CS-Dex-NH4SCN 1.28 × 10−4 S cm−1 (Kadir & Hamsan, 2018) 

CS-PEO-LiClO4  7.34 × 10−4 S cm−1 (Aziz et al., 2019) 

CS-Agar-LiCLO4-PEG 4.56 × 10−4 S cm−1 (Leo et al., 2021) 

CS-PEO-LiCLO4-glycerol 4.16 × 10−4 S cm−1 (Dannoun et al., 2021) 

2.8 Fish gelatin-chitosan as host polymer in SPE 

There are few drawbacks reported pertaining to the usage of fish gelatin. Fish 

gelatin are basically has low mechanical strength, poor stability against moisture and poor 

water barrier properties (Hosseini et al., 2022). To produce solid polymer electrolyte, the 

film must have a good mechanical strength as well as good stability against moisture. It 

is well known that polymer blending can create new interactions that enhance the physical 

qualities of pure components (Qiao et al., 2017). Blending polymers instead of developing 

new polymer are more effective to achieve physical and chemical properties that are 

impossible to be achieved when using single polymers (Yahya et al., 2017).  
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The blending of polymers has the capability to reduce the crystalline nature of 

polymer electrolytes and can enhance the mobility of segments within the host polymer. 

This improvement is facilitated through interactions within the blend system, which 

encompass hydrogen bonding, ionic interactions, and dipole interactions (Polu et al., 

2015). Blend system are effortless to prepare and the physical properties are easy to 

control through compositional change (Li et al., 2018). However, it is important that the 

blend system to be miscible to one and another in order to produce a solid polymer 

electrolytes system with better properties (Polu et al., 2015). Abdul Wahid and co-

workers (2022) mentioned that by blending polymers, there will be more interaction sites 

for the ions to hop and exchange. Thus, with addition of salt into the blend system, the 

conductivity will increase compared to single polymer electrolytes system. 

 

Fish gelatin has low resistance against water vapor permeation which can be 

resolved by blending with other polymers (Mousavi et al., 2021). Chitosan is a linear 

copolymer of glucosamine and N-acetyl-glucosamine in a β-(1-4) linkage that usually is 

obtained from chitin throughout deacetylation process (Leones et al., 2017). Chitosan has 

high mechanical strength, biodegradable, non-toxic, low production cost, good film 

forming abilities and able to dissolve ionic salts for SPEs applications (Leones et al., 

2017; Wang et al., 2015; Yahya et al., 2017). Previous studies have shown that the blend 

of gelatin with chitosan able to improve the biological performances and physical 

properties (Wang et al., 2015). This combination have been widely studied in biomedical 

applications such as drug carriers and drug release, and tissue engineering scaffolds 

(Jǎtariu et al., 2011). Hence, combining gelatin with chitosan to create biocomposites 

with unique characteristics appeared to be a promising method (Wang et al., 2015). 

Compared to pure gelatin films, the mechanical and physical properties of the composite 
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films made from gelatin and chitosan are observed to be improved (Fakhreddin et al., 

2013; Jridi et al., 2014; Nagahama et al., 2009).  

 

Roy and Rhim (2021) combine chitosan and gelatin with addition of CEO and 

rutin shows that the film has a strong antibacterial and antioxidant activity which used in 

active packaging applications. Previous studies have shown that the blend of chitosan and 

gelatin are able to be applied as biodegradable food packaging with good physical 

properties (Liu et al., 2020; Yeddes et al., 2020). This blend has also penetrated wound 

dressing market. Because of their good film forming property, non-toxic, biodegradable 

and biocompatible, these combinations have proven could improve the healing effect of 

wound fabricated from them (Kenawy et al., 2019).  

 

It has been demonstrated that gelatin and chitosan could produce hydrogen bonds 

as well as electrostatic interactions (Taravel & Domard, 1995). Moreover, numerous 

complexes of the two biopolymer molecules are formed as a result of these promising 

interactions (Yin et al., 2005). Gelatin and chitosan are compatible and the miscibility 

between gelatin and chitosan to produce a wide range of solutions and films are reported 

to be promising (Qiao et al., 2017). Voron and co-workers (2016) confirmed the 

occurrence of electrostatic interaction between positively charged amino-groups in 

chitosan and negatively charged amino acid Glu and Asp residues in gelatin and hydrogen 

bonds for the blend polymer.  Certain chitosan disadvantages such as lack of elasticity 

has come to attention and due to that problem chitosan is altered by blending with other 

polymers (Mousavi et al., 2021). However, the study on fish gelatin blend with chitosan 

still relatively new thus this research aims to investigate the effects of blending fish 

gelatin with chitosan in polymer electrolyte system.   
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2.9 Ammonium salt-ammonium nitrate as proton donor 

Various salts such as lithium, sodium, silver and ammonium salt have been 

utilised as ionic dopants (Ge et al., 2021; Mohd Asnawi et al., 2020). The most common 

ionic dopants is lithium salt which are relatively expensive, reactive to water, and can 

cause harmful effects at high temperatures (Osman et al., 2012). Solvents that can 

dissolve inorganic salts such as sodium and potassium iodide are very limited. Therefore, 

the usage of ammonium salt is an excellent alternative for a cheaper and uncomplicated 

to handle (Hamsan et al., 2019). Kumar and co-workers (2012) also reported that 

ammonium salts has the ability to produce a flexible film that is desired for a good 

conductor.   

 

It has been reported that the loosely bound H+ ion from ammonium cations (NH4
+) 

are good proton donors that responsible for ionic conductivity (Shenbagavalli et al., 

2022). Some ammonium salt is chosen due to its low lattice energy, its low in price 

(Dennis et al., 2022), and relatively high conductivity. Examples of ammonium salts that 

have been previously doped in SPE are ammonium iodide (NH4I) (Aziz et al., 2021), 

ammonium bromide (NH4Br) (Hamsan et al., 2020), ammonium thiocyanate (NH4SCN) 

(Kadir & Hamsan, 2018) and ammonium nitrate (NH4NO3) (Saeed & Abdullah, 2020). 

Beside enhancement of ionic conductivity, it is also crucial to preserve the flexibility of 

the SPE by controlling the amount of salt into the polymer (Hassan et al., 2018). Low 

lattice energy type of ammonium salts with less than 600 kJ mol-1,  are considered not 

suitable for the fabrication of polymer electrolyte membranes due to ion association 

between anions and cations (Mohamad et al., 2020). 
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Motivated by these findings, solid biopolymer electrolyte in the present work will 

be impregnated with NH4NO3 to serve as ion dopant. NH4NO3 embodied lower lattice 

energy of 648.9 kJ mol-1 which is still lower than other ammonium salts such as NH4Cl 

and NH4Br, which have lattice energies of 698 kJ mol-1  and 655 kJ mol-1, respectively, 

(Mohamad et al., 2020). It has been demonstrated that NH4NO3 has the ability to boost 

up the conductivity of a polymer host, such as methylcellulose (Abdullah et al., 2020) 

from ~10-11 S cm-1 to ~10-5 S cm-1 and polyvinyl alcohol (Saeed & Abdullah, 2020) from 

~10-9 S cm-1 to ~10-5 S cm-1. 
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3. CHAPTER 3: METHODOLOGY 

3.1 Introduction 

 In this work, three systems of fish gelatin-salt (FG-NH4NO3), fish gelatin-chitosan 

(FG-CS) and fish gelatin-chitosan-salt (FG-CS-NH4NO3) were prepared. Ammonium 

nitrate (NH4NO3) was used as dopant to provide the charge carriers (H+). All solid 

biopolymer electrolytes were prepared using solvent-casting method. The fish FG-CS 

films were developed to determine the most suitable ratio to be chosen as the polymer 

host based on the degree of crystallinity. The blend with lowest degree of crystallinity 

was further doped with NH4NO3. Then, the properties of biopolymer electrolytes were 

characterized using several techniques such as electrochemical impedance spectroscopy 

(EIS), Fourier transform infrared (FTIR), X-Ray diffraction (XRD), thermogravimetric 

analysis (TGA), differential scanning calorimetry (DSC) and field emission scanning 

electron microscopy (FESEM).  

3.2 Materials 

The substances employed in this investigation comprises of gelatin extracted from 

cold-water fish skin (solid, bioreagent: G7041), chitosan with degree of 

deacetylation >75% acquired from Sigma-Aldrich, and ammonium nitrate with a 

molecular weight of 80.04 g mol−1 obtained from Systerm. Distilled water served as the 

solvent for the initial system, while 1 % acetic acid (Sigma Aldrich) was introduced for 

the second and third systems. All materials were utilized without any supplementary 

processing. 

Univ
ers

iti 
Mala

ya



 
 
 

21 
 

3.3 Sample Preparation 

3.3.1 Fish gelatin-NH4NO3 System 

The electrolytes were prepared by the solvent-casting method. The host polymer, 

FG with mass of 2g was dissolved in 100 mL of deionize water. The solution was then 

stirred using magnetic hot plate bar stirrers up to 60 °C for a complete dissolution. Then, 

different amount of NH4NO3 ranging from 5 wt. % to 40 wt. % were added into the 

solution. The mixtures were then stirred using magnetic bar stirrers until homogenous 

solutions were obtained. The solutions were then casted in different plastic Petri dishes 

and left to dry at room temperature in a drying cabinet. Figure 3.1 shows a solid 

transparent membrane after the solutions has dried. Then, all samples were peeled out and 

kept in a desiccator filled with silica gel desiccants for further drying process. Table 3.1 

summarizes the compositions of the polymer. 

Table 3.1: The composition of FG-NH4NO3 solid polymer electrolytes. 

Sample designation FG (g) NH4NO3 (wt. %) NH4NO3 (g) 

FG0 2 0 0.000 

FG5 2 5 0.105 

FG10 2 10 0.222 

FG15 2 15 0.353 

FG20 2 20 0.500 

FG25 2 25 0.667 

FG30 2 30 0.857 

FG35 2 35 1.077 

FG40 2 40 1.333 

3.3.2 Fish gelatin-chitosan System 

Chitosan and fish gelatin with different percentages were dissolved in two 

different glass beakers, each containing 50 mL of 1 % acetic acid. Both beakers were 
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stirred using magnetic bar stirrer for 2 hours. Then, the solutions were mixed and 

continuously stirred until homogenous solutions were obtained. The solutions were then 

casted in different plastic Petri dishes and left to dry at room temperature in a drying 

cabinet. Solid transparent membranes were obtained after the solutions has dried. Then, 

all samples were peeled out and kept in a desiccator filled with silica gel desiccants for 

further drying. Figure 3.1 presents the sample on the petri dish for (a) FG0, (b) C10 and 

(c) CF4. Table 3.2 summarizes the compositions of the FG-CS polymer blend system.  

   

Figure 3.1: Film of selected samples (a) FG0, (b) C10, and (c) CF4. 

Table 3.2: The composition of FG-CS solid polymer electrolytes. 

Designations Fish gelatin: Chitosan (%) 
Polymer Blend 

Fish Gelatin (g) Chitosan (g) 

FG0 100:0 2 0.0 

CF1 90:10 1.8 0.2 

CF2 80:20 1.6 0.4 

CF3 70:30 1.4 0.6 

CF4 60:40 1.2 0.8 

CF5 50:50 1.0 1.0 

CF6 40:60 0.8 1.2 

CF7 30:70 0.6 1.4 

CF8 20:80 0.4 1.6 

CF9 10:90 0.2 1.8 

C10 0:100 0.0 2.0 

(a) (b) (c) 
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3.3.3 Fish gelatin-chitosan-NH4NO3 System 

The blend with the lowest degree of crystallinity in FG-CS system was chosen as 

the polymer host. Different amounts of NH4NO3 ranging from 5 wt. % to 60 wt. % were 

added into the FG-CS solution and stirred until the solutions become homogenous. All 

solutions were casted onto Petri dishes and left to dry to form films. All the films were 

kept in desiccator filled with silica gel desiccants to eliminate extra moisture. Based on 

XRD analysis, the film with the lowest degree of crystallinity was found to be CF4 with 

60 wt. % of fish gelatin and 40 wt. % of chitosan. Table 3.3 shows the compositions and 

designations for FG-CS-NH4NO3.  

Table 3.3: The composition of FG-CS-NH4NO3 solid polymer electrolytes. 

Sample designation FG (g) NH4NO3 (wt. %) NH4NO3 (g) 

CF4 2 0 0.000 

CFs10 2 10 0.222 

CFs20 2 20 0.500 

CFs30 2 30 0.857 

CFs40 2 40 1.333 

CFs50 2 50 2.000 

CFs60 2 60 3.000 

3.4 Electrolytes Characterization 

3.4.1 X-Ray Diffraction (XRD) 

XRD is a rapid analytical technique which is commonly used to determine the 

atomic arrangements of crystal or amorphous structures of a material. X-ray diffraction 

is basically occurred based on constructive interference of monochromatic X-rays and a 

crystalline sample. The interaction of the incident rays with the sample produces 
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constructive interference (and a diffracted ray) when conditions satisfy Bragg's Law as 

shown below: 

                  nBλB=2dB sin θB            (Equation 3.1) 

where nB is the whole number of wavelengths, λB is the wavelength of the rays, dB stands 

for the spacing between layers of atoms and θB stands for the angle between the incident 

rays and the surface of the crystal. This law relates the wavelength of electromagnetic 

radiation to the diffraction angle and the lattice spacing in a crystalline sample.  

 

Siemens D5000 X-ray diffractometer was employed with 2θ from 5° to 80° at 0.1° 

resolution. These diffracted X-rays are then detected, processed, and counted. All the data 

were then deconvoluted using OriginPro8 software to separate the crystalline and 

amorphous peaks. The R-square value for the fitting must be >0.96. Degree of 

crystallinity for selected electrolytes were determined from the results obtained.  

3.4.2 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR was used to identify the chemical bonds in a molecule by producing an 

infrared absorption spectrum where the interactions among the materials were studied. 

Infrared radiation was passed through a sample. Some radiation was absorbed, and some 

was transmitted. FTIR provided information based on chemical composition and physical 

state of the whole sample as it is sensitive to the changes in molecular structure. The FTIR 

studies were performed using Spotlight 400 Perkin-Elmer spectrometer in the 

wavenumber ranged from 500 cm-1 to 4000 cm-1 at a resolution of 1 cm-1. FTIR was done 

at room temperature. In this work, FTIR studies were analysed to confirm the interactions 

between the fish gelatin-NH4NO3, fish gelatin-chitosan and fish gelatin-chitosan-

NH4NO3. 
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3.4.3 Field Emission Scanning Electron Microscope (FESEM) 

FESEM is a type of electron microscope that produces images of a sample by 

scanning the surface with a focused beam of electrons. The electrons were interacted with 

atoms in the sample, producing various signals that contain information about the surface 

topography and composition of the sample. In this work, Hitachi SU8220 was used to 

conduct the analysis at ×1.5 k and ×2.0 k magnification for both cross-sections and 

surfaces of the polymer electrolytes, respectively. FESEM provided high resolution of 

images that are useful for evaluating the surface of the materials. FESEM micrographs 

helped to shed some light to explain the trend in conductivity.  

3.4.4 Electrochemical Impedance Spectroscopy (EIS)  

Electrochemical Impedance is a measurement of current that pass through a cell 

after applying an AC potential to an electrochemical cell. The polymer electrolyte films 

were cut into small pieces and sandwiched between a stainless-steel electrode with area 

of 2.01 cm2 as in Figure 3.2.  

 

Figure 3.2: Stainless steel holder for EIS testing. 

The impedance of the films was measured using HIOKI 3532-50 LCR Hi-Tester. 

The frequency was selected between 50 Hz to 5 MHz from 298 K to 373 K. Then, the 
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data was plotted and value of the bulk resistance, RB was obtained from Nyquist Plot. RB 

value was used to find the conductivity σ, of the electrolyte via the equation: 

 

          𝜎 =
𝑡

𝑅𝐵𝐴
                                                (Equation 3.2) 

 where t is the thickness of sample and A is the area of electrode-electrolyte contact. The 

thickness of the film will be measured using a digital micrometre. From the impedance 

data obtained, other properties can also be determined for example dielectric properties 

and transport properties.  

3.4.5 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is one of the methods used to study thermal 

properties. Different materials have different decomposition temperatures. The 

decomposition temperature was altered when salt was impregnated into the polymer 

electrolyte. The thermal stability of polymer electrolytes and the films’ moisture content 

was determined from the thermogram curve. The thermal degradation temperature and 

the amount of weight loss were detected from the curve. TGA were performed using 

simultaneous thermal analyser (STA-6000) from Perkin Elmer. The sample weight 

around 5 mg was heated from room temperature up to 700 °C at a heating rate of 

10 °C/min in a nitrogen gas flow.  

3.4.6 Differential Scanning Calorimetry (DSC) 

DSC is a thermal analysis to measure the change in physical properties as a 

function of temperature and time. Segmental motion is one of the crucial components in 

ionic conduction. Ionic conduction is more efficient in electrolytes that have a better 

segmental motion. Segmental motion was analysed using glass transition temperature 
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(Tg). In DSC analysis, Tg was determined from the graph of temperature against heat flow. 

TA Instruments Q200 was used with the operating temperature ranging from -40 °C to 

150 °C, 150 °C to 0 °C and 0°C to 150 °C at 10 °C min-1 respectively in 50 ml min-1 

nitrogen gas of heating / cooling / heating rate. The samples were sealed in aluminium 

pan with range of 5 mg to 8 mg with reference pan sit together on a heater. The first 

heating process is to remove traces of water.  

3.4.7 Transference Number Analysis 

The conducting species in electrical conductor can be identified using transference 

number analysis (TNM). V&A Instrument DP3003 was employed in order to determine 

whether the major contribution in this electrolyte comes from ion or electron. A constant 

0.80 V was applied to polarize the cell. The highest conducting electrolyte was 

sandwiched between stainless steel (SS) with the configuration of SS|electrolyte|SS at 

room temperature.  

3.4.8 Linear Sweep Voltammetry (LSV) 

Electrochemical potential stability evaluation is one of the requirements for 

polymer electrolytes to be used in energy storage devices. The conducting electrolyte's 

decomposition potential was calculated from the LSV response. Digi-IVY DY2300 

potentiostat was used to study the limiting voltage of the electrolyte. Both working and 

counter electrodes used were stainless steel where the arrangement of the cell for LSV 

analysis was SS|electrolyte|SS. The scan rate of 1 mV s-1 from 0 to 2.20 V was used at 

room temperature.  
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4. CHAPTER 4: FISH GELATIN-SALT SYSTEM 

4.1 Introduction 

This chapter will discuss the results of employing fish gelatin as a host for polymer 

electrolytes, doped with ammonium nitrate, NH4NO3. Several techniques have been used 

to study the physical and electrical properties of the polymer electrolyte system. 

4.2  X-Ray Diffraction (XRD) 

Studies have shown that electrolytes with high amorphous region exhibited a 

better conductivity values (Naachiyar et al., 2021; Shukur & Kadir, 2015). Therefore, 

XRD analysis will be very handy to determine the electrolytes amorphous region in order 

to strengthen and to confirm the evaluation of conductivity studies. Figure 4.1 represents 

the XRD pattern of bare fish gelatin film, FG0, which is used as the reference.   

 

Figure 4.1: Deconvoluted XRD patterns of FG0. 

To distinguish the crystalline sharp peaks from the amorphous broad peaks, the 

original graph was fitted using Gaussian distribution via OriginPro8 software, resulting 
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in the green and blue lines, respectively. This analysis known as deconvoluted XRD, 

provides a detailed characterization of the film’s structure. The deconvoluted XRD 

pattern of FG0 exhibits prominent crystalline peaks at 2θ = 7.5°, 19.7° and 22.6° which 

aligned with the previous studies that have identified similar peaks of fish gelatin (Kadir, 

2021).  

 

Figure 4.2 represents the XRD pattern for FG15. It can be observed that the 

amorphous peak at 21.0° for FG0 previously has shifted to 21.5° when 15 wt. % NH4NO3 

is added. Meanwhile, the crystalline peaks at 19.7° and 22.6° have down shifted to 19.9° 

and 22.4°, respectively which suggests that there are formation of complexation occurred 

between polymer and salt (Aziz et al., 2020). The crystalline region decreased as salt 

concentration increased from 0 wt. % to 25 wt. %.  

 

Figure 4.2: Deconvoluted XRD patterns of FG15. 
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Figure 4.3 displays deconvoluted XRD pattern for FG25 that shows similar trend 

as FG15 where shifting in peaks positions occurred and the crystalline region also 

decreased indicating that the salt has fully dissolved in the electrolytes (Ge et al., 2021). 

As the concentration of NH4NO3 increases from 0 wt. % to 25 wt. %, dissociation of ions 

become greater, thus led to an increase in amorphous region of the electrolyte film.  

 

Figure 4.3: Deconvoluted XRD patterns of FG25. 

This finding highlight that more ions have formed complexes with the functional 

groups of the polymer host. Such behaviour is highly desirable as it contributes to an 

increase in conductivity (Moniha et al., 2018). Ghazali and his co-workers (2022) 

reported that the addition of NH4NO3 to the electrolyte could be the cause of distortion in 

XRD spectra which proved that the presence of salt on the electrolyte would change the 

patterns. According to the authors, the distortion was a result of a negatively charged 

electron pairs of -COO- and the detachment of NH4
+ ion that has been detached from 

NH4NO3. These bonds disruption contributed to the amorphous characteristic of the 

system (Ghazali et al., 2022).   
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Figure 4.4 depicts the XRD pattern of the fish gelatin system with the additional 

of 30 wt. % of NH4NO3. It can be detected that the XRD spectrum displays sharp peaks. 

Additional crystalline peaks are observed at 2θ = 22.5°, 28.8°, 32.8° and 39.8°, which 

corresponds to the crystalline NH4NO3 peaks. The presence of these peaks indicates the 

existence of undissociated salts in the samples which is consistent with the previous 

findings by Moniha and co-workers (2018). 

 

Figure 4.4: Deconvoluted XRD patterns of FG30. 

According to the same authors, the cations (NH4
+) and anions (NO3

-) reassociated 

back to form ammonium salt that is protruded out of the sample surface. Saeed and 

Abdullah (2020) also noticed a similar NH4NO3 salt peaks in the XRD pattern, which can 

be attributed to the recrystallization phenomenon with increasing salt concentration. 

However, it is important to note that an increase in crystallinity will not benefit 

electrolytes system as it contributes to a decrease in conductivity value (Saeed & 

Abdullah, 2020).  
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The XRD spectra demonstrate a correlation with the physical appearance of the 

polymer electrolyte films that have been formed. Figure 4.5 (a) illustrates the physical 

appearance of FG0, where the absence of salt results in a transparent film. In the case of 

FG15 and FG25 as presented in Figure 4.5 (b) and (c), respectively, the addition of 15 wt. 

% and 25 wt. % of NH4NO3 to the system yields transparent films, indicating good 

compatibility between the polymer and salt within this range. This observation is 

comparable with previous studies on gelatin-based samples (Ramadan et al., 2014). 

However, Figure 4.5 (d) shows that the addition of 30 wt. % of NH4NO3 had dramatically 

transform the physical appearance of FG30 revealing an opaque film. The presence of 30 

wt. % of NH4NO3 have made the electrolyte film more crystalline inferring that 

undissolved salt particles remain within the mixture.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 4.5: The physical appearance of electrolyte film (a) FG0, (b) FG15,            
(c) FG25 and (d) FG30. 

To determine the most amorphous film, the degree of crystallinity (Xc) crystallite 

is determined using the following Equations 4.1. The data are tabulated in Table 4.1: 

 

                             𝑋𝑐 =
𝑃𝑐

𝑃𝑐+𝑃𝑎
 ×  100%           (Equation 4.1) 

 

 

where Pc is the areas of crystalline peaks and Pa is the areas of amorphous peaks.  
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Table 4.1: Parameters obtained from the deconvolution analysis of XRD patterns. 

 

It is apparent from the Table 4.1 that the % of Xc have dropped from 26.18 % to 

15.77 % for FG0 and FG25 respectively. This could be due to the presence of salt 

disrupting the crystalline structure of the fish skin gelatin resulted in higher amorphous 

region in the polymer electrolyte (Moniha et al., 2018). In this work, the lowest Xc which 

demonstrate the smallest crystallite size was also found in FG25. As the amount of salt 

increases, the cohesive force between the polymer host and salt is disrupted initiated in 

the decrement of Xc (Hafiza & Isa, 2020). With the addition of more than 25 wt. % of 

NH4NO3, the Xc increases which confirmed by the XRD spectra that shows additional 

crystalline peaks emerged due to the recrystallization of salt on the surface of the films. 

From XRD studies, in this FG-NH4NO3 system, FG25 is found to be the most amorphous 

region with the least degree of crystallinity.  

4.3 Fourier Transform Infrared (FTIR) 

 Interactions between ions in an electrolyte solution are generally known to be a 

factor that will modify the vibrational modes of molecules. In order to study the 

interactions in polymer electrolyte, many researchers has agreed that FTIR analysis could 

be one of the useful tool that can be used to investigate the interactions that are defined 

Electrolyte Xc (%) 

FG0 26.18 

FG15 19.94 

FG20 17.23 

FG25 15.77 

FG30 37.98 

FG35 39.96 
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by the shifting of peaks or changes in peak intensity (Basu & Tarafdar, 2016; Kadir, 2021; 

Nuvoli et al., 2021). Figure 4.6 depicts the FTIR spectra of fish skin powder and pure fish 

gelatin film (FG0). It can be observed that IR absorption bands such as amide A, B, and 

I-VII are presence that could be induced by the proteins and polypeptides in gelatin 

(Hidayati et al., 2021). As fish skin dissolved in distilled water, amide A peak becomes 

more intense. This could be due to the interaction of water with hydroxyl band in fish 

skin powder. The intensity of other peaks such as amide I and amide II also show a notable 

increase. The peaks found in Figure 4.6 agrees relatively well with several previous 

studies as listed in Table 4.2.  

 

 

Figure 4.6: FTIR spectra of (i) fish skin powder and (ii) FG0. 

 Table 4.2 shows the nature of bond that are corresponded to their respected 

frequency. The peaks observed in Figure 4.6 revealed that amide A and amide B groups 

are found in the gelatin polymer with broad peak observed in the frequency range of 3100 
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cm-1 to 3500 cm-1 and 2894 cm-1 to 3000 cm-1, respectively. It can be detected that high 

intensity peaks of 1630 cm-1 and 1530 cm-1, are found in the amide I and amide II groups, 

respectively. However, low intensity peaks can be observed in the absorption band 

situated in between 1250 cm-1 and 1500 cm-1 as observed in Figure 4.6. Similar peaks for 

gelatin were identified by Abisharani and co-workers (2021) between 1250 cm-1 and 1500 

cm-1. The authors also stated that this range is attributable by aliphatic C-H bending 

vibration. 

Table 4.2: Characteristics of IR bands 

Frequency (cm-1) Nature of Bond Type References 

3100-3500 N–H stretching with hydrogen 
bonding Amide A 

(Abisharani 
et al., 2021; 
Basu & 
Tarafdar, 
2016; 
Kadir, 
2021; 
Nuvoli et 
al., 2021) 

2800-3000 CH2 symmetric and 
antisymmetric stretching Amide B 

1600-1690 C=O stretching Amide I 

1480-1575 
Bending vibration of N–H groups 
and stretching vibrations of C–N 
groups 

Amide II 

1200-1340 
C–N stretching vibrations 
coupled to N–H in-bending 
vibrations 

Amide III 

626-767 OCN bending Amide IV 

640-800 NH bending Amide V 

537-606 C=O bending Amide VI 

200 Skeletal movement Amide VII 
 

 Figure 4.7 depicts a selected FTIR spectra obtained for various NH4NO3 

contents, ranging from 0 wt. % to 30 wt. %. Figure 4.7 (a) focuses on FTIR spectra region 

from 1100 cm-1 to 1500 cm-1 whilst Figure 4.7 (b) represents the FTIR spectra region 

from 600 cm-1 to 1000 cm-1. From Figure 4.7 (a), the peak of amide III has shifted to a 
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lower wavenumber, from 1336 cm-1 to 1306 cm-1, as salt content increases from 0 wt. % 

to 25 wt. %, respectively. Conversely, the peak at 1306 cm-1 for FG25 has shifted to a 

higher wavenumber, to 1308 cm-1 for FG30. Amide III that corresponds to C-N stretching 

vibrations connected to N-H bending vibrations is listed in Table 4.2 (Ahmad & Benjakul, 

2011).  

 

Figure 4.7: FTIR spectra with various salt amount of FG-NH4NO3 in                        
(a) 1100 – 1500 cm-1 spectra region, (b) in 600 – 1000 cm-1 spectra region for (i) 

FG0, (ii) FG15, (iii) FG20, (iv) FG25 and (v) FG30 
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 The shift indicates occurrence of complexation between atoms in the amide III 

functional group and H+ from the salt. More cations are available to interact with the 

atoms as more salt is added into the system. The interactions causing wavenumber shifts 

that infers conductivity increment as more interactions occurred in the polymer 

electrolyte. The research study by Hamsan and co-workers (2017), also found that as the 

wavenumber of the complexes shifted to a lower value, the conductivity values increases 

as the salt concentration rises.  

 

 Figure 4.7 (b) exhibits a new peak that is attributed by the introduction of 

NH4NO3, which appears at 827 cm-1. Notably, in the case of FG0, spotless peak is 

observed in this region as the peak observed in this region is attributed to the symmetric 

bending mode of NO3
- from the NO group that comes from the salt (Kadir et al., 2011; 

Moniha, 2018; Shuhaimi et al., 2012). As NH4NO3 is added to the system, the peak's 

intensity rises but does not significantly shift to a higher or lower wavenumber. The 

findings suggest that the polymer host and NO3
- anions did not interact, as indicated by a 

steady wavenumber (Kadir et al., 2011). With 30 wt. % of salt added into the system, 

additional significant peaks at 752 cm-1 and 697 cm-1, which related to NO3
- ion peaks 

emerged as obtained in FG30 spectrum (Hamsan et al., 2017). This observation consistent 

with the XRD findings for FG30 presented in Figure 4.4, which confirm the occurrence 

of salt recrystallization. The possible interactions between FG-NH4NO3 are illustrated in 

Figure 4.8. 
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Figure 4.8: Illustration for possible interactions between FG-NH4NO3. 

4.4 Field Emission Scanning Electron Microscopy (FESEM) 

FESEM is used to analyse the change in surface morphology when various 

amounts of NH4NO3 is impregnated into the fish gelatin polymer electrolyte. In this 

research, a smooth and homogenous surface is observed for FG0 as shown in Figure 4.9. 

The studies from previous research showed that the surface of gelatin depends on the 

method of extraction.   

 

     Figure 4.9: Surface morphology for FG0. 
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Sghayyar and co-worker (2020) reported that the gelatin surface from tilapia fish 

that extracted via ultra-sonication and lyophilization have a lamellar structure with 

wrinkled morphologies. However, a smooth, homogeneous and compact surfaces were 

discovered by other authors employing hot water extraction from fish scales (Wu et al., 

2018) and casting method of gelatin powder obtained from Sigma-Aldrich.   

 

Figure 4.10 (a) and Figure 4.10 (b) illustrates the surface morphology for FG15 

and FG20, respectively. As salt is added into the system, the surface exhibited a small 

grain structure that can be considered as ion traps in the polymeric network (Kadir et al., 

2010). Arof and co-worker also claimed that the grain dispersed on their electrolyte 

surface to be the ion trap has assists the electrolyte conductivity (Arof et al., 2011). This 

texture also indicates that there is a higher number density of ions with the addition of 

salts and a good compatibility between the polymer host and the salt (Kadir, 2021; Qiang 

et al., 2018).  

 

Figure 4.10: Surface morphology for (a) FG15 and (b) FG20. 

Therefore, it can be assumed that NH4NO3 is able to successfully be embedded 

into fish gelatin polymer host. The electrolytes become more amorphous as the surface 

has changed to a denser structure and improved the segmental properties of the polymer 

which assists the increment of conductivity value (Kadir & Hamsan, 2018).  

(a) (b) 
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Based on XRD result, FG25 possesses the lowest degree of crystallinity and no 

obvious crystalline peaks that is contributed by NH4NO3. However, the size of the grain 

has become larger on the surface of FG25 as shown in Figure 4.11 (a) that in return 

increase the number of ion traps which will boost up the conductivity value. With addition 

of 30 wt. % of salt is added into the system, the agglomeration of salt can be evidenced 

clearly. The FESEM result of FG30 as depicted in Figure 4.11 (b) is consistent with the 

findings from XRD and FTIR where it is confirmed that the ion association rate is higher 

than the ion dissociation rate. As too much salt is added into the system, the salt is not 

able to be fully solvated by the polymer hence recrystallized after drying (Arof et al., 

2011). This phenomena will led to the loss of large amount of charge carries due to the 

recombination of cations and anions to become salt that obviously will reduce the 

conductivity value of the polymer electrolytes (Abdulkadir et al., 2021; Kadir & Hamsan, 

2018). 

 

Figure 4.11: Surface morphology for (a) FG25 and (b) FG30. 

4.5 Impedance Study 

The Nyquist plot for selected electrolytes at room temperature are shown in Figure 

4.12. Incomplete semicircle and semicircle plots are observed for FG0 and FG15 as 

depicted in Figure 4.12 (a) and (b), respectively. The bulk resistance, RB can be detected 

(a) (b) 
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from the interception of the semicircle and the horizontal axis. The incomplete semicircle 

arc for low salt concentration indicates that there aren't enough ions for conduction (Azli 

et al., 2020).  

 

Figure 4.12: Nyquist plot for (a) FG0 and (b) FG15. 

It can be seen that the samples with more than 15 wt. % of salt addition, the plot 

comprises of a combination of semicircle and inclined spike where RB value can be 

detected from the interception of semicircle and spike as represented in Figure 4.13 (a) 

and (b). The semicircle plot at high frequency is due to the migrations of ions in the 
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electrolyte, while at low frequency, the spike portrays the polarization effect in the 

electrolyte (Aziz et al., 2020; Brza et al., 2020).  

 

 

Figure 4.13: Nyquist plot for (a) FG20 and (b) FG25. 

The RB values decreased as more salt added up to 25 wt. % as illustrates in Figure 

4.12 (a) and (b) and Figure 4.13 (a) and (b). The shortage of the RB value indicates that 

there are more ions available due to the increment of NH4NO3 content which enhanced 

the ionic migration from one electrode to another (Aziz et al., 2019). However, in Figure 

4.14, the RB value for FG30 is higher than FG25. When there are too much salt in the 
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system, the ions will become too close to one another that led to the recrystallization of 

salt which in turn will downgraded the ion migration.  

 

Figure 4.14: Nyquist plot for FG30. 

4.6 Conductivity study of Salted System 

In this work the conductivity value is calculated using Equation 3.2. The 

conductivity value at different amount of NH4NO3 concentration is shown in Figure 4.15. 

The conductivity for fish gelatin film, FG0 in this investigation is equivalent to (1.17 + 

0.15) x 10-10 S cm-1, which is comparable to the value previously reported by Kadir 

(2021). With 15 wt. % of NH4NO3 salt was introduced to the polymer host, the 

conductivity raised to (3.12 + 0.58) x 10-8 S cm-1. The conductivity is further spiking up 

to a maximum value of (1.52 + 0.30) x 10-5 S cm-1 when 25 wt. % of NH4NO3 is added 

into the system. The conductivity increases as more salt is added into the system which 

in return supplying more free charge carriers to be transported by the polymer host (Neto 

et al., 2014; Premalatha et al., 2016; Ramadan et al., 2014). The conductivity studies in 

this work are in good agreement with the XRD trend that has been discussed in subtopic 

4.1. FG25 possesses the lowest Xc. It has been reported that amorphous region is 
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favourable for ionic mobility (Abdullah et al., 2018) which is comparable with the result 

in this work.  

 

 

Figure 4.15: Room temperature conductivity of FG-NH4NO3. 

The conductivity decreases when more than 25 wt. % of salt added into the 

system. The dissociated ions tend to recombine due to the close distance between them 

which explained why the conductivity values have decreased to (4.85 ± 0.77) × 10-6  S 

cm-1 and (3.63 ± 0.96) × 10-6 S cm-1 for FG30 and FG35, respectively. The ions 

recombined to form salt again which effected the amount of mobile ions causing the 

conductivity to be badly reduced (Hadi et al., 2021). This result is supported by the XRD 

data as depicted in Figure 4.4 where distinctive peaks attributed by NH4NO3 can be clearly 

seen. FTIR spectra for FG30 in Figure 4.7 also showed clear peaks related to NH4NO3 
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salt.  Conductivity at elevated temperatures of FG-NH4NO3 electrolytes is analysed via 

temperature-dependent Arrhenius relationship equation: 

𝜎 = 𝐴𝑒
−𝐸𝑎
𝑘𝑇     (Equation 4.2) 

where A is a pre-exponential factor, Ea (eV) is activation energy, k is a Boltzmann 

constant and T (K) is the absolute temperature. Figure 4.16 shows a linear conductivity-

temperature plot for all electrolytes where the regression value is close to unity suggesting 

that the system obeys Arrhenius rule.  

 

Figure 4.16: The conductivity of salted electrolyte at various temperatures. 

According to Lim and co-workers (2017), the polymer segment's vibration mode 

rises at higher temperatures, allowing a quicker ionic hoping mechanism, thus increases 

the conductivity value. Previous reports that used NH4NO3 as dopant employing polymer 

such as PVA (Saeed & Abdullah, 2020), MC-PVA (Abdullah et al., 2018)  and starch-MC 

(Hamsan et al., 2017) also have discovered the same behaviour that follows Arrhenius 

rule. This rule demonstrates that the electrical conduction occurs as the charge carriers 

move from one unoccupied site to another site. 
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Minimum energy that is required for the charge to move or best known as 

activation energy is analysed and presented in Figure 4.17. Generally, it is known that 

electrolytes with lower activation energy indicates higher conductivity as the charge is 

easier to move. Thus, the value of activation energy (Ea) for electrolytes at different salt 

concentrations were determined from the slope of the linear fit and plotted in Figure 4.15. 

In this study, the highest conducting electrolyte is FG25 that demonstrates the lowest 

value of activation energy of 0.454 eV. The activation energy increased to 0.522 eV with 

30 wt. % of salt, and the results show similar trend as more salt added.  

 

Figure 4.17: The activation energy of salted electrolytes at various temperatures. 

This aligns well with prior research indicating that as the concentration of salt 

increases, the quantity of ions within the polymer electrolyte also increases, leading to a 

reduction in activation energy. This decrease in activation energy is attributed to the 

diminishing energy barrier for proton transport. (Boopathi et al., 2016; Hamsan et al., 

2017). The value of the activation energy is similar to research by Boopathi and co-

workers (2016), as the authors observed that the highest conductivity is 1.67 × 10-5 S cm-

1 with 0.44 eV Ea as 20 wt. % of NH4NO3 was doped to an agar-based electrolyte. In a 

different study by Majid and Arof (2005), the highest conductivity values and Ea for 

chitosan doped with NH4NO3 were discovered to be 2.53 × 10-5 S cm-1 and 0.45 eV, 

respectively. 

0.4

0.5

0.6

0.7

0.8

0 10 20 30 40

A
ct

iv
at

io
n 

en
er

gy
, E

a 
(e

V
)

NH4NO3 amount (wt. %)

Univ
ers

iti 
Mala

ya



 
 
 

47 
 

4.7 Ionic Transport Analysis 

The ionic conductor has an energy gap that allows the mass of the conducting 

species' ions to be thermally excited from localised ionic states to free-ion-like states, 

where an ion spreads throughout the solid (Ahmed & Abdullah, 2020; Chai & Isa, 2013). 

Rice and Roth model is employed in order to obtain the travelling time (τ), the number of 

mobile ions (n), mobility (μ) and diffusion coefficient (D) that can be calculated using 

Equation 4.3, 4.4, 4.5, and 4., respectively.  

                              𝜏 =
𝑙

𝑣
       where  𝑣 =  √

2𝐸𝑎

𝑙
         (Equation 4.3) 

𝑛 =
3𝜎𝑘𝑇𝑚

2𝑍𝑒2𝐸𝑎𝜏 exp(−
𝐸𝑎
𝑘𝑇

)
                      (Equation 4.4) 

𝜇 =
𝜎

𝑛𝑞
                           (Equation 4.5) 

𝐷 = (
𝑘𝑇𝜎

𝑛𝑒2)               (Equation 4.6) 

 

where v is velocity of ion propagation, Ea is the activation energy, m is the mass of ionic 

charge carrier, k is the Boltzman constant, T is the temperature and e is the charge of the 

electron. The average free path between two coordinating sites (l) which the ions may 

hop is 10 Å (Ahmed & Abdullah, 2020; Chai & Isa, 2013). In this work, the conducting 

species from NH4NO3 is the proton source, H+ (Hamsan et al., 2020; Saadiah, 2020). 

Table 4.3 displays the transport parameters of the salted electrolytes.  

 

 According to previous studies, the ionic diffusion can be a useful measure to assist 

conductivity investigations and has a significant impact on the conductivity of the 

electrolyte (Cyriac et al., 2022; Dannoun et al., 2021). As ion diffusion increases, the 

conductivity increases. Addition of salt into the system, has made τ increases from 0.84 

× 10-13 s to 1.04 × 10-13 s and n increases from 0.28 × 1022 cm-3 to 1.19 × 1022 cm-3 for 

FG5 and FG25, respectively. 
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Table 4.3: Transport parameters of FG-NH4NO3 system at room temperature. 

Sample σ (S cm-1) τ (s) η (cm-3) μ (cm2 V-1 s-1) D (cm2 s-1) 

FG5 2.19 x 10-10 0.84 x 10-13 0.28 x 1022 4.83 x 10-13 1.24 x 10-14 

FG10 2.02 x 10-9 0.87 x 10-13 0.39 x 1022 3.27 x 10-12 8.39 x 10-14 

FG15 3.12 x 10-8 0.90 x 10-13 0.89 x 1022 2.20 x 10-11 5.65 x 10-13 

FG20 7.84 x 10-7 0.97 x 10-13 1.06 x 1022 4.63 x 10-10 1.19 x 10-11 

FG25 1.52 x 10-5 1.04 x 10-13 1.19 x 1022 7.97 x 10-9 2.05 x 10-10 

FG30 4.85 x 10-6 1.00 x 10-13 1.43 x 1022 2.11 x 10-9 5.43 x 10-11 

FG35 4.00 x 10-6 0.98 x 10-13 2.52 x 1022 9.89 x 10-10 2.54 x 10-11 

 

The highest conducting sample (FG25) exhibits the highest μ and D values of 7.97 

× 10-9
 cm2 V-1 s-1 and 2.05 × 10-10 cm2 s-1, respectively. However, as more than 25 wt. % 

of salt is added to the system, the conductivity has abruptly decreased. This phenomenon 

has been triggered by the ions aggregation that in return will contribute to the formation 

ion clusters. The dipole interaction between the medium's protons increases and reduces 

ionic mobility and diffusion (Ahmed & Abdullah, 2020).  

 

At high NH4NO3 concentrations, H+ ions became congested in the electrolytes 

that contributes toward a large number of trapped ions. Extra energy is needed for all the 

trapped ions to mobile in the polymer matrix, which led to the decreased in ionic mobility 

and diffusion of ions, respectively. There is a space restriction in the polymer host, which 

prevents it from sustaining the large amount of H+ ions attributed by the salt above 25 

wt. % (Mazuki et al., 2022). Nevertheless, the number of mobile ions (n) keep on spiking 

up even after the systems have more than 25 wt. % of salt. Presumably the large 

concentration of NH4NO3 composition in the polymer electrolytes generated an 

overcrowding n, which had no effect on ionic conductivity (Muhamaruesa & Mohd Isa, 

2017).  
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Previous study on CS-POZ complexed with NH4NO3 salt by Tahir and co-workers 

(2022) found that for highest conducting electrolyte with conductivity 3.87 × 10-6 S cm-

1, the n, μ and D are ×1022 cm-3,  ×10-9 cm2 V-1 s-1 and ×10-11 cm2 s-1, respectively. The 

values reported were comparable to this study. The values for n, μ and D calculated are 

×1022 cm-3, ×10-9 cm2 V-1 s-1 and ×10-10 cm2 s-1, respectively. 

4.8  Dielectric study 

Dielectric analysis allows in providing a more extensive explanation on the 

conductivity pattern. The dielectric properties can be determined from the complex 

permittivity where Equation 4.7 and Equation 4.8 can be used to calculate the charge 

stored in an electrolyte (εr) and energy dissipates to migrate ions (εi) through instant 

electric reversal, respectively. 

 

i) Dielectric constant,  𝜀𝑟 =
𝑍𝑖

𝜔𝐶0((𝑍𝑟)2+(𝑍𝑖)2)
              (Equation 4.7) 

 

ii) Dielectric loss, 𝜀𝑖 =
𝑍𝑟

𝜔𝐶0((𝑍𝑟)2+(𝑍𝑖)2)
              (Equation 4.8) 

 

where Zr is the real part of impedance, Zi is the imaginary part of impedance, ω is the 

radial frequency and C0 stands for the vacuum capacitance. The frequency dependence at 

room temperature for the real and imaginary parts of the complex permittivity for 

electrolyte films with different salt amount is illustrated in Figure 4.18 (a) and (b), 

respectively.  

 The graph demonstrates that at low frequency, the dielectric permittivity value 

is large and as frequency increases, the permittivity value decreases. At low frequencies, 

the charge builds up at the electrode-electrolyte interface as the dipoles in the chain 
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polymer have enough time to orient themselves in the direction of the electric field 

(Abdullah et al., 2018). However, the polarisation reduces at higher frequencies due to 

the significant periodic reversal of the electric field that causes very low values of εr and 

εi  (Sreekanth et al., 2021). This finding is similar to a research established by Rasali and 

Samsudin (2018). The authors found that the dielectric permittivity decreases as 

frequency increases. The result shows that this FG-NH4NO3 electrolyte system is a non-

Debye type as there is no relaxation peaks detected in Figure 4.16, thus the increase in 

conductivity is mainly contributed by the number density of mobile ions rises as salt was 

added to 25 wt. %.  

 

The εr and εi values at all frequencies increased along with the salt content. The 

amount of salt used has resulted in an increment of ion dissociation, which produces more 

mobile ions and improves ionic conductivity. The εr and εi values dropped as 30 wt. % 

NH4NO3 is added to the system due to ion recombination (Hamsan et al., 2017). Besides 

amount of salt, the effect on temperature to the dielectric properties have also been 

examined in this research. Figure 4.19 (a) and (b) display the changes in εr and εi values 

for the highest conducting electrolyte at high temperatures, respectively. As the 

temperature increases, the ion dissociation increases resulted in improvement of ion 

mobility (Muthuvinayagam & Gopinathan, 2015). This is consistent with the conductivity 

study in this work where it can be observed that as the temperature increases, the 

conductivity increases. 
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Figure 4.18: (a) The dielectric constant and (b) dielectric loss at room temperature. 

 

0

2000

4000

6000

8000

10000

12000

1 2 3 4 5 6 7

ε r

log f (Hz)

FG5 FG10

FG15 FG20

FG25 FG30

(a)

0

5000

10000

15000

20000

25000

30000

35000

1 2 3 4 5 6 7

ε i

log f (Hz)

FG5 FG10

FG15 FG20

FG25 FG30

(b)

Univ
ers

iti 
Mala

ya



 
 
 

52 
 

 
 

 

Figure 4.19: (a) The dielectric constant and (b) The dielectric loss at different 
temperatures. 
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4.9 Thermogravimetric Analysis (TGA) 

Thermodynamic characteristics of polymer complexes provide important 

information about the stability and stiffness of the film. TGA has been used to investigate 

thermal stability, the temperature at which polymers decompose, and weight loss that 

results from heating the samples in a controlled environment. Gelatin is primarily 

composed of proteins and has a high moisture content hence the thermal decomposition 

of fish gelatin is likely to produce varied amounts of nitrogen-bearing components as the 

volatiles (Thomas et al., 2021). It is known that polymer electrolyte's chains are unable 

to maintain their original shape while being heated therefore the deterioration was more 

distinct with the addition of salt. This is also in good agreement with FTIR and XRD 

characteristics that suggest the phenomena could be due to the interaction of the salt with 

the polymer backbone.   

 

Figure 4.20 shows the TGA curve for the selected salted electrolytes from 100°C 

to 600°C. The curves of the salted films possess three stages of degradation. The first 

degradation at ~130°C to ~180°C is due to unbound water weight loss (Azmi et al., 2020). 

The second degradation occurs between ~220°C to ~250°C corresponds to the 

degradation of NH4NO3. Previous studies found that NH4NO3 is degraded at ~160 °C to 

230 °C into NH3, HNO3, H2O, and N2O when heated (Chaturvedi & Dave, 2013; Izato & 

Miyake, 2015; Skarlis et al., 2014). The degradation temperature for the selected 

electrolytes is presented in Figure 4.21. From figure 4.21, it can be observed that adding 

salt causes the decomposition temperature to gradually shift to a lower temperature, 

indicating a minor reduction in thermal stability. Cyriac and co-workers (2022) reported 

a similar observation that the degradation temperature decreased as amount of dopant 

increased which might be due to the complexation of salt and the polymer. However, the 
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electrolytes can still acquire most of the energy storage devices as the thermal stability 

criteria is found to be around 100 °C (Cyriac et al., 2022). 

 

Figure 4.20: TGA thermograms of selected electrolytes. 

 

Figure 4.21: Degradation temperature for selected salted electrolytes. 
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Figure 4.22 shows the weight loss for selected electrolytes at different amount of 

NH4NO3. As more salt is added into the system, the more weight loss can be observed. 

This is due to the disruption of hydrogen bond between polymer chains by the presence 

of salt (Kadir, 2021). Third degradation is due to the bigger size of protein in fish gelatin 

that started to degrade around 330°C which is comparable with previous work elsewhere 

(Azmi et al., 2020; Thomas et al., 2021).  

 

Figure 4.22: Weight loss for selected salted electrolytes. 

4.10 Differential Scanning Calorimetry (DSC) 

One of the methods to study the miscibility of a polymer and salt is by 

investigating the thermal properties of the films. The glass transition temperature (Tg) is 

determined from DSC analysis. The values of glass transition temperature are the taken 

as the midpoint of the change in heat capacity from a glassy state to rubbery state. Tg can 

be associated with the crystallinity of the film samples (Martins et al., 2012). The Tg 

values varies as the values depends on the preparation method and the films condition at 
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certain relative humidity (RH). For example, Hosseini and co-workers (2013) reported 

the Tg value of a plasticized fish skin gelatin is ~29.8 °C at ~50% RH. The addition of 

plasticizer into the film will build a hydrophilic hydroxyl groups as active site which 

attract water molecules and reduce the Tg value. On the contrary, Kchao and co-workers 

(2019) reported a higher Tg value for unplasticized fish gelatin. Another previous research 

by Qiao and co-workers (2017) that the Tg value for dehydrated gelatin film is ~190 °C. 

The value found in this study for FG0 that was kept in desiccator after the film had been 

formed is comparable with the study from Staroszczyk and co-workers (2012). The Tg 

value discovered in their study is ~99 °C for unplasticized cod fish skin with 35 – 45 % 

RH.  The Tg values obtained for FG0 is found to be 98.27°C as can be seen in Figure 4.23. 

 

Figure 4.23: DSC for selected salted electrolytes. 
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In this work, the Tg value decreased from 98.27 °C to 54.83 °C for FG0 and FG25, 

respectively. The abrupt dropped in Tg value is possible since the presence of salt 

increases the dissociation of H+ from NH4NO3 for migration process (Rasali et al., 2018). 

The addition of salt also resulted in the weakening of the dipole-dipole interactions 

between the polymer chains that causes higher segmental motion (Chitra et al., 2020). 

XRD analysis seem to be in good agreement, where it is found that as 25 wt. % salt is 

added into the system, the polymer backbone becomes more flexible that leads to the 

decrement of the degree of crystallinity. The decreases of Tg in this work is comparable 

with other studies such as work by Hamsan and co-workers (2017) reported the value of 

Tg decreases as NH4NO3 salt increases in methyl cellulose-starch blend due to the 

enhancement of the flexibility of the polymer matrix. This trend also similar to the study 

of electrolyte based on alginate, doped with NH4NO3 where Tg decreases from 66.44° to 

64.09° for pure alginate and with addition of 25 wt. % of salt, respectively (Rasali et al., 

2018). 

4.11 Transference Number Analysis (TNM) 

Transference number analysis can be used to identify the conducting species. The 

electrolyte with highest conductivity is sandwiched between two conducting stainless 

steel (SS) electrodes. By polarising the blocking electrode of cell configuration 

SS|FG25|SS and observing the potentiostatic current as a function of time, the overall 

contribution of the total ionic conductivity of the polymer electrolyte is identified. The 

use of stainless steel as an electrolyte allows the flow of electrons while preventing the 

flow of ions in the circuit. The transference numbers to determine the number of ion (tion) 

and electrons (te) in the electrolyte are calculated using Equation 4.9 and 4.10, 

respectively;  

Univ
ers

iti 
Mala

ya



 
 
 

58 
 

     𝑡𝑖𝑜𝑛 =
𝐼1−𝐼2

𝐼1
                   (Equation 4.9) 

     𝑡𝑒 = 1 −  𝑡𝑖𝑜𝑛          (Equation 4.10) 

where I1 is the initial current and I2 is the steady state current. Figure 4.24 shows the 

polarization current plot against time for FG25. The current flow shows a rapid drop from 

1.3 μA to a saturated current of 0.1 μA.  

 

Figure 4.24: Plot of ionic transference number for FG25. 

The rapid drop indicates that the electrolyte used is an ionic conductor and the 

steady state current is reached when the diffusion process balances the movement of the 

ions (Aziz et al., 2020). Based on the calculations, the tion and te are determined to be 0.92 

and 0.08, respectively. The results show that the number of ions is a lot higher than the 

number of electrons, thus the main charge carriers are ions which comes from cations and 

anions. The results in this section is comparable with previous findings where Kadir 

(2021) discovered that the tion for the highest conducting electrolyte of FG-LiClO4 is 0.97 

whilst Aziz and co-workers (2020) found that the tion for the highest conducting 

electrolyte of CS-NH4NO3 is 0.92. 
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4.12 Linear Sweep Voltammetry (LSV) 

The electrochemical stability and the maximum working voltage for the highest 

conducting electrolytes, FG25 is verified using LSV technique. It is known that some 

electrochemical devices, like capacitors and batteries, have a certain working voltage 

requirements (Dannoun et al., 2021). As shown in Figure 4.25, the current is steady at 

early stage and at about 2.5 V, the current has increased drastically.  

 

Figure 4.25: LSV plot for FG25. 

The drastic change in current indicates that the electrolyte is breaking down 

(Hemalatha et al., 2019). This infers that the electrolyte will no longer be working at a 

higher voltage than 2.5 V which should be good enough for energy storage devices (Aziz 

et al., 2022). This value is similar with previous studies by Kadir (2021) and Aziz et al. 

(2020) as the authors discovered the breakdown voltage for the reported electrolytes are 

1.88 V and 2.32 V, respectively.  
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5. CHAPTER 5: CHARATERIZATIONS OF POLYMER BLENDS, FG-CS 

5.1 Introduction 

To improve the electrochemical properties, polymer blending is one of the method 

to be developed for the application in a electrochemical devices (Sundaramahalingam et 

al., 2019). The objective of this chapter is to understand the miscibility, amorphousness 

and compatibility of the fish gelatin-chitosan (FG-CS) blend. The techniques used are 

FTIR, XRD, TGA, DSC, and FESEM.  

5.2 X-Ray Diffraction (XRD) 

The FG-CS ratio with the lowest degree of crystallinity will serve as the polymer 

host for blending system. The choice of a suitable ratio for polymer blend is crucial to 

serve as polymer host in electrolytes. To determine the best ratio to serve as polymer host, 

XRD analysis has been carried out for all the blended FG-CS films.  The peaks obtained 

from XRD analysis are compared with pure fish gelatin film (FG0) that have been 

discussed in Chapter 4 and pure chitosan (C10) that is analysed in this chapter. Figure 5.1 

illustrates the XRD pattern for the blended FG-CS system at different chitosan ratio. The 

XRD pattern reveals that when fish gelatin and chitosan polymers are blended, changes 

in the intensity of the peaks are observed. From Figure 5.1, it is observed that XRD 

spectrum for CF4 exhibits the broadest peak. This strengthens the fact that the addition 

of chitosan able to improve the amorphousness of the polymer electrolyte. The data is 

further examined by employing deconvolution method via OriginPro 8 software.  
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Figure 5.1: XRD pattern of FG-CS at different ratios. 

 Figure 5.2 displays the deconvoluted XRD pattern of bare chitosan film, C10, 

which is used as the reference. The crystalline sharp peaks can be distinguished from the 

amorphous broad peaks by fitting Gaussian distribution in OriginPro8 software, resulting 

in the green and blue lines, respectively.  

 

Figure 5.2: Deconvoluted XRD pattern of C10. 
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The deconvoluted XRD pattern of C10 exhibits prominent crystalline peaks at 2θ 

= 8.9°, 12.8° and 19.7° with two broad amorphous peaks at 2θ = 18.1° and 39.3°. The 

crystalline peaks are related to the characteristic of hydrate “tendon” of chitosan (Aguirre-

pranzoni et al., 2023) and the inter- and intra-hydrogen bonds formed by the functional 

groups of different monomers and the chains (Tahir et al., 2022). The peaks are similar 

with previous reported value (Abdulwahid et al., 2022; Tahir et al., 2022).   

 

The crystalline peaks from fish gelatin are observed to be suppressed when 

chitosan is introduced into the blend which in turn have made the amorphous peaks 

become broader. This implies that there is a molecular miscibility in the blend polymers 

(Abdulkareem, 2021; Abdulwahid et al., 2022). Figure 5.3 illustrates XRD pattern for 80 

wt. % FG:20 wt. % CS ratio. It can be observed that the crystalline peaks have shifted to 

2θ = 8.5°, 12.7° and 20.5° with two broader amorphous peaks at 2θ = 19.2° and 39.5° 

respectively when the blend is compared with respect to the FG0 XRD spectrum. 

 

Figure 5.3: Deconvoluted XRD pattern of CF2. 
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The peak shifts suggest formation of complexation between both polymers (Aziz 

et al., 2020). Furthermore, it can be assumed that the hydrogen bond between the polymer 

chains is disturbed and there is a complexation of cations through electrostatic interaction 

with the polymers functional groups (Abdulwahid et al., 2022). From Figure 5.4, it can 

be observed crystalline peaks of fish gelatin are observed to continue being suppressed 

with the addition of 40 wt. % of chitosan. The deconvolution patterns revealed that the 

electrolytes with 60 wt. % FG:40 wt. % CS (CF4), demonstrated the broadest amorphous 

region as shown in Figure 5.4. CF4 sample exhibits an additional crystalline peak at 19.8° 

which it is absence in CF2 sample. This peak could be associated to chitosan crystalline 

peak as there is a higher chitosan content in CF4 than CF2. 

 

Figure 5.4: Deconvoluted XRD pattern of CF4. 

 With further addition of chitosan, XRD pattern revealed that the crystalline peaks 

from chitosan became more prominent and the intensity of amorphous region is reduced. 

Figure 5.5 shows the deconvoluted XRD pattern for CF6. There are three distintive 

crystalline peaks at 2θ = 9.2°, 12.7° and 20.0°. As can be seen in the pattern, the crystalline 

peak at 22.5° has very low intensity which probably due to decreasing amount of fish 
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gelatin. Thus, based on overall XRD diffractograms, CF4 is expected to host the fastest 

ionic conduction.  

 

Figure 5.5: Deconvoluted XRD pattern of CF6. 

Calculation of degree of crystallinity, Xc is obtained to strengthen the findings and 

discussions from XRD analysis. The area under the deconvoluted peaks were used to 

calculate Xc using Equation 4.1. Based on previous calculation, Xc for pure fish gelatin is 

21.74 % and that of the Xc for pure chitosan is 23.29 %, respectively. Table 5.1 lists the 

Xc for different ratio of FG-CS blended system. The Xc has decreased to 19.02 % as 20 

wt. % of chitosan is blended and further decreased to 15.38 % with 40 wt. % of chitosan 

blended into the system. However, with higher amount of chitosan added into the system, 

the Xc value has increased which in good agreement with the data from XRD 

diffractograms. From what can be observed, it is confirmed that CF4 is the most 

amorphous blend film that possesses the lowest value of crystallinity. Thus, CF4 is chosen 

as the most suitable ratio to be served as polymer blend host. In addition, this result is 

comparable to the study of gelatin-chitosan blend by Fakhreddin and co-worker (2013). 

The authors have established the same ratio of 60FG:40CS which they claimed has a 
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maximum level of interaction between polysaccharides and gelatin and produces a 

stronger film (Fakhreddin et al., 2013). 

Table 5.1: Degree of crystallinity of FG-CS blend polymer. 

Electrolytes  Xc (%) 

FG0 21.74 

CF2 19.02 

CF3 16.46 

CF4 15.38 

CF5 16.82 

CF6 19.67 

CF7 21.52 

CF8 22.30 

C10 23.29 
 

5.3 Fourier Transform Infrared (FTIR) 

FTIR is carried out to study the interactions between fish gelatin and chitosan in 

the blend film.  FTIR for FG0 has been discussed in Chapter 4. Figure 5.6 depicts the 

FTIR spectra for chitosan powder and pure chitosan film (C10). From the spectra, 

hydroxyl band in chitosan is situated at ~3327 cm-1 while the carboxamide and amine 

bands exist at ~1640 cm-1 and ~1540 cm-1 respectively. Another obvious peak that can be 

seen in Figure 5.6 is those that is corresponded to saccharide at ~1000 cm-1. All peaks 

that can be observed in chitosan film spectrum are almost similar to the previous reported 

value as listed in Table 5.2. The peaks obtained in both chitosan powder and pure chitosan 

film are within the range of the reported values. Additionally, the intensity of amine peak 
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increased with the addition of acetic acid into chitosan powder. The interaction between 

chitosan and acetic acid as a solvent can be seen by the peak's change in intensity 

(Menazea et al., 2020). Qiao and co-workers (2021) reported that acetic acid interacts 

with chitosan in amide II region. 

 

 

Figure 5.6: FTIR spectra of (i) chitosan powder and (ii) C10. 

Based on the XRD analysis, CF4 is found to be the film with the lowest degree of 

crystallinity. The FTIR spectrum for CF4 is analysed and comparison with FG0 and C10 

spectra are made respectively to observe the modifications in molecular structure for the 

blend polymers. The spectra within hydroxyl range is analysed as shown in Figure 5.7 

(a). As discussed in Chapter 4, the hydroxyl peak in fish gelatin is situated at 3288 cm-1. 

When the polymers are blended, certain modifications have occurred in the spectra which 

reflects the interactions involving physical and chemical blend. It can be seen that the 

hydroxyl band of CF4 has shifted to 3279 cm-1 and the peak also has broadened indicates 
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the occurrence of interaction between fish gelatin and chitosan. The gelatin carboxyl 

groups (COO-) interacted ionically with the amine group (NH3
+) from chitosan (Qiao et 

al., 2017b). 

Table 5.2: Characteristic of IR bands for chitosan 

Frequency (cm-1) Nature of Bond Type References 

3400-3200 -OH bonds hydroxyl 

(Dannoun et al., 

2021; Koc et al., 

2020; Tahir et al., 

2022) 

3100-2800 
C-H stretching 

vibration 
 

1650-1600 

1632 

C=O stretching 

O=C-NHR 

Amide I 

Carboxamide 

1570-1530 

1544 

N-H bending 

NH2 

Amide II 

Amines 

1374 C–N stretching  Amide III 

1025 C-O stretching bond  

 

Besides hydroxyl band, there are also shifts in carboxamide and saccharide band 

wavenumber as shown in Figure 5.7 (b) and Figure 5.7 (c), respectively. As soon as 

chitosan is added into the blend, the carboxamide peaks have shifted to higher 

wavenumbers of 1635 cm-1 and 1534 cm-1, respectively. These values are detected to be 

in between the wavenumbers of carboxamide for fish gelatin and chitosan. The same 

situation also occurred for saccharide region. The saccharide peak for CF4 is ~1043 cm-1 

whilst for fish gelatin and chitosan are ~1075 cm-1 and ~1037 cm-1, respectively. The 

peak intensity also decreased which reflects the occurrence of chemical interactions due 

to hydrogen bonding when two different polymers are blended.  
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Figure 5.7: FTIR spectra at selected wavenumber (a) hydroxyl band,                    
(b) carboxamide band and (c) saccharide band for (i) CF4, (ii) FG0 and (iii) C10. 

Changes within this frequency range in gelatin-containing films are indicative of 

modifications to collagen or gelatin secondary structure altering the amide-I region 

(Fakhreddin et al., 2013). The shifted peak positions showed that the existence of single 

a-helices, random coils, and unstructured complexes reduced as a result of conformational 

changes induced by chitosan addition (Fakhreddin et al., 2013).  
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The possible interactions between FG-CS and the interactions between acetic acid 

(C2H3COOH) with chitosan are illustrated in Figure 5.8.  

 

Figure 5.8: Possible interactions between FG-CS 

5.4 Field Emission Scanning Electron Microscopy (FESEM) 

FESEM is used to study the surface morphology and the cross-section of FG0, 

C10 and CF4 film to determine the miscibility between these two polymers. Figure 5.9 

illustrates the surface and cross-section for (a) FG0, (b) C10 and (c) CF4. The surface 

morphology of pure fish gelatin film has been discussed in Chapter 4. Based on Figure 

5.9 (a) and Figure 5.9 (b), both fish gelatin and chitosan exhibit a homogenous and smooth 

surface which is comparable with previous studies by Kadir and Hamsan (2018). Figure 

5.9 (c) depicts the surface micrographs of CF4 and it can be observed that the surface is 

smooth and homogenous suggesting that fish gelatin and chitosan are miscible to one 

another. Additionally,  the smooth surface also related to amorphous nature of the samples 

(Aziz et al., 2019). The ions are able to move easily in the electrolyte with smoother 

surface resulted in the increment of conductivity (Aziz et al., 2019). 
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Figure 5.9: FESEM micrographs of (a) FG0, (b) C10 and (c) CF4. 

From the cross-sections of these films, FG0 and C10 exhibit a rough structure as 

can be seen in Figure 5.9 (a) and (b), respectively. However, in Figure 5.9 (c) it can be 

seen that, after blending these two polymers, a smoother structure is obtained. 

Furthermore, there are no phase separation in the CF4 cross-section indicates that 

chitosan is compatible with fish gelatin (Hamsan et al., 2019; Kadir & Hamsan, 2018). 

The compatibility between gelatin and chitosan was also discussed by other researchers 

previously (Mousavi et al., 2021; Qiao et al., 2017). It is reported that the interactions 

(a) 

(b) 

(c) 
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between these two single polymers are produced by electrostatic interactions and 

hydrogen bonds that facilitate the formation of multiple complexes and hinder the 

physical gelation of gelatin (Qiao et al., 2017). 

5.5 Thermogravimetric Analysis (TGA) 

Figure 5.10 shows the TGA curves for weight against temperature for FG0, C10 

and CF4 whilst Figure 5.11 illustrates the TGA thermogram with respect to their 

derivative weight. The derivative weight indicates the point of greatest rate of change on 

the weight loss curve that also known as inflection point (Chipara et al., 2008). In Figure 

5.10, the residual at 800 °C for FG0 is higher upon addition of chitosan. The residue 

increased from 16 % for FG0 to 33 % as 40 wt. % of chitosan is added into the system. 

This indicates that the cross-linking density between the dispersed phase and the 

continues phase of fish gelatin has been improved (Pan et al., 2020). It could also prove 

that the addition of chitosan influences the thermal stability of FG0 film.  

As mentioned in Chapter 4, the 1st degradation is due to the loss of water. Based 

on Figure 5.10, the weight loss of water in CF4 is ~8 wt. % which is lower than the weight 

loss of water in FG0. The reduction of the weight loss of water proves that polymer 

blending is able to overcome the problem related to the moisture sensitiveness in gelatin. 

2nd degradation of chitosan film starts at ~200 °C and the major decomposition occur at 

~280 °C as depicted in Figure 5.11.  
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Figure 5.10: TGA curves for the polymer blend. 

Table 5.3 shows the comparison between the single polymers and CF4. From the 

table, it can be concluded that the thermal stability of fish gelatin is improved with 

addition of chitosan. 

Table 5.3: Comparison of single and blended TGA. 

Sample Residue at 800 °C 
Major decomposition 

temperature 
Major weight loss 

FG0 16 % 335 °C 73 %  

C10 36 % 280 °C 56 %  

CF4 33 % 298 °C 59 %  

 

These values are similar to a previous study where Alves and his co-worker (2016) 

reported that chitosan started to be degraded at the 200 °C associated to the thermal and 

oxidative decomposition. In contrast, fish gelatin can significantly stand a higher 

temperature as the decomposition starts at ~230 °C and the major decomposition occur at 

~335 °C as displayed in Figure 5.11.  
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Figure 5.11: TGA thermogram with derivative weight (%). 

5.6 Differential Scanning Calorimetry (DSC) 

One of the methods to study the miscibility of a polymer blend is by investigating 

the thermal properties of the films. The glass transition temperature (Tg) is determined 

from DSC analysis. The values of glass transition temperature are established through the 

midpoint of the change in heat capacity from a glassy state to rubbery state (Martins et 

al., 2012). Figure 5.12 shows the DSC curve of C10, FG0 and CF4 film for second 

heating. The first heating is conducted to the eliminate the absorbed moisture due to 

hydrophilic group of polymers (Rahman et al., 2021; Vernon-Carter et al., 2017). It can 

be observed that the Tg for chitosan found in this study equals to 87.35 °C. Kadir and 

Hamsan (2018) reported that the Tg for chitosan film is at 104 °C whilst Hadidi and his 

co-workers (2020) found Tg at 85.5 °C. Previous studies reported that the difference in 

chitosan Tg value was due to the variability in water content, crystallinity and the chemical 

structure of the chitosan (Qiao et al., 2021; Qiao & Wang, 2019). Figure 5.12 shows the 
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Tg for CF4 that is detected in between the single polymers  indicating that chitosan is 

compatible to be blended with fish gelatin (Muthuvinayagam & Gopinathan, 2015).  

 

Figure 5.12: DSC thermogram of second heating run, FG-CS. 
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6. CHAPTER 6: CHARACTERISATIONS OF FISH GELATIN-CHITOSAN-

NH4NO3. 

6.1 Introduction 

From XRD analysis in Chapter 5, the blend of 60 wt. % FG with 40 wt. % of 

chitosan has the lowest degree of crystallinity. This ratio has been chosen as the polymer 

host and different amount of salt will be added into the system as charge carriers provider. 

The system will have a new functional group because of the addition of NH4NO3, which 

could lead to a new chemical interaction. To analyse the interactions between polymer 

host and salt, FTIR analysis can be used. Several techniques have been used to study the 

properties of the third system of FG-CS-NH4NO3. 

6.2 X-Ray Diffraction Analysis (XRD) 

XRD analysis has been carried out for selected FG-CS-NH4NO3 films to study the 

amorphousness and the structural changes of polymer electrolytes as different amount of 

salt were added into the system. Firstly, with addition of 20 wt. % NH4NO3. Figure 6.1 

illustrates the deconvoluted XRD pattern for CFs20. From the figure, the peaks for 

crystalline indicated by the green lines appeared almost the same with crystalline peaks 

for CF4. The four crystalline peaks are situated at 2θ = 8.9°, 15.1°, 19.8° and 23.4°. The 

amorphous peaks for CFs20 shifted to the right compared to CF4 amorphous peaks. The 

peaks shifted from 2θ =18.8° to 23.2° and 37.8° to 40.2°, respectively. This result proves 

that the polymer blend have interacted with the salt and still retained its behaviour 

(Dannoun et al., 2020). The addition of salt will provide the free ions that will attach to 

the hydroxyl groups in the polymer host and interrupted the molecular structure (Cyriac 

et al., 2022). 
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Figure 6.1: Deconvolution XRD pattern of CFs20. 

Next, Figure 6.2 represents the deconvoluted XRD pattern for CFs30. With further 

addition of salt, there are several sharp peaks appeared at about 2θ = 22.4°, 28.9°, 32.9° 

and 39.9°. These peaks possibly are attributed to the salt that has recrystallised out from  

the polymer electrolyte. 

 

Figure 6.2: Deconvolution XRD pattern of CFs30. 
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However, the amorphous peaks still become broader compared to CFs20. CFs30 

also reveals the existence of two distinct amorphous peaks which originated from CF4. 

This observation proves that the amorphousness of the polymer host retained in the salted 

system. Figure 6.3 shows the deconvoluted XRD pattern for CFs40. With more addition 

of salt, the amorphous peaks at 2θ = 23.0° and 35.3° became broader indicating that it can 

serve as  a good polymer electrolytes (N. M. Ghazali et al., 2022). This is because the 

backbones of the polymeric chain is more flexible in amorphous region which leads to an 

increment in charge mobility (M.A. Saadiah, Y. Nagao, 2020). 

 

 

Figure 6.3: Deconvolution XRD pattern of CFs40. 

The green peaks at 2θ = 15.0°, 21.1° and 23.7° which referred to crystalline peaks 

from CF4 are suppressed as more salt added into the system. The four purple crystalline 

peaks at 2θ = 22.3°, 28.9°, 32.8° and 39.9° became more intense in CFs40 compared to 

CFs30. In addition, there are additional NH4NO3 crystalline peaks that can be observed 
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in CFs40 at 2θ = 17.9° and 37.8° that are absence in CFs30. These might be due to a 

higher salt concentration in CFs40 than CFs30. 

 

Figure 6.4 displays the pattern for CFs50. It can be observed that, with further 

increment of salt, the amorphous intensity of the polymer electrolyte at 2θ = 21.7° and 

37.2° have decreased, respectively. More than seven purple sharp peaks appeared, 

indicating high crystallinity is present in CFs50. The polymer host is no longer able to 

accommodate the salt which leads to recombination of ions that will led to the decreased 

in conductivity value.  

 

Figure 6.4: Deconvolution XRD pattern of CFs50. 

The XRD spectra demonstrate a correlation with the physical appearance of the 

polymer electrolyte films that have been formed. Figure 6.5 (a) illustrates the physical 

appearance of CFs20, where the film is very transparent. In the case of CFs30 and CFs40, 

presented in Figure 6.5 (b) and (c) respectively, the addition of 30 wt. % and 40 wt. % of 

salt to the system yields less transparent films. Based on the XRD pattern, several 
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distinctive peaks contributed by NH4NO3 can be observed in both CFs30 and CFs40 that 

could be due to the recrystallization of NH4NO3. However, Figure 6.5 (d) exhibits an 

opaque film of CFs50, indicating that some of NH4NO3 particles are undissolved which 

remain crystals within the mixture. This XRD patterns were supported with the physical 

appearance of the films.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 6.5: The physical appearance of electrolyte film (a) CFs20, (b) CFs30, (c) 
CFs40 and (d) CFs50. 

To strengthen the findings in XRD pattern, the degree of crystallinity, Xc for the 

selected FG-CS-NH4NO3 electrolytes are determined using Equation 4.1 and the values 

are tabulated in Table 6.2. With addition of 20 wt. % of salt, the Xc decreased from 

15.38 % to 13.04 %.  

 

Table 6.2 Degree of crystallinity for selected electrolytes. 

Electrolytes Xc (%) 

CF4 15.38 

CFs20 13.04 

CFs30 12.49 

CFs40 10.03 

CFs50 12.80 
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As more salt is added into the system, the value decreased to 10.03 % in CFs40. 

This indicates that even with additional crystalline peaks emerged from NH4NO3, the 

amorphous region in CFs40 is still vast compared to the crystalline region in CFs40. 

However, the Xc increased in CFs50 to 12.80 %. As mentioned previously, the polymer 

host will no longer be able to accommodate the salt at this rate. Thus, from the observation 

from XRD deconvoluted pattern and Xc calculation, CFs40 has the highest amorphous 

region with the lowest value of crystallinity in the electrolyte.  

6.3 Fourier Transform Infrared Spectroscopy (FTIR) 

 In order to determine the effect of various amount of NH4NO3 salt into CF4, the 

intensity, position and shape of the peaks from FTIR will be discussed. The interactions 

and chemical processes between the salt and the blend polymer host can be determined 

from the band shifts and changes of the peaks wavenumber. The salted FG-CS films (CFs) 

FTIR spectra were compared with CF4 FTIR spectra as shown in Figure 5.4. Figure 6.6 

shows the FTIR spectra for FG-CS-NH4NO3 at selected wavenumbers where Figure 6.6 

(a) is for hydroxyl band and Figure 6.6 (b) is for carboximide band, respectively.  

 

The first interaction occurred in hydroxyl band (3000 - 3400 cm-1) as shown in 

Figure 6.6 (a). The adsorption band at this region owing to -OH stretching becomes wider 

which resulted from the salt incorporation to the system. There is a slight shift towards a 

lower wavenumber as salt concentration increased which indicates that there is interaction 

and complexation developed between the polymer blend host and the salt (Abdulkareem, 

2021; Mohd Asnawi et al., 2020; Rahman et al., 2021). In Figure 6.6 (a), the peaks shifted 

from 3278 cm-1 to 3248 and 3213 cm-1 as 10 wt. % and 20 wt. % of NH4NO3 added into 

the system, respectively. Further addition of salt resulted in the emergence of two 
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distinguish peaks at 3286 cm-1 and 3000 cm-1. These two peaks’ range had been identified 

by Jothi et. al (2022) as O-H stretching and C-H stretching after ammonium salt is added 

into the system (Jothi et al., 2022). When salt is added to a polymer, the cations are 

predicted to form interaction within the polymer host, which might alter the polymer's 

original backbone structure and some infrared active mode of vibrations (Wang & 

Alexandridis, 2016).  

 

Figure 6.6 (b) shows the carboxamide band for CF4 is located at 1637 cm-1. This 

value is similar to a study by Chen et al., (2021) where the authors have found a peak at 

1630 cm-1 refering to amide I: C=O stretching (Chen et al., 2021; Tahir et al., 2022). The 

peak is down shifted to a lower wavenumber from 1635 cm-1 to 1623 cm-1 as 10 wt. % to 

40 wt. % of salt is added into the system, respectively. The shift denotes that more H+ and 

NH4
+ have interacted with to C=O and the complexation has occurred  between CF4 and 

NH4NO3 (Tahir et al., 2022). With further addition of salt, at CFs50, the peak has shifted 

to a higher wavenumber equals to 1629 cm-1 that infers the recombination of salt due to 

salt saturation as denoted by sample CFs50. Therefore the interaction between the cations 

if the salt and the polymer host decreases. The peak located at 1533 cm-1 in CF4 is 

assigned to amide I and amide II vibrations (Fundo et al., 2015). In previous study by 

Rahman and his co-worker, it is reported that the peak at ~1561 cm-1 are attributed to the 

N-H bending in amide II (Rahman et al., 2021). Based on FTIR spectra in Figure 6.7 (b), 

the peak at 1533 cm-1 has down shifted a bit to 1529 cm-1 in CFs40. However, the peak 

has shifted to a higher wavenumber in CFs50. This result is consistent with the other band 

peak for CFs50.  
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Figure 6.6: FTIR spectra at selected wavenumber (a) hydroxyl band,                    
(b) carboxamide band and (c) saccharide region for (i) CF4, (ii) CFs10, (iii) CFs20, 

(iv) CFs30, (v) CFs40 and (vi) CFs50. 

Figure 6.6 (c) shows the sacharide region between 850 cm−1 to 1250 cm-1. These 

band is assigned to C-O-C asymmetric stretching vibrations of an ester group (Leo 

Edward et al., 2021). In addition, Rahman and co-worker (2021) reported a similar results 

for both symmetric and asymmetric stretching vibrations of C–O and C–O–C 

polysaccharide skeleton within 1151 cm−1 to 895 cm−1 (Rahman et al., 2021). In this work, 
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the peak is centred at ~1066 cm-1 wavenumber. There was a noticeable shift of the band 

towards a lower wavenumber as salt is introduced into the system. This change could be 

attributed to the protonation of the NH4
+–NO3

- complex, connecting the H+ carrier to the 

oxygen of the C-O-C through weak van der Waals forces (M.A. Saadiah, Y. Nagao, 

2020). In the corresponding spectral region, the prominence of a peak at ~1045 cm-1 

becomes more pronounced with an increasing ratio of NH4NO3. This specific peak is 

recognized as originating from nitrate, which serves as confirmation of the existence of 

NH4NO3 within the polymer electrolytes (Abdulkareem, 2021; M.A. Saadiah, Y. Nagao, 

2020; Tahir et al., 2022). Figure 6.7 illustrates the possible interaction between FG-CS-

NH4NO3. 

 

  

Figure 6.7: Illustration for possible interactions between FG-CS-NH4NO3. 
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6.4 Field Emission Scanning Electron Microscope (FESEM) 

Field Emission Scanning Electron Microscopy was used to examine the 

morphological characteristics of the FG-CS-NH4NO3. The FESEM micrographs can 

provide significant information about the morphology and surface structure of the 

electrolytes in this work. Figure 6.8 shows the surface micrographs for (a) CFs10 and (b) 

CFs20, respectively. As salt is added into the system, the smooth surface exhibited by 

CF4 became rougher as can be observed in Figure 6.8.  When salt added into the system, 

a more porous structure exhibited by the electrolyte surface as shown in the zoom area, 

served as a proof of successful accumulation of NH4NO3 (Qiang et al., 2018). A work by 

Abdulkadir and co-workers (2021) explained that addition of salt can disrupt the 

crystalline structure of the polymer hence increases the amorphousness. The porous 

structure and the voids will also serve as ion migration paths which is a crucial 

characteristics of good electrolyte (Abdulkadir et al., 2021; Shamsuri et al., 2020).  

  

Figure 6.8: Surface micrographs of (a) CFs10, and (b) CFs20.  

Figure 6.9 shows the surface morphology of CFs40. From the micrograph, 

existence of grains at the surface of CFs40 can be clearly seen. These grains are probably 

attributable by the ion traps as the XRD pattern for this film exhibited peaks that can be 

assigned to NH4NO3. However, based on the calculation of Xc, it can be inferred that 

CFs40 possesses the lowest value and has the broadest amorphous region as can be seen 

(a) (b) 
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in Figure 6.3. Therefore, it can be concluded that in CFs40, the rate of ion dissociation is 

more than the rate of ion association.  

 

Figure 6.9: Surface micrographs of CFs40 

However, with more than 40 wt.% of salt was added, the surface became coarser. 

Figure 6.10 shows the surface micrographs for CFs50 and CFs60 respectively. The 

transformation of the surface morphology in both samples could be due to the fact that 

the polymer host is unable to accommodate large amounts of NH4NO3 resulted in salt 

recrystallization (Abdulkadir et al., 2021).  

  

Figure 6.10: Surface micrographs of a) CFs50 and b) CFs60 

This phenomenon can be observed from both CFs50 and CFs60 as the solid 

particles can be clearly seen protruded out from the films surface. The recombination of 

ions have led to the loss of a significant amount of charge carriers which effected the 

conductivity badly (Abdulkadir et al., 2021). The XRD pattern for CFs50 also reveals 

a) b) 

Univ
ers

iti 
Mala

ya



 
 
 

86 
 

obvious crystallites peaks contributed by NH4NO3. The degree of crystallinity for CFs50 

and CFs60 were found to be higher than CFs40. The result from the calculation 

strengthens the findings in FESEM surface analysis.   

6.5 Impedance Studies 

Figures 6.11 depicts the Nyquist plots for selected samples in salted polymer 

blend system at room temperature. Pure FG-CS film as shown in Figure 6.11 (a) exhibits 

an incomplete semicircle curve. After the addition of 20 wt. % of NH4NO3, the plot is 

adjacent line appeared to the semicircle at low frequency region. The bulk resistance can 

be taken from the interception of the semicircle with real axis. Semicircle represents the 

bulk conductivity due to parallel combination of bulk resistance and bulk capacitance 

known as constant phase element (CPE) (Hadi et al., 2020). With combination of spike 

and semicircle, the spike at low frequency portrays the polarization effect while the 

semicircle is due to migrations of ions in the bulk of electrolytes (Abdelrazek et al., 2019). 

 

It is reported that when the capacitance is ideal, only the tilted line will appear in 

the Nyquist plot (Lenz et al., 2020). Due to ions migrating at low frequency, the 

electrode/electrolyte contact forms a double layer capacitance, which is represented by 

the inclined spike (Abdelrazek et al., 2019). The tilted straight line should be angled at 

90° however the line angle shows in this study is less than 90°. This is due to the roughness 

of double-layer capacitance in the electrolyte-electrode edge (Azli et al., 2020). Figure 

6.12 presents the Nyquist plots for CFs30 and CFs40. With the addition of 30 wt. % and 

40 wt. %, the semicircle regions disappeared, left with spike only. 
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Figure 6.11: Nyquist plots for (a) CF4 and (b) CFs20 at room temperature. 
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Figure 6.12: Nyquist plots for (a) CFs30 and (b) CFs40at room temperature 

When the salt content increases, only the resistive component of composite 

prevails because of the random orientation of the dipoles in the polymer side chains 

(Abdelrazek et al., 2019; Mazuki et al., 2020). The RB value is determined by the 

interception of the line with the real axis as shown in Figure 6.12. The lowest value of RB 
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is found in CFs40 which equals to 1.21 × 101 Ω. The disappearance of semicircle part 

indicates that resistive parts of the polymer are dominant (Manjakkal et al., 2020). A 

similar type of impedance plot observed in the polymer matrix consists of NH4NO3 in 

previous study by other authors (Abdulkareem, 2021; S. B. Aziz et al., 2020). Based on 

the Equation 3.2 in Chapter 3, the lowest RB possessed by CFs40 will obviously give the 

highest conductivity value in the system. The impedance of constant phase element 

(CPE), can be expressed as :  

 

𝑍𝐶𝑃𝐸 =  
1

𝐶𝜔𝑝 [cos (
𝜋𝑝

2
) − 𝑖 sin (

𝜋𝑝

2
)]               (Equation 6.1) 

 

where C is the capacitance of CPE, ω is angular frequency and p is related to the deviation 

of the plot from the axis. 

 

With further addition of salt, the interception value increases meaning that salt has 

been recrystallize . It is also observed in Figure 6.13 that the semicircle at high frequency 

region reexist. The semicircle in CFs60 is higher than the semicircle in CFs50, indicates 

a lower conductivity value.  
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Figure 6.13: Nyquist plots for (a) CFs50 and (b) CFs60 at room temperature 
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6.6 Conductivity 

Variation of room temperature conductivity as a function of NH4NO3 

concentration for polymer blend FG-CS is presented in Figure 6.14. The conductivity for 

CF4 was found to be (5.85 ± 1.78) × 10-10 S cm-1. With the addition of 10 wt. % salt, the 

electrolyte system has dramatically encountered a transformation where the conductivity 

value is seen to increase up to (1.62 ± 0.15) × 10-6 S cm-1. The conductivity kept on 

increasing to a maximum value of (1.61 ± 0.33) × 10-3 S cm-1 with 40 wt. % of salt 

addition. This indicates that the conductivity value is able to be improved via polymer 

blending where the method has created more vacant site effectively for the ions to be 

transported. Due to more pathways, ions exchange can occur easily and rapidly leading 

to an increase in conductivity value. With the impregnation of 40 wt. % salt, the 

conductivity started to decrease as the distance between dissociated ions became too close 

which enable them to recombine and form neutral ion pairs that do not contribute to 

conductivity (Aziz et al., 2020). The sample was analysed up to 60 wt. % of salt where 

the conductivity for CFs60 was further decreased to (1.40 ± 1.25) × 10-6 S cm-1. 

 

Figure 6.15 depicts the conductivity of CFs40 at elevated temperatures in the 

range of 303 K to 358 K. The regression values, R2 for the linearly straight line are all 

nearly unity which their values are almost ~1 (Yusof et al., 2019). It is well known that 

temperature will affect the salt dissociation and the segmental motion of the polymer 

(Arya & Sharma, 2019). In this work, it can be observed that the conductivity increases 

as the temperature spiking up, that results in the molecular chain becomes more flexible.  

Furthermore, there are more free ions available, and the segmental mobility increased as 

temperature increased resulting in an increase in conductivity value. From Figure 6.15, it 
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can also be seen that all electrolytes did not show any abrupt change in conductivity 

values with temperature.  

 

Figure 6.14: Room temperature conductivity of FG-CS-NH4NO3 

 

Figure 6.15:  The conductivity of FG-CS-NH4NO3 at various temperatures 
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From the plot of log σ against 1000/T in Figure 6.15, the activation energy for 

each electrolyte can be obtained. Figure 6.16 shows the activation energy value for 

different salt concentration in FG-CS films.  The study shows that the highest conducting 

FG-CS-NH4NO3 sample possesses the lowest activation energy value. The lowest 

activation energy of 0.202 eV was established for CFs40 which possesses the maximum 

conductivity value.  This result is comparable with previous study on tragacanth gum-

NH4SCN where the activation energy for the highest conducting polymer, 9.16 × 10-3 S 

cm-1 is 0.2 eV (Jenova et al., 2021). 

 

Figure 6.16:  The activation energy of FG-CS-NH4NO3. 

6.7 Ionic Transport Analysis 

The conductivity values obtained in FG-CS-NH4NO3 system will be further 

verified and discussed via transport analysis. The τ, η, μ and D were calculated using 

Equation 4.3, 4.4, 4.5 and 4.6, respectively. All values are tabulated in Table 6.3 and it 

can be observed that the values of τ, μ and D are found increases with increasing amount 

of salt up to 40 wt. % of NH4NO3. The values calculated in this work are comparable with 

previous study. Aziz and co-worker (2020) have calculated the μ value for carboxymethyl 

cellulose-chitosan-NH4Br via Rice and Roth model and they have found that the value 
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are in the ranged of ~10-8 to ~10-6 cm2 V-1 s-1. (Aziz et al., 2020). They also claimed that 

D value for glycerolized chitosan-NH4NO3 is ~10-7  cm2 s-1. Both studies reported that 

the values of μ and D increases, which causes the value of conductivity to increase as 

content of salt in the system increased.  

 

With more than 40 wt. % of NH4NO3, the values of τ, μ and D decrease. This is 

attributed to the phenomena of overcrowding ions resulted in recombination of ions 

(Mohamed et al., 2020). The capability of ions to move in the polymer host became 

restricted, lead to the decreament of τ, μ and D values. This is supported by the observed 

crystallization pattern in XRD analysis as depicted in Figure 6.4. However, for n, the 

value increases even with more than 40 wt.% of NH4NO3 is added into the system. 

Abdulwahid and co-workers (2022) reported similar trend of transport analysis. The 

values of μ and D decrease with more than 40 wt. % of KSCN doped with CS-PS but 

value of n continues to increase. The authors reported that as more salt added into the 

system, the number of charge carriers increases and linked to the elevated rate of salt 

dissociation however there are hindrance of free ion movement caused by the formation 

of ion clusters lead to the decrement of μ and D values (Abdulwahid et al., 2022).  

 

Table 6.3: Transport parameters of  FG-CS-NH4NO3 system at room temperature. 

Sample 
σ 

(S cm-1) 

τ 

(s) 

η 

(cm-3) 

μ 

(cm2 V-1 s-1) 

D 

(cm2 s-1) 

CFs10 (1.62 + 0.28) x 10-6 1.20 × 10-13 1.14 × 1019 8.89 × 10-7 2.28 × 10-8 

CFs20 (3.51 + 1.08) x 10-5 1.37 × 10-13 1.24 × 1019 1.76 × 10-5 4.52 × 10-7 

CFs30 (3.20 + 0.85) x 10-4 1.51 × 10-13 1.79 × 1019 1.12 × 10-4 2.87 × 10-6 

CFs40 (1.62 + 0.33) x 10-3 1.62 × 10-13 3.00 × 1019 3.35 × 10-4 8.59 × 10-6 

CFs50 (8.62 + 1.52) x 10-5 1.39 × 10-13 6.42 × 1019 8.38 × 10-6 2.15 × 10-7 

CFs60 (1.40 + 0.45) x 10-6 1.20 × 10-13 9.40 × 1019 9.30 × 10-8 2.39 × 10-9 
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6.8 Dielectric Constant and Dielectric Loss Studies 

In this subtopic, the dielectric constant and dielectric studies for FG-CS-NH4NO3 

were analysed and discussed. The dielectric constant (εr) and dielectric loss (εi) for the 

polymer electrolyte system were determined using the Equation 4.7 and 4.8, respectively. 

The graph demonstrated that at low frequency, the electric permittivity value is large and 

as frequency increases, the permittivity value decreases. The variation of εr and εi for FG-

CS-NH4NO3 are similar to the pattern obtained for FG-NH4NO3 system. According to 

Saeed and Abdullah (2020), both εr and εi decreases as the frequency increases due to 

dielectric relaxation processes. Aziz and co-workers reported in some of their studies that 

dielectric behaviour at low frequencies are normally associated to the build-up of ions at 

the electrode/electrolyte interfaces whilst at high frequency, the ions accumulations will 

resulted in polarization decrement (S. B. Aziz et al., 2018; S. B. Aziz, Al-Zangana, Brza, 

et al., 2019; S. B. Aziz, Dannoun, Abdulwahid, et al., 2022).  

 

 From Figure 6.13, it can be observed that the increasing amount of salt added 

have improved the dielectric constant which indicates a higher amount of H+ ions  

available in the electrolytes (Zulkifli et al., 2020). Sample CFs40 exhibits the highest 

value for both εr and εi , respectively. The addition of salt has increased the mobile charge 

carriers which in turn increases the conductivity value (Moniha et al., 2018). The trend in 

dielectric studies in this work are consistent with the conductivity analysis that had been 

discussed earlier. After the amount of 40 wt. % salt are added, both εr and εi  values 

experienced a decrement as depicted in Figure 6.17. Rapid ions re-association occurred 

at higher salt concentrations, which will hinder ions to move easily (Hamsan et al., 

2017b). The variation of εr and εi with temperature at 303 K to 353 K for CFs40 is depicted 

in Figure 6.18.  
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Figure 6.17: (a) The dielectric constant and (b) dielectric loss at room temperature. 
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Figure 6.18: (a) The dielectric constant and (b) The dielectric loss at different 
temperatures. 
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6.9 Thermogravimetric Analysis (TGA) 

Figure 6.19 shows TGA curve for the selected FG-CS-NH4NO3 electrolytes from 

0 °C to 600 °C. The curves are indicated by blue, orange, and grey lines for CF4, CFs20 

and CFs40, respectively. There are 3 stages of thermal degradation as can be seen in the 

figure. From the Figure 6.18, the first degradation is due to the water weight loss by the 

removal of moisture attained at temperature between 50 °C to 180 °C. The loss is 

determined to be ~5.5% for CF4 and about ~4% for both CFs20 and CFs40. The first 

degradation mainly contributed from water loss that has been absorbed from surrounding 

moisture and residuals from acetic acid solution (Rahman et al., 2021).  Based on the 

values obtained, the presence of salt has lessened the total weight loss which prove that 

the polymer blend thermal stability is improved.  

 

Figure 6.19: TGA thermogram of CF4, CFs20 and CFs40. 
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Figure 6.20 and Figure 6.21 represent the degradation temperature and the 

percentage of weight loss for 2nd and 3rd degradation respectively. The 2nd degradation 

temperature for CFs20 is ~215.13 °C whilst the temperature drops to 205.23 °C for CFs40. 

From previous study, this temperature range indicates the decomposition of NH4NO3 

which was absent in CF4 (Hamsan et al., 2017). In addition, this result is comparable with 

a study from Ghazali and his co-workers. They have found that the decomposition 

temperature of NH4NO3 is within 160 °C to 220 °C (Ghazali et al., 2022).  

 

Figure 6.20: Degradation temperature for selected electrolytes in FG-CS-NH4NO3. 

CFs40 has a higher weight loss percentage in 2nd degradation compared to CFs20 

as illustrated in Figure 6.21. The weight loss for CFs20 and CFs40 are determined to be 

38.23 % and 58.50 %, respectively. It can be seen that, as more salt is added, there are 

more weight loss and the decomposition temperature has reduced as a result from the 

disruption of hydrogen bond between polymer chains by the presence of salt (Kadir, 

2021). Thus, higher salt content causes the polymer easier to be degraded. Previous 
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160 °C to 210 °C (Chaturvedi & Dave, 2013; Izato & Miyake, 2015; Skarlis et al., 2014) . 

The third degradation in this work could be due to the polymer blend of fish gelatin-

chitosan. This degradation occurs between 300 °C to about 350 °C.  

 

Figure 6.21: Weight loss for selected electrolytes in FG-CS-NH4NO3 

6.10 Differential Scanning Calorimetry (DSC) 

In this section, Tg has been studied in order to confirm the effect of salt on polymer 

blend electrolytes. Figure 6.22 shows the DSC plot for CF4 in green, CFs20 in blue and 

CFs40 in red line. Similar to Chapter 4, as salt added into the system, the Tg temperature 

decreasing from 93.33 °C to 83.33 °C for CF4 and CFs40, respectively. The decreased in 

the Tg had suggested the occurrence of the disruption of intermolecular hydrogen bond 

within the polymer host, resulting in cation-anion interaction with the salt (Jridi et al., 

2014). As a result, a softer backbone is formed with flexibility enhancement. The H+ ions 
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are able to move easily in the polymer host hence, increasing the ionic conductivity 

(Rasali et al., 2018; Sudhakar & Selvakumar, 2012).  

 

Figure 6.22: DSC thermogram of second heating run for selected FG-CS-NH4NO3. 

6.11 Transference Number Measurement (TNM) 

The conducting species can be evaluated via transference number analysis. The 

total contribution of total ionic conductivity of the polymer electrolyte is determined by 

the polarization of the blocking electrode cell configuration of SS|CFs40|SS and 

monitoring the potentiostatic current as a function of time. The current as a function of 

time for the highest conducting electrolyte, CFs40 is depicts in Figure 6.23. The 

transference numbers corresponding to ionic (tion ) and electronic (te) can be established 

respectively using this Equations 4.9 and 4.10. 
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of the stainless steel electrode which only allows the electron to move (S. B. . Aziz et al., 

2021). This can be seen in Figure 6.22 where the current has dropped rapidly at the initial 

stage before being saturated from 2.4 μA to 0.1 μA.  

 

Figure 6.23: Plot for ionic transference number for CFs40 

The steady state current has been achieved when the movement is balanced by 

diffusion process where the current flow is only caused by the electrons without any ions 

contributions (Aziz et al., 2021).  Based on the calculation, the tion and te recorded to be 

0.96 and 0.04, respectively. Since CFs40 has achieved high tion value, it can be inferred 

that the system was dominantly contributed by the ions to serve as the conducting element 

(Hamsan et al., 2017). Previous study also found that the dominant charge in chitosan-

based polymer electrolyte where the authors reported that the tion values were ~ 0.95 to 

0.96 by Abdulkarem (2021) and Hadi et al (2021).  
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6.12 Linear Sweep Voltammetry (LSV) 

Figure 6.24 shows the LSV plot for the highest conducting electrolyte in this work. 

For CFs40, the decomposition happens at ~2.6 V. Aziz and co-worker (2022) reported 

that the electrochemical stability of 2.85 V is achieved with gelatin based electrolyte 

doped with NH4NO3 with conductivity ×10-4 S cm-1 (Aziz et al., 2022) whilst Hamsan 

and co-worker (2020) found that for chitosan based electrolyte, the electrochemical 

stability is 2.4 V with the same conductivity,  ×10-4 S cm-1 (Hamsan et al., 2020). The 

result obtained for FG-CS doped with 40 wt. % of NH4NO3 are comparable with these 

studies. The blended polymer shows an increment of the maximum working voltage 

which is better than the working voltage of single-salted polymer. This could be due to 

the improvement in physical properties of the blended polymer.  

 

Figure 6.24: LSV plot for CFs40 
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7. CHAPTER 7: DISCUSSION 

 

The continual growth in demand for environmentally friendly energy solutions 

necessitates the investigation of new energy storage materials. Natural inspiration is 

unquestionably a potential strategy for complying with environmental regulations. 

Numerous energy conversion and storage technologies, including lithium batteries, fuel 

cells, supercapacitors, liquid flow batteries, and others, have developed quickly to fulfil 

the application needs in numerous sectors. Liquid electrolytes have been widely used in 

commercialization, however there are several safety concerns such as possibility of 

flammability and explosion (Jian et al., 2022). Concurrently, the long-cycle performance 

of batteries will be reduced by the formation of dendrites. Thus, it is important to stop the 

dendrite formation by creating a high-safe solid state electrolytes. SPEs provide superior 

interfacial compatibility qualities, safety, and flexibility, making them the most desirable 

candidate electrolytes for the upcoming generation of flexible batteries (Chattopadhyay 

et al., 2023). 

 

Natural materials are preferable than artificial materials in terms of 

biocompatibility, accessibility, and modification ease. Furthermore, because native 

natural materials include reactive groups, it is possible to incorporate other functional 

groups into them to give the newly created materials amazing functionalities or change 

their chemical and physical characteristics (Chitra et al., 2020). Numerous studies on 

polymer electrolyte have revealed that ionic conductivity varied between ~10−5 and ~10−3 

Scm-1 and various biopolymers such cellulose, starch, dextran, chitin, gelatin, chitosan 

and carrageenan had been employed as host polymers (Dannoun et al., 2020). The 

hydrophilic groups -OH, -COOH, -NH2, and -CONH2, along with other functional 
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moieties, provide strong wettability to polar solvents and the capacity to interact 

preferentially with salt anions, consequently enhancing salinity solubility and cation 

transport properties on biopolymers (Xu et al., 2022). 

 

By hydrolyzing collagen, it is possible to extract gelatin, a naturally occurring 

biopolymer, from animal bones and skin. Consequently, the majority of proteins that 

make up gelatin are composed of a range of amino acids, including glycine, proline, and 

hydroxyproline, which are covalently bonded by peptide bonds. Fish, cow, and pig bones 

and skins are a common by-product of the food industry and are sometimes thrown away 

and seen of as waste, although they have a significant potential to be a useful source of 

gelatin (Azarian & Wootthikanokkhan, 2020). Chitosan also has been used in a lot of 

industries due to its advantages such as biodegradable, outstanding mechanical strength 

and compatible with many solvents. Previous studies have shown that gelatin is 

compatible with chitosan and able to produce a solid film with good physical properties 

(Roy & Rhim, 2021).  

 

In this study, three systems were prepared and discussed. The systems are FG-

NH4NO3, FG-CS and FG-CS-NH4NO3. The polymer host was prepared with the amount 

of 2g to obtain a good peelable film. The first system was prepared using distilled water 

as the solvent whilst the second and the third systems were dissolved in 1 % acetic acid.  

Then, the salt was added accordingly to further analyse the electrolytes system. NH4NO3 

was chosen based on the low lattice energy value (648.9 kJ mol-1) compared to other 

ammonium salt for example 703.1 kJ mol-1 for ammonium acetate and ammonium 

bromide with 682.0 kJ mol-1. The low lattice energy had offered easier process of 

Univ
ers

iti 
Mala

ya



 
 
 

106 
 

dissociation. All systems in this work were prepared using solution cast method. The 

loosely bound hydrogen from NH4
+ served as a good proton donor for ion conduction. 

 

The first system was prepared to study the ability of fish gelatin to serve as 

polymer host with the aid of ammonium nitrate as dopant. There are numerous previous 

works on fish gelatin that has been used in other research field however there is very few 

studies has been carried out employing fish gelatin as polymer host for ionic conduction.  

In this work, the highest conductivity for the first system maximized at (1.52 + 0.30) x 

10-5 S cm-1 with the incorporation of 25 wt. % NH4NO3. As more salt added into the 

system, there are higher number of charges available for ion conduction which increased 

the conductivity. However, in this system, the conductivity decreased as more than 25 

wt. % of salt added into the system due to salt recrystallisation. Beside conductivity in 

room temperature, the conductivity at different temperatures have been investigated in 

this study. It has been found that as temperatures increase, the conductivity values also 

increase due to increment of segmental motion of polymer chain that helps the ions to 

migrate from one site to another site.  

 

The results from XRD analysis confirmed and strengthen the conductivity trend. 

In the first system, FG25 is found to be the most amorphous film as shown in Figure 4.3 

with the lowest value of Xc. Based on the calculation as tabulated in Table 4.1, Xc has 

dropped from 26.18 % to 15.77 % for FG0 and FG25, respectively. Xc then increased to 

37.98 % in FG30. This value confirmed the conductivity trend that had been calculated. 

Besides Xc, the conductivity results are consistent with the calculated activation energy 

value. The lowest activation energy of 0.454 eV is possessed by FG25.  
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In this work, FTIR spectra for fish gelatin powder was compared with fish skin 

film’s FTIR. The spectra shows that with addition of distilled water, the hydroxyl and 

amine band of FG becomes more intense due to possible interaction between the distilled 

water and the functional group of polymer host. FTIR spectra illustrated that with addition 

of salt to the polymer host, amide III peak has shifted to a lower wavenumber indicating 

that complexation had occurred between atoms in the amide III functional group and H+ 

from the salt. Amide III corresponds to C-N stretching vibrations connected to N-H 

bending vibrations (Abisharani et al., 2021). In addition, there are also emergence of new 

peaks within 600 to 1000 cm-1 wavenumber corresponds to NH4NO3 addition into the 

system. The FESEM analysis in Figure 4.9 shows that the smooth and homogenous 

surface of FG0 has transformed into a courser and denser surface as more ions were 

successfully embedded in the polymer host and became more amorphous. With more than 

25 wt. % of salt addition, there is an obvious salt agglomeration as the ion association 

rate is higher than ion dissociation rate. The decomposition temperature decreases as salt 

doped into the system which might be caused by the presence of salt that disrupts the 

bond between the polymer chains in FG.  

 

The thermal stability of the electrolytes has been investigated from TGA analysis. 

Three stages of degradation were found in FG-NH4NO3 electrolyte system. The first stage 

of degradation is due to the weight loss from water which is at ~130°C to ~180°C. Similar 

to previous study, second stage of degradation occurred at ~220°C to ~250°C that resulted 

from NH4NO3 degradation, and third degradation is due to the host polymer, fish skin 

gelatin. In addition, the thermal properties of the polymer electrolyte were also studied 

from DSC analysis. As shown in Figure 4.19, the Tg values decreased from 98.27 °C to 

54.83 °C for FG0 and FG25, respectively. The dipole-dipole connections between the 
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polymer chains were weakened by the addition of salt, which increased segmental motion 

that resulted in a lower glass transition temperature (Chitra et al., 2020). In addition to 

this analysis, only single Tg value has been detected in each selected electrolytes 

indicating that FG is compatible with NH4NO3. The main charge carriers for FG-NH4NO3 

electrolyte have been successfully determined via TNM analysis where FG25 was placed 

in between two stainless steel electrodes that only allow electrons to pass through. Based 

on calculations, it was found that the number of ion 0.92 whilst the number of electrons 

is 0.08. From the analysis, it can be concluded that there are significantly more ions than 

electrons thus making both cations and anions the primary charge carriers. Additionally, 

the electrochemical stability of FG25 was also tested using LSV. The breakdown voltage 

was determined to be 2.5 V.  

 

To increase the conductivity, fish skin gelatin was blended with chitosan. It has 

been reported from previous study that gelatin is compatible with chitosan and able to 

produce a standalone film as discussed in Chapter 2. Previously, edible capsules for drugs 

and foods have been established from this blend. This study intended to investigate the 

ability of FG-CS blend to enact as polymer host electrolyte. Thus, a different ratio of 

chitosan has been blended with fish gelatin. All films were produced using solution cast 

method. The XRD analysis were carried out to investigate the crystallinity of the various 

ratios of FG-CS blended system to find the best ratio to serve as the polymer host for 

blended electrolyte system. From the calculation of Xc, the most amorphous film was 

established with the ratio of 60:40, FG:CS respectively. The lowest value of Xc was found 

to be 15.38 %. for CF4 sample.  
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The interactions between fish gelatin and chitosan were studied from FTIR 

spectra.  The comparison between FTIR spectrum of CF4 and the spectrum of FG0 and 

C10 has been made respectively. The shifts in hydroxyl, carboxamide and saccharide 

region indicate that modification existed in the structure of the polymer host as the 

chitosan was blended to the fish gelatin. Compatibility between fish gelatin and chitosan 

has been examined via the FESEM cross section image. From the comparison with pure 

fish gelatin film and pure chitosan film, CF4 was found to possess a smoother cross 

section area with no distinguish phase separation. This indicated that the two polymers 

were compatible with each other.  

 

TGA analysis has showed that there was reduction of weight loss as chitosan was 

blended with fish gelatin. This showed that the addition of chitosan able to reduce the 

hydroscopic behaviour of fish gelatin. CF4 had a lower major weight loss of ~ 50 %. The 

glass transition temperature from DSC study also supports the compatibility between 

chitosan and fish gelatin where it was recorded that the Tg value of CF4 was detected to 

be in between the Tg value of FG0 and C10 respectively. The results discussed in Chapter 

5 proposed that CF4 can be best served as a polymer host and have produced films with 

better physical and electrical properties when doped with salt.  

 

From all these analyses that has been done and discussed in Chapter 5, different 

weight percentage of NH4NO3 was added into CF4. First, the addition of chitosan into 

FG-NH4NO3 polymer electrolytes has improved the physical properties of the film. 

Comparing the highest conducting samples in the first system and third system, FG25 and 

CFs40, respectively. Figure 7.1 shows the difference in physical state of FG25 and CFs40. 

Univ
ers

iti 
Mala

ya



 
 
 

110 
 

After left overnight in room temperature, FG25 film turn to gel-like electrolytes whilst 

CFs40 film still a stand-alone film and easy to handle.  

 

Just out 

from 

desiccator 

(a) 

 

(b) 

 

After left 

overnight in 

room 

temperature 

(c) 

 

(d) 

 

 

Figure 7.1: Physical appearance of the electrolytes just out from desiccator (a) 
FG25, (b) CFs40 and after left overnight in room temperature (c) FG25 and (d) 

CFs40. 

 

From EIS analysis, it was found that the conductivity for blended system has 

increased up to 2 magnitude order of (1.61 ± 0.33) x 10-3 S cm-1 with 40 wt. % of NH4NO3 

addition. It can be concluded that polymer blend has aided ion migration better. Polymer 

blending able to provide more sites for ion to hop through the molecular interaction 

between polymers and the polymer chain became more flexible thus able to increase the 
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ionic mobility (Abdulwahid et al., 2022; Zainuddin et al., 2020). The conductivity at 

elevated temperature were also analysed in the third system. The conductivity increases 

as temperature increases. As heat was supplied to the system, the ions vibrate faster, the 

molecular chain becomes more flexible, and the number of free ions also increased. The 

results found in the conductivity for elevated temperature similar with previous reported 

works. From temperature dependence conductivity, the graphs showing the variation of 

conductivity as a function of temperature for all electrolytes exhibit linearity. This 

indicates that all electrolytes obeyed Arrhenius rule. The lowest activation energy in FG-

CS-NH4NO3 system was found in CFs40 with energy value of 0.202 eV. This value lower 

than FG-NH4NO3 system with 0.454 eV for FG25. Higher conducting sample has a lower 

activation energy which are resulting from a better ionic mobility that facilitates the ions 

to hop to the conducting sites (Jothi et al., 2020).  

 

Transport analysis as tabulated in Table 6.3 for this system shows that the values 

of τ, μ and D increases as salt was added into the system. The dielectric constant as 

depicted in Figure 6.16 improves as amount of salt increased up to 40 wt. % of NH4NO3. 

This suggested that a higher amount of H+ ions are in the electrolyte. However, with more 

than 40 wt. % of salt, the dielectric constant and dielectric loss decrease, due to the 

recombination of ions. Comparing the blended with single polymer electrolyte system, 

the blended polymer has higher dielectric properties value. The maximum values of εr 

and εi for electrolyte with highest conductivity in FG-NH4NO3 are about 11000 and 30000 

respectively. However, after blending fish gelatin with chitosan, the values of εr and εi are 

more than 30000 for both properties. This is in line with the conductivity values as after 

blending the polymer, the conductivity increases from 10-5 S cm-1 to 10-3 S cm-1. The 

higher dielectric properties indicate higher number density of mobile ions due to the 
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blending polymer able to dissociate more salt.  The electrolytes show a non-Debye 

behaviour as the dielectric properties decrease when frequency increases (Nofal et al., 

2021).  

 

XRD analysis has been carried out for the third electrolyte system. There is a 

smaller shift in amorphous and crystalline peaks position as salt added into the system. 

The change in peaks position indicate that there is interaction occurred between the salt 

and the polymer host. The amorphous region becomes broader as salt added into the 

system up to 40 wt. %. Table 6.2 shows that the addition of 40 wt. % of NH4NO3 to the 

polymer host, has reduced the degree of crystallinity of the electrolyte from 15.38 % in 

CF4 to 10.03 % which remarks the lowest degree of crystallinity in FG-CS-NH4NO3 

system. The increased in conductivity value has been clearly explained by the increased 

of amorphousness of the electrolyte that aids the mobility of ions as illustrated in Figure 

6.3. NH4NO3 were no longer fit within the polymer host after the incorporation of more 

than 40 wt. %, leading to ion recombination and decrement in conductivity value.  

 

From FTIR results in Chapter 6, the addition of NH4NO3 up to 40 wt. % has 

shifted the hydroxyl band, carboxamide band, amide I and amide II to a lower 

wavenumber. The hydroxyl band is assigned to -OH stretching, carboxamide band 

assigned to C=O stretching, and saccharide band assigned to C-O-C asymmetric 

stretching vibrations. The cation interacts with the polymer host when salt is introduced, 

which change the polymer's original backbone structure, hence resulted in the shift of the 

peaks. Based on the FTIR result, there are interaction between the salt and the polymer 

host. In addition, Figure 6.7 shows a surface micrograph from FESEM of a more porous 

structure as salt is added into the system. This structure is a proved of successful 
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accumulation of NH4NO3 into the system which provides paths for ion migrations. With 

more than 40 wt.% of salt addition, the surface became coarse as in Figure 6.9 resulted 

from ion recombination.  

 

From TGA analysis, it was found that CFs20 and CFs40 decomposed at 215.13 °C 

and 205.23 °C, respectively.  It is confirmed that addition of salt has affected the 

capability of the polymer to sustain its original form when heated, resulted in a lower 

degradation temperature. From the literature it is known that NH4NO3 can be degraded 

into NH3, HNO3, H2O, and N2O when heated around 160 °C to 210 °C (Chaturvedi & 

Dave, 2013; Izato & Miyake, 2015; Skarlis et al., 2014). The salt used in this work able 

to weaken the backbone of the polymer host resulted in a better flexibility film which can 

be demonstrated by the decreasing trend of Tg with the increment of NH4NO3 content. 

With the addition of 40 wt. % NH4NO3, the Tg value is found lessened from 93.33 °C to 

83.33 °C. The reduced in Tg value suggested that the polymer host's intermolecular 

hydrogen bond has been disrupted, causing the occurrence of cation-anion interaction 

with the salt (Jridi et al., 2014). 

 

To confirm that the ionic conduction is contributed by ions, TNM has been carried 

out for both FG-NH4NO3 and FG-CS-NH4NO3 systems and it was found that the 

transference number for ions are higher than the transference number for electrons. From 

the analysis, both tion and te were found be 0.96 and 0.04, respectively. The steady current 

was established when the movement of ions is balanced by the diffusion process and the 

current flow is only generated by the electrons with no contributions from ions (Aziz et 

al., 2021). The transference number of ions in polymer blend was found higher 0.96 

compared to 0.92 for FG25. It could be the case that the blend electrolyte has more ions 
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to be conducted towards stainless steel electrodes and form a double layer compared with 

single electrolyte.  

 

To evaluate the practicability of the electrolytes and the capability to endure 

operating voltage, electrochemical stability is tested using LSV. From the study, the 

electrolyte was stable up to 2.6 V. The value obtained in this system is comparable with 

previous study by Hamsan and co-worker (2020). This is important to study prior to 

application of electrochemical devices for future works.   
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8. CHAPTER 8: CONCLUSION  

8.1 Conclusions 

Three polymer electrolytes systems were successfully prepared via solution 

casting technique; FG-NH4NO3, FG-CS and FG-CS-NH4NO3. 

• The XRD spectra has been analysed to study the amorphousness of the 

polymer electrolytes at different ratio of salt and chitosan composition.  

• The degree of crystallinity was calculated to determine the film with highest 

amorphousness. In the second system, the most amorphous ratio was found 

with 60 wt.% of fish gelatin and 40 wt.% of chitosan has been established.  

• FTIR results have revealed the interaction between fish gelatin, chitosan and 

ammonium salt.  

• FESEM exhibited a smooth pattern of cross-section micrographs for CF4 film 

that indicates good compatibility between FG and CS.  

• The Tg values of the blend system has been detected at intermediate range of 

the individual polymers which also confirmed the miscibility of FG and CS. 

Tg decrease with salt addition referring to that amorphous region of the film 

has been improved. 

 

The conductivity of the polymer electrolyte based on fish skin gelatin has 

improved and rise by 2 magnitude order as chitosan was blend into the system. This could 

be due to several reasons: 

• There are more sites for ion migration in blended system.  

• The blend polymer electrolyte is more amorphous compared with single 

polymer electrolyte which was proven by lower degree of crystallinity. 

Univ
ers

iti 
Mala

ya



 
 
 

116 
 

• The number of mobility and number of ion density is greater in blend system 

compared to single polymer system indicates more ions can be transported 

within the host that led towards conductivity enhancement.  

 

Transference number analysis for both salted electrolyte systems indicate that ions 

are the main charge carriers. LSV measurements reveal that the electrolyte was 

electrochemically stable up to 2.6 V which is sufficient to be employed for further 

application study.  

8.2 Contribution of thesis 

The aim of this thesis is to develop good conducting biopolymer electrolytes based 

on fish skin gelatin and chitosan, which are abundant natural sources. This study able to 

enhance knowledge on the application of natural polymers and to generate a new idea 

with certain scientific interpretation. More importantly, this work is an effort towards 

green and sustainable technology for a better future. 

8.3 Future works 

Development of electrochemical devices such as battery and EDLC are possible 

by employing the electrolyte from this work as the conductivity is sufficient at ~10-3 S 

cm-1 and the cut off potential value is 2.6 V. Moreover, from the TGA analysis, the FG-

CS-NH4NO3 system has exhibited a good thermal stability. Plasticizer method can be 

carried out in the future where a high dielectric constant plasticizer such as glycerol can 

be added into the electrolyte system to further enhanced the conductivity up to 10-2 S cm-

1. The results presented here may facilitate improvements in the use of fish skin gelatin 
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as an alternative source of solid biopolymer electrolyte that holds a lot of potential as a 

replacement for non-degradable electrolytes in electrochemical power sources.  
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