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ELECTROCHEMICAL PERFORMANCE OF BINDER FREE POLYANILINE 

BASED ELECTRODE FOR SUPERCAPACITOR APPLICATION 

 

ABSTRACT 

This project focuses on improving the cycle stability of composite electrode consisting of 

conducting polymer and metal oxides. Two electrode systems were fabricated, namely 

polyaniline and polyaniline-nickel oxide composite (PANI and NiO-PANI) deposited on 

etched carbon cloth. PANI was deposited on electro-etched carbon fiber cloth by simple 

chronoamperometry electrodeposition method with various applied potentials. The 

results demonstrate that the effects of applied deposition potential significantly influence 

the electrochemical performance of electrodes. From the first electrode system, deposited 

PANI on etched carbon cloth at 1.4 V exhibited optimum specific capacitance of 357.14 

F g-1. The energy density and power density was 40.18 mW h kg-1 and 1.28 W kg-1 

respectively at current density of 200 mA g-1 in 0.5 M H2SO4 electrolyte. Symmetrical 

cell was also assembled and showed good specific capacitance retention of 88% after 

2000 cycles with PVA+0.5 M H2SO4 electrolyte at current density of 200 mA g-1. In order 

to enhance the cycle stability and reversibility of deposited PANI on etched carbon cloth 

electrode, NiO was introduced by conventional heating process at different temperatures. 

The optimum performance of NiO-PANI on etched carbon cloth electrode was achieved 

when the heating temperature of 300 °C was applied. The specific capacitance obtained 

was 192.39 F g-1 at current density of 200 mA g-1 in 0.5 M H2SO4. The symmetrical cell 

employing NiO-PANI on etched carbon cloth electrode exhibited good electrochemical 

reversibility when discharged at different current densities over 4500 cycles. The cell was 

able to retain 72% of its initial specific capacitance after undergone various current 

density. The cell successfully restored 13.87 mW h kg-1 of its energy density after 4500 

cycles. The preparation of electrodes in this work using electrodeposition method is 
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simple, low-cost, and environmental-friendly. It holds great potential to produce cost-

effective and high energy density supercapacitors. 

 

Keywords: supercapacitor, polyaniline, nickel oxide, electrodeposition, hydrothermal, 
gel polymer electrolyte  
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PRESTASI ELEKTROKIMIA ELEKTROD BERASASKAN POLIANILIN 

BEBAS PENGIKAT UNTUK APLIKASI SUPERKAPASITOR  

 

ABSTRAK 

Projek ini memfokuskan pada peningkatan kestabilan kitaran elektrod komposit yang 

terdiri daripada polimer konduktif dan logam oksida. Dua sistem elektrod telah 

dihasilkan, iaitu polianilin dan komposit polianilin-nikel oksida (PANI dan NiO-PANI) 

yang didepositkan pada permukaan kain karbon. PANI didepositkan pada kain karbon 

dengan kaedah elektrodeposisi kronoamperometri dengan menggunakan beberapa nilai 

potensi. Keputusan kajian menunjukkan bahawa kesan yang terhasil antara potensi 

pemendapan yang digunakan dengan ketara mempengaruhi prestasi elektrokimia elektrod 

superkapasitor. Berdasarkan sistem elektrod pertama, PANI didepositkan pada kain 

karbon dengan menggunakan potensi 1.4 V menunjukkan kapasitan spesifik optimum 

sebanyak 357.14 F g-1. Ketumpatan tenaga dan ketumpatan kuasa masing-masing adalah 

40.18 mW h kg-1 dan 1.28 W kg-1 pada ketumpatan arus 200 mA g-1 dalam elektrolit 0.5 

M asid sulfurik. Sel simetri telah dipasang dan mempamerkan 95% daripada kapasitif 

spesifik dapat dikekalkan selepas 1000 kitaran dalam elektrolit polivinil alkohol dan 0.5 

M asid sulfurik pada ketumpatan arus 200 mA g-1. Sel simetri juga telah dipasang dan 

mempamerkan pengekalan sebanyak 88% kadar kapasitan spesifik selepas 2000 kitaran 

menggunakan elektrolit PVA+0.5 M pada ketumpatan arus 200 mA g-1. Untuk 

meningkatkan kestabilan dan kebolehulangan semula kitaran elektrod PANI pada kain 

karbon, nikel oksida diperkenalkan melalui proses pemanasan konvensional pada suhu 

berbeza. Prestasi optimum elektrod NiO-PANI pada kain karbon diperoleh dengan 

menggunakan suhu pemanasan 300 ° C. Kapasitan spesifik yang diperoleh adalah 

192.39 F g-1 pada ketumpatan arus 200 mA g-1 dalam 0.5 M asid sulfurik. Sel simetri yang 

direka menggunakan elektrod NiO-PANI pada kain karbon juga memperlihatkan 
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kemerosotan elektrokimia yang sedikit apabila dinyahcas pada ketumpatan arus yang 

berbeza untuk 4500 kitaran. 72% daripada kapasiti awal dapat dikekalkan selepas melalui 

ketumpatan arus berbeza. Sel tersebut berjaya mengekalkan 13.87 mW h kg-1 ketumpatan 

tenaga selepas 4500 kitaran.  Penyediaan elektrod dalam kajian ini menggunakan kaedah 

elektrodeposisi yang mudah, murah, dan mesra alam sekitar. Oleh yang demikian, ia 

berpotensi besar untuk menghasilkan superkapasitor yang kos efektif dan berketumpatan 

tenaga tinggi. 

 

Kata kunci: superkapasitor, polianilin, nikel oksida, elektrodeposit, hidrotermal, 
elektrolit polimer gel  
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Over the past decades, energy demand has increased proportionally to development of 

technologies. This may lead to energy depletion due to unsubstantial supply of fossil fuels 

considering the expanding market for electric vehicle, portable electronic devices smart 

grid and off-grid energy storage. Due to this issue, renewable continuous energy are being 

actively researched and developed to cater to the requirement of having clean, portable 

and efficient energy storage devices (Simotwo & Kalra, 2016; Wang, et al., 2012).  

Sources such as solar and wind power are highly needed in order to produce renewable 

energy that is required in progressive energy storage system with both high power and 

energy density. Due to the periodic behavior of the sun and the wind, electrochemical 

energy conversion and storage devices such as rechargeable batteries and supercapacitors 

are seen to be effective, practical and stable to ensure that energy can be easily stored and 

utilised (Xin, et al., 2017).  

Battery is one of the most widely used electrochemical cell nowadays. It produces 

electrical energy from conversion of chemical energy. The expansion of research in 

batteries has led to the existence of various types of battery for specific purposes. For 

example, nickel-cadmium (NiCd) battery, nickel-metal-hybrid (NiMH) battery, sulfur ion 

battery (SIB), lithium ion battery (LIB) and lead acid battery. Rechargeable LIB are 

categorized as the most popular energy storage device since it can be easily found in 

laptop, mobile phone, portable medical equipment as well as electric vehicle because of 

the high energy density and viable power supply.  

In comparison with supercapacitor, LIB has higher capacity value for energy storage. 

However, batteries have other constraints. Having high energy density comes with long 
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process taken for the energy conversion (Nie, et al., 2019; Qu, et al., 2019; Zhang, et al., 

2019). Therefore, batteries are unsuitable for applications that require short-term power.  

 In recent years, much attention has been given to supercapacitor as it has the 

ability to operate in simple systems, long cycle life and progressively reproduce charge 

(Zhang & Zhao, 2009). In comparison with the conventional capacitor, supercapacitor 

has comparatively large energy density along with high power efficiency which provides 

the means of it being implemented in energy storage systems (Cheng, et al., 2011). The 

utilization of supercapacitor has been considered to be used in certain applications such 

as electric hybrid vehicles and digital communication devices (Capasso, et al., 2018; 

Xiong, et al., 2018). 

 One of the factors that play a big role in the electrochemical performance of 

supercapacitor is the choice of electrodes. Electrode materials have to be able to exhibit 

high capacitance, have great stability along with good mechanical properties as these 

properties are essential for a long cycle life. There are three major classes of electrode 

material which are (1) carbon (e.g. graphene, activated carbons (ACs) (Manoj, et al., 

2019; Xu, et al., 2019b), carbon nanotubes (CNTs) (Jeong, et al., 2019; Ma & Kang, 

2019), and carbon fibers (CFCs) (Mu, et al., 2019; Wang, et al., 2019b)); (2) metal oxide 

(e.g. manganese oxide (MnO) (Wei, et al., 2011), nickel oxide (NiO) (Sun, et al., 2019; 

Wang, et al., 2019a), cobalt oxide (CoO) (Duan, et al., 2019; Kannan, et al., 2018) and 

ruthenium oxide (RuO2) (Kumar, et al., 2018; Prataap, et al., 2018; Yang, et al., 2018) 

and conducting polymer (e.g. polyaniline (PANI) (Moyseowicz & Gryglewicz, 2019; Mu, 

et al., 2013; Neelgund & Oki, 2011; Ryu, et al., 2002; Simotwo & Kalra, 2016; Zhang, et 

al., 2013a), polypyrrole (PPy) (Kai, et al., 2014; Ramya, et al., 2013; Xiao, et al., 2009), 

polythiophene (PTh) (Snook, et al., 2011; Wallace & Spinks, 2007), and polystyrene 

sulfonate (PEDOT-PSS)) (Du, et al., 2018; Jingbin, et al., 2013; Kim, et al., 2007). 
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Therefore, the main focal point of this thesis will be directed on the potential of the 

electrode material to be applied in energy storage devices. 

 

1.2 Problem statement 

The most crucial factor for fabricating flexible supercapacitors is the development of 

flexible electrodes with high capacitance and high electrical conductivity to ensure fast 

charge-discharge.  

A common method to make flexible electrode is by depositing electroactive materials 

on soft and flexible substrates with porous structure. For example, carbon dispersions 

(carbon nanotubes, graphene oxide etc.) have been deposited as inks on cellulose papers 

(Islam, et al., 2018; Zhang, et al., 2018b), porous cotton (Hong, et al., 2019; Wang, et al., 

2018) and synthetic polymer sponges (Dubal, et al., 2015; Wei, et al., 2017).  

Conducting polymers, such as polypyrrole, polyaniline or poly(3,4-

ethylenedioxythiophene)(PEDOT) have been directly deposited on soft and porous 

substrates via chemical or electrochemical polymerization. Despite their high flexibility 

and good ion accessibility, the electrical conductivity of these electrodes has been limited 

by insulating properties of substrates that affect the charge-discharge rate of 

supercapacitors. In addition, the total supercapacitors device weight increased due to the 

usage of insulating substrates, leading to a decrease of capacitance. 

Another factor that has contributed in the performance of flexible supercapacitor is the 

structure and morphology of the electrode material. The effect of electrochemical 

properties of supercapacitor based on the size of the surface area of the material is widely 

studied (Alqahtani, et al., 2019). The effects of calcination temperature of metal oxide are 

one of the generally studied fields which are believed to be able to produce different 
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structures and morphologies of the material. This would eventually influence the 

electrochemical performance of the electrode (Xiao, et al., 2016).  

 

1.3 Objectives of research 

 To determine the characteristics and performance of binder-free polyaniline on 

etched carbon fiber cloth substrate. 

 To evaluate the electrochemical performance of polyaniline based composite 

as active material in supercapacitor. 

 

1.4 Organization of thesis 

This thesis is divided into five chapters. Chapter 1 which consists of the overview of 

energy storage devices and supercapacitor is followed by the research objectives and 

thesis organization.  

Chapter 2 plays the role in providing the background of supercapacitor, carbon fiber 

cloth (CFC) as the electrode substrate together with conducting polymer and metal oxides 

as the electrode material used in this work. 

Chapter 3 consists of the elaboration on the experimental process of the sample 

preparation. Besides that, the characterization processes were also highlighted and 

discussed. 

Chapter 4 discussed the results and discussion of the research. This includes the 

optimization of the PANI electrode where optimum potential applied in the 

electrodeposition process of PANI onto the electro-etched CFC (EC) was studied. The 

work in this section has been published in Fabrication of Polyaniline Nanorods on 

Electro-Etched Carbon Cloth and its Electrochemical Activities as Electrode Materials 
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(Razali, et al., 2018). Finally, the next section presents the characterization results of the 

composition of NiO and PANI electrode (NiO-PANI electrode). The calcination 

temperatures of the NiO was analyzed and optimized prior to the preparation of NiO-

PANI electrode. The composition was optimized and elaborated in this chapter. The work 

in this section has been published in Electrochemical Performance of Binder-Free NiO-

PANI on Etched Carbon Cloth as Active Electrode Material For Supercapacitor (Razali 

& Majid, 2018). 

Chapter 5 summarizes and concludes the thesis with some comparison and suggestions 

for future work. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

This chapter discusses the definition of supercapacitor and how the electrode material 

affects the performance of the energy storage device.  

 

2.2 Supercapacitor 

Supercapacitor is a charge-storage device similar to a rechargeable battery. It consists 

of three major components which are two highly conductive electrodes, electrolyte and 

separator.  

Supercapacitors are capable in managing device with high power rates. It can go up to 

hundreds or thousands times higher in the same volume compared to batteries (Miller & 

Simon, 2008). However, supercapacitors are not able to store the same amount of charge 

as batteries do (Miller & Simon, 2008).  Therefore, this makes supercapacitors more 

suitable for application with power bursts required and moderate energy storage capacity.  

The power output of supercapacitors normally can reach up to 10 kW kg-1 (Chung, 

2018). On the other hand, their specific energy is several orders of magnitude higher than 

the capacitors (Pandolfo & Hollenkamp, 2006). Supercapacitors could fill the gap 

between aluminum electrolytic capacitors and batteries, which are capable of storing large 

amounts of energy with average power densities (< 1 kW kg-1) due to their storage 

mechanism (González, et al., 2016).  This has been explained in graphical form of Ragone 

plot with different storage technologies in. The energy and power densities are 

represented in horizontal and vertical axes together with the discharge time of the devices 

in diagonal lines (E = P  t). 
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Besides having high power rate, supercapacitors are also able to discharge in a short 

time period. This is important in energy recovery systems. For example, transport 

system’s dynamic braking (González, et al., 2016). Table 2.1 compares the energy storage 

performance of supercapacitor, capacitor and battery.  

 

Table 2.1: Comparison table among selected electrochemical energy storage 
technologies, taken from Pandolfo and Hollenkamp (2006). 

Characteristics Capacitor Supercapacitor Battery 

Energy density (Wh kg-1) < 0.1 1 - 10 10 - 100 

Power density (W kg-1) > 10 000 500 - 10 000 < 1000 

Discharge time 10-6 to 10-3 S to min 0.3 – 3 h 

Charge time (s) 10-6 to 10-3 S to min 1 – 5 h 

Coulombic efficiency (%) ~100 85 - 98 70 - 85 

Cycle life Almost infinite > 500 000 ~ 1000 

 

 

Supercapacitors are also able to withstand millions of cycle. This is due to its charge 

storage mechanism that works in irreversible chemical reactions and physically store 

charges at the surface of electrodes in an electric double layer. Table 2.2 shows the 

comparison of main differences in the properties of batteries and supercapacitors.  
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Table 2.2: Comparison between batteries and supercapacitors, taken from Miller and 
Simon (2008). 

Comparison parameter Battery Supercapacitor 

Storage mechanism Chemical Physical 

Power limitation Reaction kinetics, mass 

transport 

Electrolyte conductivity 

Energy storage High (bulk) Limited (surface area) 

Charge rate Kinetically limited High, same as discharge 

Cycle life limitation Mechanical stability, chemical 
reversibility 

Side reactions 

 

 

Supercapacitor has its disadvantage related to the charge storage mechanism. In order 

to avoid the chemical decomposition of electrolytes, the operating voltage of a 

supercapacitor cell should be kept low (González, et al., 2016). Supercapacitor can be 

classified into two categories, a) electric double layer capacitors (EDLCs) and b) 

pseudocapacitors (Minakshi, et al., 2016; Naoi, et al., 2016; Salanne, et al., 2016). 

 

2.2.1 Electric double layer capacitor 

In the past few years, electric double layer capacitor (EDLC) has seen a significant 

increase in publication in various articles (Sharma & Bhatti, 2010). This is due to the 

demand the electrodes with high surface area as it can store more energy (Cheng, et al., 

2017). The charge storage of EDLC is an electrostatic mechanism with no redox reaction 

involved. It stores charge through adsorption of electrolyte ions onto the surface of wired 

materials. Carbon was found to be the ideal material in EDLC electrode preparation as it 

has high conductivity, low density and also huge surface area. 
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2.2.2 Pseudocapacitor 

Pseudocapacitance was discovered in 1971 where the term was chosen due to its 

reaction that involves faradaic charge-transfer. Several faradaic mechanisms which would 

result in capacitive electrochemical features are (1) underpotential deposition, (2) redox 

pseudocapacitance and (3) intercalation pseudocapacitance (Augustyn, et al., 2014).  

The process of underpotential arises when an adsorbed monolayer was formed by 

metal ions at a different surface of metal above its redox potential, for example, lead on 

the surface of a gold electrode. Contrary to the underpotential, the redox 

pseudocapacitance occurs when ions are electrochemically adsorbed onto or close to the 

surface of the material associated with faradaic charge-transfer. Lastly, the intercalation 

pseudocapacitance takes place when ions intercalate into the tunnels or layers of a redox-

active material accompanied by faradaic charge-transfer without any crystollagraphic 

change of phase. The mechanisms mentioned are due to the difference in physical process 

of different types of materials. 

The pseudocapacitance is described to provide specific electrochemical features. The 

energy storage is represented based on its response to (1) voltage window; in cyclic 

voltammetry, (2) constant current; in charge and discharge and (3) alternating current; in 

impedance spectroscopy. 

 

2.2.3 Hybrid supercapacitor 

Hybrid capacitor is a combination of both EDLC electrode and pseudocapacitive or 

battery type electrode systems, leading to an intermediate performance in some cases. 

Generally, hybrid supercapacitor is able to improve overall cell potential, energy and 

power densities compared to EDLC. A good example of such a system is the lithium-ion 

capacitors (LiCs) (Pandolfo & Hollenkamp, 2006).  
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2.2.4 Parameters of supercapacitor 

The total capacitance, CT of a supercapacitor is a reflection of the electrical charge, ΔQ 

stored under a given voltage change, ΔV, as shown in Equation 2.1; 

𝐶𝑇 =
∆𝑄

∆𝑉
          (2.1) 

A more essential specific capacitance (F g-1) is defined to measure the charge storage 

ability of supercapacitor materials, shown in Equation 2.2; 

𝐶𝑇 =
∆𝑄

∆𝑉𝑚
         (2.2) 

where m is the mass of electroactive material.  

Power density and energy density are the most often used parameters for evaluating 

the performance of supercapacitors. These parameters are normally evaluated 

gravimetrically or volumetrically in W kg-1 for power density and W h kg-1 for energy 

density. It is to describe the efficiency in energy uptake/delivery and to demonstrate the 

amount of electrical energy stored or deliverable (Sanliang & Ning, 2015). 

The generally used calculation for maximum energy density (E) and power density (P) 

can be expressed in Equation 2.3 and Equation 2.4, respectively (Sanliang & Ning, 2015): 

𝐸 =
1

2
𝐶𝑉2         (2.3) 

𝑃 =
𝑉2

4𝑚𝑅𝑠
         (2.4) 

where C, V, m and Rs are specific capacitance, range of operating potential, mass of 

electroactive materials and the equivalent resistance of supercapacitor, respectively. 
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The operating potential (V) is determined by electrolyte window stability. The 

operating potential can be increased by implementing suitable electrolyte for the system. 

For example, organic electrolytes have cell potential in the range of 3.0 to 3.5 V (Huang, 

et al., 2018). On the other hand, aqueous electrolyte can normally operate at about 1 V. 

Besides electrolyte, suitable electrode material and optimized electrode structure can also 

offer high operating potential. 

 

2.3 Electrode substrate 

 As previously mentioned, are supercapacitors composed of electrodes, separator and 

electrolyte, Figure 2.1. Among the three components, electrodes are generally considered 

to have a critical impact on the electrochemical performance of supercapacitors, and thus 

are extensively studied. 

 

 

Figure 2.1: Supercapacitor’s structure layers. 
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Typically, electrodes should have high surface area in addition to their requirement of 

being highly conductive. Currently, various strategies have been developed towards the 

flexible electrodes for supercapacitors, such as fabricating free-standing films of the 

active materials (Zheng, et al., 2009a). Therefore, novel support structures for the loading 

of pseudocapacitive materials are expected to produce high capacitance while being 

inexpensive and environmentally friendly (Zheng, et al., 2009a). 

In recent times, porous materials such as conventional paper (Du, et al., 2018; Zhang, 

et al., 2018c), textiles (Xu, et al., 2019a), sponges (Liu, et al., 2017b) and cable type 

electrodes with thin conducting layers (Chen, et al., 2018; Vellacheri, et al., 2017) have 

been used as substrates to produce high performance supercapacitors. In addition, metal 

substrates are also common in the fabrication of electrodes for supercapacitors. Besides 

flexibility, various metal substrates such as stainless steel (SS), aluminum (Al), copper 

(Cu), nickel (Ni), and titanium (Ti) have many other advantages, such as high strength, 

high conductivity, and ease of preparation (Dong, et al., 2014; Dubal, et al., 2012; Dubal, 

et al., 2013; Jagadale, et al., 2012; Jingbin, et al., 2013).  

One of the greatest electrode substrate is carbon fiber cloth (CFC). CFC consists of 

carbon microfibers manufactured into flat sheets. It is used as an electrode that facilitates 

the diffusion of reactants across the membrane electrode assembly (Afriyanti, et al., 2013; 

Park & Popov, 2011; Sawangphruk, et al., 2013). CFC has been widely used as electrode 

substrate for catalyst support, current collector, and gas transport layer. This is due to 

their porosity, mechanical integrity, large surface area, and good conductivity (Gongkai, 

et al., 2012; Meng, et al., 2010). Figure 2.2 shows the enlarged picture of the microfiber 

in CFC. 
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Figure 2.2: Structure of CFC in high magnification. 

 

CFC can be a capable current collector and backbone for the coating of conducting 

polymers and transition metal oxides for supercapacitors. The single carbon fibers in CFC 

are well connected to form a conductive network with suitable pore channels. This is a 

huge advantage as it can offer efficient electron transportation path. Besides that, effective 

electrolyte access to the electrochemically active materials can be provided. Therefore, 

well-modified pore size distribution of CFC could enhance the specific capacitance of the 

electrode; hence generate a high power rate capability of the device (Dubal, et al., 2014). 

 

2.4 Electrode material 

The most important aspect in fabricating high power rate supercapacitor is the 

electrode material. There are three types of electrode materials that are widely used in 

producing supercapacitor; carbon, metal oxides and conducting polymer. 

 

2.4.1 Carbon 

Carbon based materials are broadly used in many applications and are employed for 

energy storage mostly in EDLC. They are relatively low in cost and high in availability. 

Examples of carbon materials are activated carbon (AC) (An, et al., 2018; Arnaiz, et al., 

2018; Kiseleva, et al., 2018; Thaneswari, 2018; Yoo, et al., 2018; Zhang, et al., 2018b), 

carbon nanotubes (CNT) (Childress, et al., 2018; Kiseleva, et al., 2018; Thaneswari, 2018; 
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Yoo, et al., 2018; Zhang, et al., 2018a) and graphene (Moyseowicz & Gryglewicz, 2019; 

Ramesh & Jebasingh, 2019; Zou, et al., 2019). Although carbon-based electrode gives 

high cycle life, it possess at average a low specific capacitance value. 

 

2.4.2 Metal oxide 

Extensive research has been carried out on metal oxide based electrode material. 

Currently, energy storage device has been in a promising state due to the metal oxide 

electrode which has been a large part of the process. The ability of exhibiting reversible 

redox reaction enables the supercapacitor with metal oxide electrode to produce high 

capacitance value. 

The earliest studied transition metal oxide for supercapacitor was RuO2, and it is still 

recognized as one of the most promising electrode materials. RuO2 has produced high 

theoretical specific capacitance (~2000 F g-1) (Xu, et al., 2013), long cycle life, wide 

potential window, high electric conductivity, high rate capability and good 

electrochemical reversibility (Zhang, et al., 2011; Zhang, et al., 2009). The 

pseudocapacative behaviour of RuO2 in an acidic electrolyte can be described as a fast 

and reversible faradaic reaction. In order to reduce the cost of supercapacitor electrode 

materials, a feasible scheme is developed to produce a cheap metal oxide/ hydroxide as 

an alternative candidate to replace RuO2 (Kumar, et al., 2018; Li, et al., 2018; Prataap, et 

al., 2018).  

NiO is another promising material for pseudocapacitor electrodes, due to its ultrahigh 

theoretical specific capacitance of 3750 F g-1, low cost and environmental friendliness 

(Chang, et al., 2010; Wu, et al., 2008). The supercapacitive mechanism of NiO and the 

oxidation state changes in NiO occurs between NiO and nickel oxide hydroxide (NiOOH) 

(Equation 2.5); 
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𝑁𝑖𝑂 + 𝑂𝐻− ↔ 𝑁𝑖𝑂𝑂𝐻 + 𝑒−       (2.5) 

Another theory indicates that at first NiO changes to nickel hydroxide (Ni(OH)2) in 

alkaline electrolyte, then an electrochemical reaction occurs between Ni(OH)2 and 

NiOOH, Equation 2.6 (Sahu, et al., 2017; Zhang, et al., 2012). 

𝑁𝑖(𝑂𝐻)2 ↔ 𝑁𝑖𝑂𝑂𝐻 + 𝐻+ + 𝑒−      (2.6) 

The two theories reach an agreement that Ni2+ oxidizes to NiOOH through losing an 

electron, resulting in the supercapacitive reactions. 

Nanostructured NiO materials can provide a large specific surface area, as well as short 

diffusion and transport pathways of ions and electrons, resulting in fast reaction kinetics 

(Ge, et al., 2013; Khairy & El-Safty, 2013; Xia, et al., 2011). Meanwhile, nanostructures 

can buffer the stress from swelling of the electrodes and inhibit pulverization, to enhance 

the cycling performance. Porous NiO with macropores have much larger specific 

capacitance. 

In the work of Jahromi et al. (2015), nickel oxide nanoparticles with a uniform particle 

size were synthesized via a facile sol– gel method. Various crystal sizes of NiO 

nanoparticles (8, 12, and 22 nm) were achieved by calcination at various temperatures  

Nanoflake structures of NiO were obtained by all samples. The highest specific 

capacitance achieved by sample calcined at 300 °C, was 379 F g-1 measured at 0.1 A g-1 

in 1 M KOH electrolyte. This result is in agreement with the FESEM and HRTEM results, 

where the sample with the lowest crystal size exhibited highest specific capacitance due 

to its large surface area (Pilban Jahromi, et al., 2015).  
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Based on the literatures, calcination temperatures always play an important role in 

giving high specific capacitance in electrode materials. Therefore, it is important to obtain 

a small crystal size electrode material in order to achieve good electrochemical 

performance. 

 

2.4.3 Conducting polymer 

Other than carbon and transition metal oxide, conducting polymer is also labeled as 

promising electrode material for supercapacitor application. This is due to its unique 

properties such as flexibility, has good conductivity, ease of synthesis as well as high 

capacitance and rate capability which are strongly demanded in electrode fabrication.  

There are several types of conducting polymer which are being widely used for 

electrode assembly such as stated in Table 2.3; 

 

Table 2.3 Type of conducting polymers 

Name Abbreviation 

Polypyrrole PPy 

Polyaniline PANI 

Poly(3,4-ethylenedioxythiophene) PEDT, PEDOT 

Polythiophene PTh 

Polythiophene-vinylene PTh-V 

Poly(2,5-thienylenevinylene) PTV 

Poly(3-alkylthiophene) PAT 

Poly(p-phenylene) PPP 

Poly-p-phenylyne-sulphide) PPS 

Poly(p-phenylenevinylene) PPV 

Poly(p-phenylene-terephthalamide) PPTA 

Polyacetylene Pac 
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Conductive polymers can conduct charge thanks to the ease with which electrons jump 

within and between the chains of the polymer (Laleh, et al., 2011). The polymers possess 

a conjugated backbone (Balint, et al., 2014), meaning that it is formed by a series of 

alternating single and double bonds (Laleh, et al., 2011; Shirakawa, et al., 1977).  

Single and double bonds both contain a chemically strong, localized r-bond, while 

double bonds also contain a less strongly localized p-bond (Ravichandran, et al., 2010). 

The p-orbitals in the series of p-bonds overlap each other, allowing the electrons to be 

more easily delocalized (i.e. they do not belong to a single atom, but to a group of atoms) 

and move freely between the atoms (Laleh, et al., 2011; Shirakawa, et al., 1977; Wong, 

et al., 1994). The final key to the conductivity of these polymers is the dopant (Kim, et 

al., 2007; Laleh, et al., 2011; Ravichandran, et al., 2010; Xiao, et al., 2009). The polymer 

is synthesized in its oxidized, conducting form, and only in the presence of the dopant 

molecule (a negative charge/anion in most cases) is the backbone stabilized and the 

charge neutralized (Wallace & Spinks, 2007). Parallel to this, the dopant introduces a 

charge carrier into this system by removing or adding electrons from/to the polymer chain 

and relocalizing them as polarons or bipolarons (a loosely held, but localized, electron 

surrounded by a crystal lattice distortion (Laleh, et al., 2011; Ravichandran, et al., 2010; 

Xiao, et al., 2009). 

As an electrical potential is applied, the dopants start to move in or out of the polymer 

(depending on the polarity), disrupting the stable backbone and allowing charge to be 

passed through a polymer in the form of the above-mentioned polarons and bipolarons 

(Laleh, et al., 2011; Ravichandran, et al., 2010; Xiao, et al., 2009). 
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2.4.3.1 Polyaniline 

Polyaniline (PANI), which is also known as aniline black, is one of the groundbreaking 

conducting polymers, which can be synthesized both chemically and electrochemically. 

In the early works followed by the first report in 1886, PANI were synthesised based on 

electropolymerization. In 1968, the high electrical conductivity of PANI and its potential 

electrochemical applications were discovered (De Surville, et al., 1968). The early works 

on electropolymerization of aniline during mid-20th century were carried out by standard 

sweep voltammetry (Gilchrist, 1903; Green & Woodhead, 1910), without observe the 

electrochemical reversibility behaviors  due to the absence of modern cyclic voltammetry 

(CV). 

An appropriate report on the electrochemical property of PANI was done by Diaz and 

his coworker (Diaz & Logan, 1980). PANI has then become one of the most famous 

conducting polymers in the dominion of electrochemistry (Ćirić-Marjanović, 2010), due 

to its facile electropolymerization and promising electrochemical properties. 

PANI is a readily available p-type conducting polymer. It has gained considerable 

attention for application in electrodes of most energy storage devices, either as a sole 

electrode active material or supplement material acting as a performance enhancer. PANI 

can exist in three different oxidation states: (1) leucoemaraldine, (2) emaraldine and (3) 

pernigraniline which are the fully reduced, partially oxidized and fully oxidized states, 

respectively (MacDiarmid & Epstein, 1989).  

PANI is commonly synthesized through chemical oxidative polymerization of aniline 

using a strong oxidant (García-Gallegos, et al., 2018; Song, et al., 2017). Electrochemical 

synthesis of polyaniline has also been widely studied (Jafari, et al., 2018; Li, et al., 2019; 

Shen & Huang, 2018; Shklovsky, et al., 2018).  
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PANI nanostructures are prepared either via a template-assisted method where an 

external soluble or insoluble substrate with pre-formed nanoscale features is employed 

such as a metal oxide (Su, et al., 2017). The synthesis can also be a template-free 

technique. It considers the material’s ability to self-assemble into various morphologies 

depending on the synthesis conditions. For example, pH value, temperature and nature of 

dopants (Agilan & Rajendran, 2018; Mello & Mulato, 2018).  

Synthesis of PANI is largely carried out in acidic conditions, which result in a 

protonated/doped emeraldine salt. External doping or de-doping of the emeraldine salt 

has also been achieved using an acid or base, respectively (Chiang & MacDiarmid, 1986). 

PANI has been extensively studied as a supercapacitor electrode due to its high capacitive 

characteristics and low cost (Kandasamy & Kandasamy, 2018; Miller, et al., 2018; 

Ouyang, 2018; Sayah, et al., 2018).  

Conductivity of PANI is strongly dependent on the degree of oxidation and the doping. 

Doped emeraldine base is the most conducting one, with conductivity value ranging from 

0.1 to 100 S cm-1 (Xia, et al., 1994). Un-doped emaraldine and the fully reduced/oxidized 

states show conductivity in the order of 10-10 S cm-1. 

In employing PANI in a supercapacitor as the electrode material, extensive research 

has been conducted. Classic supercapacitors feature the charge to be delivered in 

monotonic way over the discharging potential window. This is represented by the 

diagonal line in the charge/discharge profiles. Arbizzani et al. (1996) the initiators who 

unambiguously attributed the supercapacitor performance of conducting polymers to 

redox reactions by differentiating it from charge separation at double layer (Arbizzani, et 

al., 1996). In a comparative study of various conducting polymers, they showed that the 

charge/discharge profiles could be a line rather than flat plateau of battery-like 

performance (Arbizzani, et al., 1996). 

Univ
ers

ity
 of

 M
ala

ya



20 

One of the key factors controlling the electrochemical behavior of conducting polymer 

in general is morphology. Excellent supercapacitor performance can be achieved by 

altering the polymer morphology during the synthesis (Chellachamy Anbalagan & 

Sawant, 2016). It has been reported that by adding a small amount of additives such as 

para-phenylenediamine during the polymerization process can result in the formation of 

longer polymer chains which are less entangled. This significantly improves the specific 

capacitance and energy of the PANI supercapacitor (Desilvestro & Scheifele, 1993).  

The role of PANI morphology is critically important even in all-solid-state cells in 

which the electroactive material is not soaked in the electrolyte to increase the 

electrode/electrolyte interface (Roy, et al., 2018). In the chemical polymerization of 

aniline, various controllable parameters can change the morphology of the resulting 

PANI. For example, it has been reported that by changing the polymerization temperature, 

a noticeable effect on the specific capacitance and cyclability of the supercapitors (Li, et 

al., 2019) was observed. Increasing the electrochemically accessible surface area by 

forming porous PANI can also significantly improve the supercapacitor performance 

(Liu, et al., 2018; Moyseowicz & Gryglewicz, 2019; Tabrizi, et al., 2018). 

From the studies of Wang et al. (2014), PANI was self-assembled by chemical 

oxidative copolymerization of aniline. The electrode was able to reach 119 F g-1 specific 

capacitance measured at 1 A g-1 in 1 M H2SO4 electrolyte. This proved that a significant 

electrical double-layer capacitance and Faradic pseudocapacitance were achieved due to 

its regular nanorod morphology with large surface area and high electrical conductivity 

(Wang, et al., 2014). 
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Mu et al. (2013) reported another simple chemical template-free polymerization 

method in the presence of D-tartaric acid (D-TA) as the dopant. The PANI nanotube was 

obtained with specific capacitance of 625 F g-1 at current density of 1 A g-1 in 1 M H2SO4 

electrolyte.  

In this work, binder free PANI has been directly deposited onto EC to improve the 

electrical conductivity. In the following section, the literature of PANI composite with 

metal oxide or carbon electrodes which are related to this thesis is compared and studied. 

 

2.4.3.2 PANI-based composite electrode  

Damage to the morphology caused by swelling and shrinkage of electrode materials 

during charging and discharging processes leads to poor cycling stability (Shi, et al., 

2014). As a potential pseudocapacitive material, PANI still suffer from limited cycling 

stability, high self-discharge rate and low attainable doping degree as well as mass 

transport limitation within thick polymer layers (Leif, et al., 2011). To resolve these 

issues, PANI has been crosslinked (Wang, et al., 2014), nano-structured (Li, et al., 2014) 

or supported on various inorganic nanomaterials as composites (He, et al., 2012). Table 

2.4 shows the electroactivity of polyaniline-based supercapacitors from previous works 

with the cycle life. 

 

Table 2.4: Polyaniline-based supercapacitors, electroactivity (per gram of total electrode 
mass) at different current densities, and cycle life. 

PANI composite 
PANI 

wt.% 

Specific 

capacitance (Fg-1), 

current density 

% retention 

(cycles) 

Graphene (Simotwo, et al., 2016) 40 448, 1.0 Ag-1 81 (5000) 

CNF (Tran, et al., 2015) 48 409, 0.1 Ag-1 80 (1000) 

MWCNT (Ansari, et al., 2016)  95 530, 1.0 Ag-1 90 (1000) 

MnO2 (Ansari, et al., 2016) 90 525, 2.0 Ag-1 77 (1000) 
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Ansari et al. (2016) reported a simple one-step and scalable in situ chemical oxidative 

polymerization process of PANI-MnO2 nanocomposite. Fibrous Pani-MnO2 

nanocomposite achieved high capacitance (525 F g-1 at a current density of 2 A g-1) and 

good cycling stability of 76.9% after 1000 cycles at 10 A g-1 which is more stable 

compared to PANI electrode (Ansari, et al., 2016). 

 

2.5 Summary 

In summary, supercapacitor is believed to be one of the best alternatives to overcome 

the energy demands issue due to their higher power density and longer cycle life 

compared to battery. Electrode of a supercapacitor plays an important role to achieve high 

energy and power density with a variety of electrode materials. One of the examples is 

PANI. However, PANI exhibited poor cycling stability. This problem can be overcomed 

by compositing PANI with transition metal oxide materials. Different composite 

materials would yield different electrochemical performance and morphology. 

In this work, the electropolymerization parameter of PANI has been optimized in order 

to obtain a uniform coat of PANI on electro-etched carbon fiber cloth. To overcome the 

poor cycling stability issue, NiO has been introduced to PANI in order to form NiO-PANI 

composite. 
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CHAPTER 3: EXPERIMENTAL METHODS 

3.1 Introduction 

This chapter will elaborate the preparation and characterization process of the samples 

which involves several methods. 

 

3.2 Electrode preparation 

The electrode preparation process consists of a few different steps for each system. 

This covers the electro-etching process of carbon fiber cloth (CFC), NiO and Ni-Co 

growing process and lastly, PANI electrodeposition. The list of material used in this are 

as listed in Table 3.1. 

 

Table 3.1: List of chemicals. 

Chemical / material Manufacturer Details 

Carbon cloth ELAT 99.5% carbon 

Aniline Sigma Aldrich ≥ 99.5% 
93.13 g mol-1 

Sulphuric acid Sigma Aldrich 95.0% 

Nickel nitrate hydroxide Unilab 290.81 g mol-1 

 

 

3.2.1 Electro-etching process 

The electro-etching process was conducted in three electrodes system electrolysis 

consisting of working electrode (WE), counter electrode (CE) and reference electrode 

(RE). The working electrode is stable where it does not support the completing reaction 

of hydrogen (H2) evolution and oxygen (O2) evolution/reduction during the electrolysis 
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process besides being durable against corrosion. The current is controlled by the working 

electrode as it provides current in opposite sign with equal magnitude to the working 

electrode while the reference electrode acts as the medium to maintain constant potential 

throughout the experimental process (Li, et al., 2009). 

 The working electrode used in this work was 2 cm2 of CFC substrate with general 

specifications of 454 µm  thickness, 170 g m-² basic weight and 0.377 g cm-3 density. The 

binder was PTFE treated woven fiber with 99.5% carbon. The CFC was etched 

electrochemically by using potentiostat (Autolab, PGSTAT30) on chronoamperometry 

method fixed at 2 V potential for 10 minutes with the CFC act in as the working electrode 

(WE) in 0.5 M H2SO4 electrolyte. The substrate was later washed with distilled water and 

dried at 300 °C for 3 hours. The counter (CE) and reference electrode (RE) used is 

platinum wire and silver/silver chloride (Ag/AgCl) respectively, Figure 3.1.  

 

 

Figure 3.1: Electro-etching set up. 
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3.2.2 Polyaniline Embedded On Electro-Etched Carbon Fiber Cloth Electrode 

The electrodeposition process was setup identically as the electro-etching process 

where three electrodes system was employed and electro-etched CFC (EC) acts as the 

working electrode in 0.5 M PANI in H2SO4 electrolyte. The time taken took place for the 

electrodeposition process was fixed at 60 seconds while the applied potential was varied 

for each sample as shown in Table 3.2. 

 

Table 3.2: Sample designation for PANI on EC electrode. 

Potential applied (V) Sample designation 

1.2 P1.2 

1.4 P1.4 

1.6 P1.6 

1.8 P1.8 

 

 

The samples were washed and dried at 60 °C for 10 hours prior to being used for 

characterization. Figure 3.2 shows the difference in physical observation of the electrodes 

before the electro-etching process (pristine CFC), EC and deposited samples. 

 

 

Figure 3.2: (a) pure CFC, (b) EC and (c) deposited electrode. 
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3.2.3 Nickel oxide-polyaniline composite embedded on carbon fiber cloth 

electrode 

The nickel hydroxide (Ni(OH)2) was prepared by using hydrothermal method.        

4 mmol of nickel nitrate hydroxide (Ni(NO3)2.6H2O) was dissolved together with 2 mmol 

of urea in 40 mL of distilled water for 10 minutes. The resultant mixture was transferred 

into a Teflon-lined autoclave with stainless-steel shell together with EC, and was 

maintained at 120 °C for 6 hours. The product grown on EC was washed with distilled 

water and heated at different temperatures i.e. 200, 300, 400 and 500 °C for 3 hours to 

grow NiO on EC (EC-NiO). 

PANI nanowires were electrodeposited using the chronoamperometry method on 

the EC-NiO. The deposition electrolyte consists of 0.5 M purified aniline monomer in   

0.5 M H2SO4 solution. The applied potential was fixed at 1.4 V for 60 seconds deposition 

time. The electrochemical cell consists of EC-NiO substrate as the WE, platinum wire as 

the CE, and Ag/AgCl as the RE. Prepared electrodes were heated in a furnace at 60 °C 

for 10 hours before being characterized. The samples’ designated names are as stated in 

Table 3.3. 

 

Table 3.3: Sample designation for EC-NiO electrode, with and without PANI. 

Heating 

temperature 

Designation 

Without PANI With PANI 

200 Ni200 NiP200 

300 Ni300 NiP300 

400 Ni400 NiP400 

500 Ni500 NiP500 
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3.3 Characterizations 

This section elaborates on the characterization process involved in the research. The 

composition and morphology of the samples as well as their electrochemical properties 

were examined by using the following characterization techniques, as explained in the 

next subsections. 

 

3.3.1 X-ray diffraction (XRD) 

XRD is a non-destructive analytical method to observe material properties such as 

structure, phase composition, and texture. The XRD instrument used in this work was 

D8-advance X-ray diffraction XRD Bruker AXS with monochromatised radiation of 

CuKα. The operating voltage and current were 40 kV and 40 mA respectively. In this 

work, XRD is used to detect changes in properties of the composite electrode with various 

potential applied during electrodeposition process and different post heating temperature. 

Since different temperature is applied for each composite electrode, the impact of post–

heating temperature on the structure of material can be identified. The XRD result was 

displayed in the plot of scattered intensity versus Bragg angle 2θ.  

 

3.3.2 Fourier transform infrared spectroscopy (FTIR) 

The fundamental vibration of the polymer electrolytes were studied using FTIR 

spectroscopy in the wavenumbers region between 4000 and 650 cm-1 at a resolution of 

1 cm-1. The basic principle behind the molecular spectroscopy is that specific molecules 

absorb light energy at specific wavenumber, known as their resonance frequencies. 

In this work, the spectra was obtained using Thermo Scientific Nicolet iSIO Smart ITR 

machine. The deconvolution of FTIR spectra band was done by using 

Origin 8.5 software. 
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3.3.3 Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique used to examine molecular 

vibrational, rotational, and other low-frequency modes of the sample. When a 

monochromatic light source (i.e laser) illuminates the sample, the laser light interacts with 

molecular vibrations, phonons or other excitations in the system. Energy of laser photons 

will be shifted up or down. This shifted energy gives information on molecular vibration 

of the system. In this work, the Raman spectra were obtained using Renishaw in Via 

Raman microscope with a green laser beam. The deconvolution of Raman spectra band 

was done by using Origin 8.5 software. 

 

3.3.4 Field-emission scanning electron microscopy (FESEM) and  

Field-emission scanning electron microscopy (FESEM) is used to envisage the 

topography of a sample. This enables us to get a better view of the structure of the material 

up to nano-scale resolution. In this thesis, FESEM was employed to examine the 

morphology of the electrode prepared. 

The FESEM instrument used was Jeol JSM-7600F field scanning electron microscopy. 

The electrode was cut into an appropriate size to fit in the specimen stub. FESEM consists 

of a field emission gun and a series of electromagnetic lenses and apertures. FESEM 

works by striking a specimen with high energy electrons which will produce elastic and 

inelastic scattering. Elastic scattering takes place when the incident electrons is ejected 

from the atoms in the specimen. During inelastic scattering process, kinetic energy is 

transferred by the incident electrons to the atoms of the specimen. The detected signal 

electrons from the specimen are collected by a detector and used for image reconstruction 

(Leng, 2008). Different magnifications were used in the observation such as 30 K, 100 K 

and 200 K to get better information of the sample morphology. 
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3.3.5 Energy dispersive X-ray spectroscopy (EDX) 

EDX is used to investigate the elemental compositions of the specimen. A high energy 

electrons beam is focused into the interested sample. The incident beam may excite an 

electron in an inner shell of sample and ejecting it from the shell while creating an 

electron-hole. An electron from its outer shells fills the hole and results in the difference 

in energy between higher energy shell and lower energy shell which may be released in 

the form of X-rays. The energy of X-rays emitted from the specimen is then measured by 

energy dispersive spectrometer. In this thesis, the FESEM equipped with EDX was used 

to examine our sample morphologies and elemental compositions. 

 

3.3.6 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a microscopic technique which enables 

the display of fine detailed microstructure due to having smaller wavelength of electron 

in comparison with light in high resolution. TEM has a similar working principal as 

microscope, but instead of light, it employs electron during the analysis of a material’s 

microstructure. The basic working principle of TEM is a beam of electrons is transmitted 

through an ultra-thin specimen. The image resulted from the electrons’ interaction 

transmitted through the specimen (Leng, 2008).  

 The TEM instrument used was Jeol-2100F transmission electron microscopy to 

investigate the electrode’s composite structure. Prior to the TEM characterization, the 

scrapped off electrode material embedded on EC was dispersed in and sonicated in 

ethanol for 5 minutes. The solution then was dropped on copper grid and dried at room 

temperature for 72 hours.  
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3.3.7 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is a technique for measuring mass change of a 

sample with temperature. A sample to be measured is placed in a furnace and its mass 

change is monitored by a thermobalance. The main application of TGA is to analyze 

material decomposition and thermal stability through mass change as a function of 

temperature. The measurement is done in scanning mode or as a function of time in the 

isothermal mode. TGA curves are plotted as mass change expressed in percent versus 

temperature or time.  

Decomposition of a sample is represented by two characteristic temperatures: Ti and 

Tf. Ti is the lowest temperature when the onset of mass change is detected and Tf is the 

lowest temperature when the mass change is completed. In Chapter 4, the TGA curve was 

obtained by using Mettler Toledo analyzer, which consists of a TGA/SDTA851e main 

unit. The temperature range used is from 30 to 900 °C with heating rate of                        

10 °C min-1 in nitrogen atmosphere. 

 

3.3.8 Cyclic voltammetry (CV) 

CV is a potential sweep technique to study the reaction of working electrode and 

determine the energy storage capacitance of supercapacitor. The working electrode is 

swept between two selected potential limits (Ei and Ef) at a particular rate in which current 

is monitored. The potential will be scanned initially in a positive direction to study the 

oxidation and negative direction to investigate the reductions. The presence of oxidation 

and reduction peaks indicate a redox reaction has occurred in the cell. The peak weight 

and height of the CV profile may depend on the applied sweep rate. The specific 

capacitance can be calculated using CV curve by Equation 3.1 (Zhang & Zhao, 2009) 

𝐶 =
ʃ𝐼 𝑑𝑡

∆𝑉×𝑚
          (3.1) 
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Where I is the oxidation/reduction current, dt is time differential, m is the mass of 

active material and ΔV is the operating potential. 

In this thesis, most of the CV studies were conducted in three electrode system. The 

prepared electrode was used as working electrode. Ag/AgCl and platinum wire were used 

as reference and counter electrode respectively. The CV profile was examined in 0.5 M 

H2SO4 electrolyte.  

 

3.3.9 Charge and discharge (CDC) 

CDC characterization is based on the voltage-composition relationship of an 

electrochemical cell. In CDC study, the cell is charged-discharged at a constant current 

between maximum potential until cut-off discharge potential is applied. The CDC 

measurement of potential against time is obtained and the specific capacitance can be 

calculated from CDC discharge curve by using the following Equation 3.3  (Li, et al., 

2009). 

𝐶 =
𝐼

𝑑𝑉

𝑑𝑡
×𝑚

         (3.3) 

Where I is the discharge current, dV/dt is the change of discharge potential with respect 

to discharge time and m is mass of the active materials. 

The CDC studies were conducted in three electrodes system and symmetrical two 

electrodes system. In three electrodes system, the prepared electrode was used as working 

electrode. Ag/AgCl and platinum wire were used as reference and counter electrode 

respectively and was measured in 0.5 M H2SO4 electrolyte. In symmetrical two electrodes 

system assembly, The CDC profile was studied in 0.5 M H2SO4 + PVA electrolyte.  
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3.3.10 Electrochemical impedance spectroscopy (EIS) 

EIS is used to study the impedance resistance or conductivity of the electrode 

materials. The analysis of impedance study for various electrode structure and electrolyte 

are very important to design and optimize the device performance. In this work, all of the 

EIS tests were performed within the frequency from 0.01 Hz to 100 KHz in 0.5 M H2SO4 

electrolyte. 

 

3.4 Summary 

In summary, two different methods of electrode preparation have been applied to the 

electro-etched carbon fiber cloth, i.e. electrodeposition and hydrothermal method. 

Besides that, sample characterizations were carried out by referring to the structure, 

morphology and electrochemical properties.  
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Introduction 

This chapter includes the findings obtained from every system studied in the research.  

The results are tabulated and discussed in the following sections. 

 

4.2 Polyaniline Embedded on Electro-Etched Carbon Fiber Cloth Electrode 

This section discusses the structure and morphology of PANI-based electrode 

embedded on etched carbon cloth, EC followed by the electrochemical analysis. 

 

4.2.1 Introduction 

Over the past decade, conductive polymer has been widely used in various applications 

such as transistor (Aleshin, 2006), electromagnetic shielding (Kamchi, et al., 2013), 

batteries (Dziewoński & Grzeszczuk, 2010), sensors (Peng, et al., 2009) and 

supercapacitors (Indrajit, et al., 2015). For supercapacitor application, conductive 

polymer is a very good choice to be used as the electrode material. This is due to its ability 

to improve the charge storage by having high doping/de-doping rates during the charge-

discharge process (Indrajit, et al., 2015).  

In this work, simple direct potentiostatic electrodeposition method is applied for the 

electro-polymerization of PANI onto EC. The process took place without having any 

surfactant or plasticizer addition. Electrodeposition is a simple method and easy to use 

with accurate control of deposited material by having the deposition parameter monitored 

and adjusted according to the requirement needed.  
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4.2.2 Electrodeposition mechanism 

The electrodeposition process involves potential that is applied which comprised of a 

redox transition of leucomeraldine and polaronic emeraldine of PANI (Ebrahim, et al., 

2016; Zhang, et al., 2013b). Figure 4.1 displays the schematic diagram of 

electrodeposition process, and the chronoamperometry (CA) curve obtained from the 

electrodeposition process. Symbol ‘¤’ represents the change of  phase from 

leucomeraldine to polaronic emaraldine (Zhang, et al., 2013b).  

 

 

 

Figure 4.1: (a) Schematic diagram of electrodeposition process of PANI and (b) the CA 
curve of the process. 

 

 

In this work, PANI was electrodeposited onto EC instead of CFC substrate in order to 

achieve better access for the electrolyte cation (Cheng, et al., 2011). EC is able to provide 

more channels for ion movement due to the enhanced porosity compared to CFC as 
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reported by Cheng and coworkers. This advantage is necessary for supercapacitor 

applications as it can prevent agglomeration of electrode material (Cheng, et al., 2011; 

Horng, et al., 2010). 

 

4.2.3 X-ray diffraction 

In order to confirm the formation of PANI on EC, composition and elemental studies 

of the electrodes were performed. The XRD patterns of all electrodes are displayed in 

Figure 4.2. The XRD spectra of all deposited PANI samples has similar pattern with the 

EC substrate. This indicates that the deposited films were too thin or amorphous in nature 

(Rusi & Majid, 2013). 

 

 

 

Figure 4.2: XRD diffractogram of all electrodes. 
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The XRD patterns were deconvoluted at the range of 2θ = 10° to 30° to confirm the 

obscured PANI peak. Figure 4.3 reveals the two prominent peaks resolved from this 

region for all deposited samples. One peak appeared approximately at 2θ = 23.7°, 22.5°, 

21.7° and 22.1° for sample P1.2, P1.4, P1.6 and P1.8, respectively, which represents the 

carbon from EC with a corresponding plane of (200). The other peak centred at 2θ = 

~25.5° which appeared in all samples is contributed by PANI (Guo, et al., 2015; Xu, et 

al., 2014; Zhou, et al., 2014b). 

 

 

Figure 4.3: Deconvoluted XRD diffractogram of all deposited PANI electrodes. 
 

 

4.2.4 Energy dispersive X-ray spectroscopy (EDX) 

The elemental composition of the deposited layer obtained from EDX is shown in 

Figure 4.4. The element of carbon and nitrogen are found which belong to EC-PANI. The 

presence of sulphur element can be due to H2SO4 used during the electrodeposition 
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(Bláha, et al., 2017). Oxygen which is also found in the spectra is probably from the 

H2SO4. FTIR has been investigated in order to see clearly the evidence of deposited 

PANI. 

 

Figure 4.4: EDX spectrum of P1.4 obtained from selected region. 

 

4.2.5 Fourier transform infrared spectroscopy 

FTIR study was conducted for all electrodes in order to further confirm the PANI 

formation on EC. Figure 4.5 displays the FTIR spectra of PANI vibrations on EC.  

 

 

Figure 4.5: FTIR spectra of EC and all deposited PANI electrodes. 
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The peaks at ~2100 cm-1 and ~1992 cm-1 correspond to the EC. These two peaks 

verified that PANI has been successfully deposited on the EC substrate. Peaks at ~1540 

and ~1446 cm-1 are assigned to the C=C stretching vibrations of the quinoid (N=Q=N) 

and benzenoid (N-B-N) rings, respectively. Peaks representing aromatic C−N stretching 

vibrations of the quinoid rings and the C–N stretching vibration of the benzenoid rings 

can be observed at ~1300 and ~1217 cm-1, respectively (Tao, et al., 2007). The presence 

of peaks at ~1100 cm-1 and ~860 cm-1 are related to the symmetric O=S=O stretching 

vibrations and the 1,4-substituted phenyl ring stretching of the emeraldine salt form of 

PANI (Trchová, et al., 2006; Venancio, et al., 2006). 

 

4.2.6 Field-emission scanning electron microscopy 

The morphology of prepared electrodes was investigated through FESEM 

characterization (Figure 4.6). 

  

  

Figure 4.6: FESEM images (a) EC, (b) P1.2, (c) P1.4 at X 5000 magnification and (d) 
P1.4, (e) P1.6 and (f) P1.8 at X 100 000 magnification. 
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Figure 4.6, continueued 

 
 

Figure 4.6 (a) shows a bare fibre of EC that act as the base for growing PANI. In Figure 

4.6 (b), it can be clearly seen that PANI nuclei grown unevenly on EC.  This is probably 

due to the slow deposition rate of monomers when the potential was applied at 1.2 V. 

This situation eventually resulted in insufficient time for PANI nucleation to cover the 

entire substrate within the 60 seconds of the deposition time. 

On the other hand, PANI nuclei grew uniformly when the applied potential was 

increased to 1.4 V, Figure 4.6 (c). In a high FESEM magnification of P1.4 (Figure 4.6 

(d)), a clear nanorods with an average diameter of 57.7 nm was observed. This structure 

is conceivably an ideal structure for ion absorptions (Saranya, et al., 2015). Further 

increase in applied potential value to 1.6 V and 1.8 V, led to thick deposition with 

agglomerated nanorods (Figure 4.6 (e, f)), as well as increment in the mass of electrode 

material (from ~0.045 g to ~0.086 g). 

 

4.2.7 Transmission electron microscopy 

A representative TEM image of the selected electrode is shown in Figure 4.7. This 

figure reconfirmed that deposited PANI had built up from small PANI nanorods, which 

is in agreement with FESEM results. From these structural studies, applied potential was 

shown to strongly influence the morphology and thickness of the deposits. It is believed 

that the morphology and thickness will affect the electrochemical performance. 
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Figure 4.7: TEM image of sample P1.4. 
 

4.2.8 Cyclic voltammetry 

In order to evaluate the electrochemical behavior of EC-PANI electrode, CV, GCD, 

EIS, and cycle stability test were conducted. 

CV of PANI is generally composed of three redox couples reactions over a wide range 

of potential (Eftekhari, et al., 2017). In this work, two sets of redox reactions can be 

clearly seen, Figure 4.8. The redox transition occurred between the insulating phase of 

PANI, leucoemeraldine and protonated emeraldine which is the conducting phase of 

PANI. The reaction is shown at peak A/A’ pair. Another set involves the phase transition 

between the emeraldine and the pernigraniline, peak B/B’ (Eftekhari, et al., 2017), Figure 

4.8. 
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Figure 4.8: Cyclic voltammetry curves of polyaniline in 0.5 M H2SO4 showing two redox 
couples. 

 

 

Figure 4.9 shows the CV curves of all samples at 1 mV s-1. The tests were conducted 

at potential range of -0.2 to 0.7 V in 0.5 M H2SO4 electrolyte.  

 

  

Figure 4.9: CV profiles of P1.2, P1.4, P1.6, and P1.8 at 1 mV s-1 scan rate. 
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From the figure, two sets of redox peaks are observed. Those peaks are attributed to 

the pseudocapacitance behavior of the samples. These redox activities imply the capacity 

for ideal supercapacitor-like behavior (Miao, et al., 2013).  

The specific capacitance is calculated using Equation 4.1. 

𝐶𝑠 =
ʃ𝑖𝑣𝑑𝑣

2𝜇𝑚∆𝑉
         (4.1) 

Where Cs represents the specific capacitance (F g-1), i is the response current (A), v is 

the potential (V), µ is the scan rate (mV s-1) and m is the mass of active material of the 

electrode (g). The calculated specific capacitances from the CV curves were 114 F g-1, 

136 F g-1, 134 Fg-1 and 87 F g-1 at the scan rate of 1 mV s-1 for P1.2, P1.4, P1.6, and P1.8 

electrodes in 0.5 M H2SO4 electrolyte, respectively. 

The evenly distributed PANI structure on the P1.4 electrode is believed to result in the 

high accessibility of electrolyte cations into the electrode and result in an increased in the 

rate of ion exchange. Meanwhile, lower specific capacitances were found for the P1.6 and 

P1.8 electrodes which may be due to a PANI structure of agglomerated nanorods and high 

electrode resistance.  

The CV profiles of P1.4 and its corresponding specific capacitance at various applied 

scan rates are displayed in Figure 4.10. As the scan rate increased, the specific capacitance 

decreased, which is due to the fast ion sweep, therefore less active materials are being 

assessed at higher scan rate (Umeshbabu, et al., 2015b). 
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Figure 4.10: CV profiles of P1.4 at different scan rates. 
 

 

From the CV curves at various scan rates, it is observed that the peak current increases 

with increment of the scan rate. There are also gradual expansion of the cathodic peak 

potential. This indicates diffusion controlled reaction kinetics (Adhikari, et al., 2017) 

process took place.  

 

 

Figure 4.11: (a) Cathodic peak (B’) of CV curve for P1.4 at different scan rates and (b) 
current peak vs square root of scan rate. 
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The diffusion control process relates the peak current to the square root of the scan 

rate, v1/2 (Figure 4.11 (a)), via the Randles-Sevcik (Adhikari, et al., 2017; Randles, 1948) 

as shown in Equation 4.2. 

𝑖𝑝 = 0.4463𝑛𝐹𝐴𝐶 (
𝑛𝐹𝑣𝐷

𝑅𝑇
)

1

2       (4.2) 

where n is the number of electrons appearing in half-reaction for the redox couple, F and 

R is the Faraday’s and gas constants, v is the sweep rate, C, D is the concentration and the 

diffusion coefficient of the diffusing species. A is the surface area of electrode. The slope 

and hence the diffusion coefficient D for P1.4 was (∼D = 0.00063 cm2 s−1). As evident 

from Figure 4.11 (b), the linear behavior of the curve shows presence of diffusion 

controlled process in PANI structures. 

 

4.2.9 Galvanostatic charge-discharge 

Galvanostatic charge discharge (GCD) characterizations were performed to study the 

storage capacity of the prepared electrode. Figure 4.12 displays the GCD curves of all 

samples in 0.5 M H2SO4 at 0.5 A g-1 current density in potential window of                                 

-0.2 V to 0.7 V. The GCD curve possessed a non-linear charge that is in consistence with 

the CV profile and can be validated as pseudocapacitance contributed from the electrode.  
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Figure 4.12: GCD curves of P1.2, P1.4, P1.6 and P1.8 at 0.5 A g-1. 
 

 

The specific capacitance is calculated using Equation 4.3 and shown in Figure 4.13. 

𝐶𝑠 =
𝐼×𝑡

𝑚×∆𝑉
         (4.3) 

Where C (F g-1) is the specific capacitance, I is the current applied (A), Δt is the time 

taken during discharge process (s), m stands for the mass of active material  (g) and Δv is 

the potential difference (V). 

 

Figure 4.13: Specific capacitance of P1.2, P1.4, P1.6 and P1.8 at 0.5 A g-1. 
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Specific capacitances (F g-1) of the electrode with respect to the current densities       

(A g -1) at which they were measured are as displayed in the Table 4.1. 

 

Table 4.1: Specific capacitance calculated at 0.5 A g-1 and 1.0 A g-1 current density. 

Sample 

Specific capacitance (F g-1) 

0.5 A g-1 1.0 A g-1 

P1.2 166.67 153.85 

P1.4 357.14 322.58 

P1.6 217.39 204.08 

P1.8 149.25 149.25 

 

 

The calculated specific capacitances from the CD curves are concurring with the CV 

results. The calculated values focusses on the effect of the potential applied during the 

sample preparation. The specific capacitance increased when the potential applied is at 

1.4 V. This might be implying to the uniformity of grown PANI in which provides 

adequate active site for H+ ion absorption. However, the specific capacitance decreased 

as the deposition potential applied increased. This is probably due to the agglomeration 

of PANI deposited which restricted the ion absorption as evidenced in FESEM images. 

GCD curves measured at different current densities for sample P1.4 showed almost 

similar trend in the charging and discharging profiles, Figure 4.14.  
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Figure 4.14: GCD curves of P1.4 at different current densities. 
 

 

The specific capacitance of sample P1.4 at the current density of 0.5 A g-1 are 357.14 

F g-1 and 322.58 F g-1 for 1.0 A g-1, Figure 4.15. With the interval of current density from 

0.5 to 1.0 A g-1, the Cs retention is 90%. High capacitance retention of 90% indicates good 

charge storage capacity which might due to fast charge transfer related to the increment 

in current densities (Ma, et al., 2016; Wang, et al., 2017). 

 

Figure 4.15: Calculated specific capacitance of P1.4 at different current densities. 
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The energy and power density of  P1.4 at the current density of 0.5 A g-1 are                 

40.18 mW h kg-1 and 1.28 W kg-1. At the current density of 1.0 A g-1, the calculated 

energy density and power density are 36.29 mW h kg-1 and 0.64 W kg-1. 

 

4.2.10 Electrochemical impedance spectroscopy  

Figure 4.16 (a) presents the Nyquist plots of the samples which can reveal the electron 

transmission in the bulk of the electrode and the ion diffusion at the interface of electrode 

and electrolyte. Generally, the Nyquist plot consists of an incomplete semicircle at high-

frequency region and a sloped line over the low frequency region (Chen, et al., 2008; Liu, 

et al., 2014; Lv, et al., 2015).  

 

 

 

Figure 4.16: (a) Nyquist plot of all deposited samples and (b) circuit model of fitted 
Nyquist plot. 
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The Nyquist plots obtained is shown in figure have been fitted with the circuit model, 

Figure 4.16 (b). The data generated is displayed in Table 4.2. As shown in the figure, the 

semicircle of sample P1.4 is smaller compared to other samples. This implies that sample 

P1.4 has the lowest value of charge-transfer resistance of 0.20 Ω thus has the best kinetic 

properties. The good electrochemical performance might be due to the uniform nanowire 

morphology of P1.4 sample which is conducive to diffusion of electrolyte ion which is in 

agreement with the FESEM results. 

 

Table 4.2: List of Rct and Rs values of all deposited samples. 

Sample Rct (Ω) Rs (Ω) 

P1.2 0.24 1.80 

P1.4 0.20 1.58 

P1.6 3.20 5.07 

P1.8 3.50 4.17 

 

 

4.2.11 Cycle studies  

Cycle studies are important in investigation of supercapacitor life time. A symmetrical 

cell of P1.4//PVA+0.5 M H2SO4//P1.4 was fabricated and continuously cycled for 2000 

times of charging and discharging process. The cell displays a good retention stability 

under continuous cycling at different current densities. Figure 4.17 shows the retention 

plot of the cell at all current densities. 
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Figure 4.17: Retention plot for symmetric cell P1.4//PVA+0.5 M H2SO4//P1.4 at 
different current densities. 

 

 

The cell was firstly cycled at 200 mA g-1 and then continued at 300 mA g-1. The 

specific capacitance undergoes slight increment at 100th and 150th cycle, 129% of the 

initial value. This might be due to the occurrence of activation process in the cell (Zheng, 

et al., 2009b). The specific capacitance value was gradually dropped by the cycle and 

retained 95% specific capacitance of the initial cycle after 1000 continuous cycles at 

current density of 200 mA g-1. A slight attenuation in specific capacitance of the initial 

cycle is observed when the cell was cycled at 300 mA g-1. The value maintained 

throughout the following 1000 cycles with 88% implying good electrochemical 

performance of P1.4 electrode. 
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4.3 Nickel oxide-polyaniline composite embedded on carbon fiber cloth 

electrode 

4.3.1 Introduction 

PANI electrodes have been attracting the attention of researchers due to their unique 

doping/dedoping behavior, environmental stability, high conductivity and ease of 

synthesis. Having PANI being deposited straight onto a conductive substrate clearly 

exhibit a good specific capacitance value. However, directly deposited PANI has its own 

flaw as PANI will undergo rapid dissolution that contributes to low cycle rate of electrode. 

To overcome the situation, PANI can be coupled with another material to form a hybrid. 

Metal oxide is one of the best choices to act as a holder for PANI in order to prevent the 

dissolution effect and also able to contribute in the conductivity of the electrode (Ansari, 

et al., 2016; Wang, et al., 2016). 

In this work, we grow nickel oxide on EC through hydrothermal method followed by 

electrodeposition of PANI via chronoamperometry mode. The influence of heat treatment 

on the morphology of the grown metal oxide has been systematically studied at different 

heating temperatures to obtain NiO-EC samples. 

 

4.3.2 Nickel oxide growing and PANI electrodeposition mechanism 

This section explains the steps involved in the fabrication of the electrode. Based on 

the observation, it is interesting to highlight the interaction between urea and Ni2+ ions 

which involve in the growing mechanism of the precursor Ni(OH)2 synthesis. By acting 

as a precipitation agent, urea plays an important role in the process. Ni(NO3)2·6H2O used 

in this work act as the source of Ni2+ ions besides having free water molecules being 

existed in the composite. Figure 4.18 shows the schematic diagram of the Ni(OH)2 

precursor and NiO growth mechanism.  
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Figure 4.18: Schematic diagram of the NiO growth mechanism. 

 

The reactions between nitrogen and oxygen atom in the polar groups of one urea unit 

occupy the empty orbitals of the metal ion in the solution which eventually forming 

coordinate bonds between urea and Ni2+ ions. On parallel occasion, the Ni2+ ions also 

unite with OH- from the self-ionization of water simultaneously (Carotenuto, et al., 2000; 

Chandiramouli & Jeyaprakash, 2015; Latorre-Sanchez & Pomposo, 2015; Nwanya, et al. 

(2015)).  

Afterwards, the nuclei grew larger, resulting the interactions to form networks under 

the heat application. This process leads to the formation of nanosheets product which 

followed by having self-oriented and assembled by degrees towards ordered flower-like 

structure to reduce the surface energy (Miao & Zeng, 2016). These processes occurred at 

the surface of the EC fiber resulting the flower-like structure of Ni(OH)2 precursor to 

automatically grow on the EC without binder.  

The mechanism of PANI electrodeposition started during the redox transition of 

leucoemeraldine and the polaronic emeraldine of PANI when potential is applied in the 

electrodeposition at specific time using electrolyte solution containing 0.5 M of aniline in 

H2SO4 with EC-NiO as the WE (Zhang, et al., 2013a; Zhao & Li, 2008). 
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Figure 4.19 displays the schematic diagram of the electrodeposition process of PANI 

on EC-NiO as the substrate together with the CA curve obtained from the 

electrodeposition process where the ‘*’ indicates the point of the phase transitions from 

leucomeraldine to polaronic emaraldine (Zhang, et al., 2013a). 

 

Figure 4.19: Schematic diagram for deposition mechanism of PANI onto EC-NiO, and 
(inset) CA curve of PANI electrodeposition process. 

 

 

4.3.3 Thermogravimetric analysis  

Thermal analyses of the prepared samples were conducted from room temperature to 

800 °C. Figure 4.20 displays the TGA analysis conducted on Ni(OH)2, EC, EC-NiO, and 

sample NiP300. 
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Figure 4.20: TGA spectra of Ni(OH)2, EC-NiO, EC-PANI and sample NiP300. 

 

The weight loss of 9 wt.% before 240 °C can be due to the dehydration of absorbed 

water on Ni(OH)2 sample. The phase transformation of nickel hydroxide to nickel oxide 

can be inferred from major weight loss of 23 wt.% observed at 240 °C until 343 °C (Zhao, 

et al., 2011) according to Equation 4.4:   

𝑁𝑖(𝑂𝐻)2 → 𝑁𝑖𝑂 + 𝐻2𝑂       (4.4) 

The same trend was observed in EC-NiO sample with the weight loss of 12 wt.% at 

343 °C. This shows that this sample is more stable compared to Ni(OH)2. 6 wt.% of 

weight loss observed on sample EC-PANI between 150 °C and 341 °C of is due to the 

deprotonation of the PANI losing dopant H2SO4. PANI then undergoes degradation after 

341 °C which lead to loss of 10 wt.% that can be seen at the temperature from 341 °C to 

800 °C. This is related to the PANI decomposition and degradation with different 

polymerization degree (Pandey, et al., 2005). In sample, NiP300, the initial weight loss 

from 77 °C to 191 °C is due to the evaporation surface-absorbed moisture molecule. 

Whereas, the weight loss of 11 wt.% from 191 °C to 368 °C is due to the loss of H2SO4 
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dopant and phase transformation of hydroxide to oxide from PANI and nickel, 

respectively, which occurred simultaneously. 

 

4.3.4 X-ray diffraction 

The chemical compositions of all samples were studied by X-ray diffraction (XRD) 

spectra. Figure 4.21 displays the XRD spectra of EC, NiO, EC-PANI and deposited PANI 

after heat treatment at 200, 300, 400 and 500 C.  Peaks observed at 2θ =37.3°, 43.4° and 

62.9° in all deposited samples can be assigned to the NiO plane of (111), (200) and (220) 

respectively (Hu, et al., 2016; Liu, et al., 2017a; Miao & Zeng, 2016). 

 

Figure 4.21: XRD diffractogram of EC, NiO, EC-PANI, NiP200, NiP300, NiP400 and 
NiP500. 
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As shown in the figure, the peaks became sharper as the temperature increased; 

implying a more ordered structure was formed (Xiao, et al., 2016). The characteristic peak 

of PANI and EC are present at 2θ= 25°.  

Figure 4.22 shows the deconvoluted diffractogram at region X. Peak of PANI can be 

noticed at 2θ= 25.5° in which, the broad peak with low intensity indicating the formation 

of amorphous of PANI (Rusi & Majid, 2013; Zhang, et al., 2013a). The resolved peak 

observed at 2θ= 25° is corresponding to the (002) plane of carbon in EC which related to 

amorphous carbon materials with low degree of graphitization (Ding, et al., 2012; Gan, 

et al., 2015; Guo, et al., 2015; Jiang, et al., 2016; Lai & Lo, 2015; Zhou, et al., 2014b). 

Changes in intensity and shape of these peaks have proven the formation of NiO_PANI 

on EC substrate. 

 

Figure 4.22: Deconvoluted diffractogram on region X of (I) EC, (II) EC-PANI, (III) 
NIP200, (IV) NIP300, (V) NIP400 and (VI) NIP500. 
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To further investigate the structural changes of sample during heating process, 

evolution of the crystal size (B) at different heating temperatures was calculated using 

Scherrer Equation 4.5 and shown in Table 4.3. 

𝐵(2𝜃) =  
𝐾𝜆

𝐿 𝑐𝑜𝑠 𝜃         (4.5)
 

The calculation is based on the peak of 2 = 43.4°. In general, the crystallite size will 

increase with the increasing of heating temperature (Marotti, et al., 2006). The table 

shows that the calculated crystallite size of each sample has a strong relationship with the 

heating temperature. The variation in size for NiO is between 2.18 and 17.50 nm over the 

temperature range of 200 to 500 °C. The crystallite size of NiO increases linearly from 

300 °C until the heating temperature reaches 500 °C. The smaller crystallite size provides 

higher surface area for ion penetration leads to higher specific capacitance which is in a 

good agreement with other reports (Meher, et al., 2011; Pan, et al., 2010).  

 

 

Table 4.3: Crystal size with respect to the heating temperature of electrodes NiP200, 
NiP300, NiP400 and NiP500. 

Sample Crystal size (nm) 

NiP200 17.50 

NiP300 2.18 

NiP400 5.29 

NiP500 6.10 
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4.3.5 Energy dispersive X-ray spectroscopy 

The elemental composition of the deposit obtained from EDX is shown in Figure 4.23 

(a and b). The element of carbon, sulphur, nickel, and oxygen are found which belongs to 

EC-Ni, Figure 4.23 (a). There are additional nitrogen and oxygen elements in NiP300 

electrode, where the nitrogen observed is originated from PANI and oxygen might be 

from the adsorption of moisture by PANI, Figure 4.23 (b). In order to see clearly the 

evidence of deposited PANI, FTIR has been investigated. 

 

 

Figure 4.23: EDX spectrum of (a) NI300 and (b) NIP300. 
 

 

4.3.6 Fourier transform infrared spectroscopy  

FTIR analyses of the electrodes were conducted to verify the formation of NiO and 

PANI on EC. The spectra are shown in Figure 4.24 (a). In the spectrum of EC, the 

prominent band at 2325, 2088 and 1992 cm-1 are due to the typical C=C group which can 

be associated with carbon material. In the spectrum of EC-NiO, the intensity of these 

three peaks is decreasing and remains at its position in all studied samples.  
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For most of the oxide’s characteristic, the transmittance bands are positioned at the 

lower wavenumber (Basharat, et al., 2015). Hence, the bands that occurred at 656 and 

717 cm-1 are assigned to the bonding between Ni and O (Basharat, et al., 2015). 

 

 
 

Figure 4.24: (a) FTIR spectra of NiO, EC, EC-NiO, EC-PANI and all prepared samples 
at wavenumber of 650-3200 cm-1 and (b) at 900-1220 cm-1. 
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The FTIR spectrum of EC-PANI shows characteristic bands located at 1568, 1471 and 

795 cm-1 are assigned to the C=C stretching vibration of quinoid rings, C=C stretching of 

benzoid rings and p-substituted ring of PANI respectively (Xing, et al., 2004). FTIR 

spectra of the samples in the region between 900 to 1220 cm-1 is shown in Figure 4.24 

(b).  

The deconvoluted spectrum of NiO powder is shown in Figure 4.25 (I). Four bands 

located at 1033, 1046, 1068 and 1103 cm-1 are seen. To further confirm the bands, the 

spectrum of NiO on EC substrate is deconvoluted, Figure 4.25 (II). Bands at 1049 and 

1069 cm-1 remain at the same position, however,the intensity become lower for 1049 cm-

1 and higher for 1069 cm-1. Meanwhile, four intensive bands at 962, 1023, 1113 and 1155 

cm-1 were resolved from this region for sample EC-PANI as shown in Figure 4.25(III). 

Bands at 962 and 1155 cm-1 are attributed to C-H out of plane and C-N stretching of 

second aromatic amine of PANI (Neelgund & Oki, 2011). 

 

 

5  

Figure 4.25: Deconvoluted FTIR spectra of (I) pure NiO, (II) EC-NiO, (III) EC-PANI, 
(IV) NiP200, (V) NiP300, (VI) NiP400 and (VII) NiP500. 
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Figure 4.25, continued. 
 
 

The spectrum of samples consist of EC, NiO and PANI heated at 200 C (NiP200), 

Figure 4.25 (IV) reveals absorption band at 1037 cm-1 which can be attributed to the C-O 

stretching bond of NiO and PANI . This band appeared at the same wavenumbers in all 

prepared samples. Similar observation also occurred for band at 1068 cm-1 where no 

significant changes can be detected in terms of position and intensity. . Intensity of the 

band at 1110 cm-1 of EC-NiO for sample NiP200 is observed to increase. The two bands 

at 1134 and 1113 cm-1 belong to EC-NiO and PANI, respectively, have merged and 

centered at 1126 cm-1. Band at 1110 cm-1 from EC-NiO and NiP200 spectra later 

combined together with the band at 1126 cm-1 in samples heated at higher temperature. 

While in sample NiP300, peak at 1155 cm-1 get shifted to higher wavenumber, 1165 cm-1 

without any changes in the remaining two samples (NiP400 and NiP500). 
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4.3.7 Raman spectroscopy 

The chemical structure of the NiCC_PANI is further explored by using Raman spectra 

as shown in Figure 4.26. 

 

 

Figure 4.26: Raman spectra of EC and all deposited PANI electrodes. 
 

 

 From the figure, three peaks were observed in all spectra located at ~1345 cm-1, ~1579 

cm-1 and ~2673 cm-1 which correspond to EC. This is due to the formation of semiquinone 

radical cations, that is, the p-disubstituted benzene rings. Five small peaks located at    

~494 cm-1, ~522 cm-1, ~605 cm-1 and ~810 cm-1 are observed in G band, D band and 2D 

band, which corresponding to the peaks of NiO. Peaks 490 cm-1 and 520 cm-1 are assigned 

to the first-order transverse optical (1TO) and longitudinal optical (1LO) phonon modes 

of NiO, respectively while peak 600 cm-1 and 810 cm-1 are attributed to the second order 

transverse optical (2TO) longitudinal optical (2LO) phonon modes of NiO (Burmistrov, 

et al., 2015; Cazzanelli, et al., 2003; Dietz, et al., 1971; Mironova-Ulmane, et al., 2011).  
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One broad pocket of peaks in region I (900-2100 cm-1) is deconvoluted and displayed 

in Figure 4.27 to distinguish the overlapped peaks between NiO and PANI. 

 

 
 

Figure 4.27: Deconvoluted spectra at region I of CCE-PANI and all prepared samples. 
 

 

Peaks located at ~1165 cm-1, ~1314 cm-1, 1492 cm-1 and ~1555 cm-1 are believed to 

be originated from NiO. Peaks at 1165 cm-1 and 1492 cm-1 are associated with two-

phonon scattering and the excitation of two magnons respectively while 1314 cm-1 and 
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1492 cm-1 are observed in D band and G band respectively (Burmistrov, et al., 2015; 

Kudin, et al., 2008; Zhou, et al., 2014a). 

The characteristic bands of PANI can be seen at 1143 and 1217 cm-1 which can be 

referred to C-H bending modes. Rings of C-C stretching mode can be captured at 1591 

cm-1 while for C-N stretching mode is observed at 1380 cm-1. The conductive property of 

PANI can be detected in the region from 1100 to 1150 cm-1 which can be indicated as the 

delocalization of charge on the polymer backbone (Kar & Choudhury, 2013). 

 

4.3.8 Field-emission scanning electron microscopy 

The morphology of our electrode was investigated through FESEM study (Figure 4.28 

and Figure 4.29). Figure 4.28 (a1) reveals the nanoflower-like shaped NiO formed on 

sample Ni300 by growing it directly on the EC. Same shape also can be seen from sample 

Ni400 (Figure 4.28 (b1)) but in a more densely packed order as shown in Figure 4.28 (b2) 

compared to Ni300 (Figure 4.28 (a2)) where the plates are more loosely arranged hence 

providing more spaces for PANI deposition.  

 

Figure 4.28: FESEM images of (a1) Ni300 with (a2) inset and (b1) Ni400 with (b2) inset 
at X 50 000 and X 200 000 magnification. 
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This situation is proven in Figure 4.29 (b1) where sample NiP300 has uniform pattern 

of PANI deposition. The deposited PANI is able to fill up the gap between the plates 

provided by the NiO that has grown beforehand. In due course, more uniform shape and 

well-developed nanowire of PANI inevitably gives more area for electrolyte contact when 

electrochemical analysis took place. 

 

 

 

Figure 4.29: FESEM images of (a1) NiP300 with (a2) inset and (b1) NiP400 with (b2) 
inset at X 3000 and X 30 000 magnification.  

 

 

Unlike in the case of sample NIP400 (Figure 4.29 (b1)), the PANI deposited is not in 

uniform condition. Agglomeration occurred on the surface of the electrode which might 

be due to the limitation of spaces provided by the NiO for PANI to attach. This leads to 

PANI being unable to grow well on its substrate, hence decreases the area for electrolyte 

contact among the active electrode material which automatically gives low specific 

capacitance value. 
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4.3.9 Transmission electron microscopy 

A representative TEM image of the selected electrode is shown in Figure 4.30. This 

figure verified that deposited PANI had built up from small PANI nanowire, which is in 

agreement with FESEM results. 

 

  

Figure 4.30: TEM images of NIP300 at (a) low and (b) high magnification. 
 

 

This figure verified that deposited PANI had built up from small PANI nanowire, 

which is in agreement with FESEM results.  From these structural studies, heating 

temperature was shown to strongly influence the morphology and porosity of the deposits. 

It is believed that these factors will affect the PANI electrodeposition process which 

influences the electrochemical performance.  

 

4.3.10 Cyclic voltammetry 

CV, GCD, EIS and cycle stability tests have been carried out to evaluate the 

electrochemical behavior of the samples. 

The CV was measured at the period potential from -0.2 to 0.7 V in 0.5 M H2SO4 

electrolyte at scan rates of 1 to 20 mV s-1. Figure 4.31 (a) shows CV profile of all samples 

at scan rate of 1 mV s-1. From the figure, two pairs of redox peaks marked as A/A’ and 
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B/B’ were observed showing pseudocapacitance property. Peak A/A’ can be attributed to 

the conversion of leucomeraldine to emaraldine of the PANI chain, while the B/B’ peak 

is due to the emaraldine-pernigraniline transformation (Yu, et al., 2016). 

 

 

 

Figure 4.31: (a) CV profiles of NIP200, NIP 300, NIP400 and NIP500 and (b) calculated 
specific capacitance at scan rate of 1 mv s-1. 
 
  

 

The electrochemical performance of the electrodes were measured in terms of specific 

capacitance (Cs). The Cs based on CV curves were calculated using equation (4.1). The 

mass of active materials is in between 0.00645 g to 0.00800 g.  The calculated Cs at a 

scan rate of 1 mV s-1 is presented in Figure 4.31 (b). As can be seen, the highest Cs value 

of 193.38 F g-1 was obtained by the NiP300 sample, at a scan rate of 1 mV s-1. Figure 
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4.32 shows the CV profile of NiO-PANI electrode system at higher scan rate, 10 mV s-1 

in which slight changes can be observed.  

 

 

  

Figure 4.32: (a) CV profiles of NiP200, NiP300, NiP400 and NiP500 and (b) calculated 
specific capacitance at scan rate of 10 mv s-1. 

 

 

Figure 4.32 (a) shows that the anodic and cathodic peaks shifted to higher and lower 

potential respectively. Despite the deviations, same trend of Cs is observed in all samples 

measured at 10 mV s-1, Figure 4.32 (b). Sample NiP300 still possess highest specific 

capacitance of 124.36 F g-1. In order to get more information on the electrochemical 

behavior of the electrodes, a series of CV with different scan rates from 1 to 20 mV s-1 

were also conducted on sample NiP300 and is displayed in Figure 4.33. 
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Figure 4.33: (a) CV curves of NiP300 at various scan rates and (b) plot of its specific 
capacitance versus different scan rate applied in 0.5 M H2SO4 electrolyte. 

 

 

The CV profile in Figure 4.33 (a) shows unambiguous anodic and cathodic peaks 

which can be inferred to the redox activity contributed from faradaic reaction of the 

sample (Zhou, et al., 2004). As the scan rate increased from 1 to 20 mV s-1, the anodic 

and cathodic peak experienced some changes in their intensity and positions.  

The anodic peak shows increment in its current peak value and shifted to higher 

potential. On the other hand, the current value of cathodic peak experienced decrement 

and also shifted to the lower potential region. This observation might be due to the 

strengthened electric polarization and kinetic irreversibility of ions originating from the 

electrolyte at the electrode’s surface while undergoing redox reaction at higher scan rates 
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(Umeshbabu, et al., 2015a). The shape of the CV curves progressively transformed into 

a rectangle at higher scan rate. The Cs values of electrode NiP300 measured at different 

scan rates are displayed in Figure 4.33 (b). Lower scan rate exhibited higher specific 

capacitance. 

4.3.11 Galvanostatic charge-discharge 

Galvanostatic charge/discharge (GCD) measurements were conducted in order to 

investigate the charge storage capacity of the electrodes. Figure 4.34 (a) presents the GCD 

curves at current density of 0.5 A g-1 in the potential windows ranging from -0.2 to 0.7 V.  

 

 

 

Figure 4.34: GCD profiles of NiP200, NiP300, NiP400 and NiP500 at current density of 
0.5 A g-1 and (b) calculated specific capacitance. 
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The non-linear charge and discharge curve is consistent with the peaks marked at the 

CV profile which can be corroborated to pseudocapacitance behavior which was 

contributed by the electrode. The specific capacitance obtained for samples NiP200, 

NiP300, NiP400 and NiP500 are calculated using Equation 4.3. The values were plotted 

in Figure 4.34 (b). The specific capacitance highlight the effects of heating temperature 

during electrode preparation since Cs increased as heating temperature increased to         

300 °C. This might be associated to the uniformity of grown PANI that provides sufficient 

active site for a better absorption of H+ ion. The increment of specific capacitance can 

also be inferred to the small crystal size.  

At higher heating temperatures of 400 and 500 °C, the specific capacitance value are 

observed to drop due to the enlargement of crystal size as previously mentioned in XRD 

results. This situation will lead to PANI agglomeration due to the ineffective PANI 

deposition onto the NiO surfaces. Hence, the utilization of active sites for electrolyte ion 

absorption/desorption will be reduced (He, et al., 2012). Therefore, the calculated specific 

capacitance of sample NiP400 and NiP500 (110.37 F g-1 and 77.81 F g-1) are found to be 

lower than sample NiP300 (192.31 F g-1) measured at 0.5 A g-1 in 0.5 M H2SO4. High 

specific capacitance achieved by sample NiP300 is due to the efficient ion charge transfer 

provided by the ordered PANI nanorods on NiO (Ma, et al., 2016). 

Comparison of GCD curves at different current densities for sample NiP300 show 

almost similar trend in the charging and discharging profiles, Figure 4.35. The specific 

capacitance of sample NiP300 at current density of 0.5 and 1.0 Ag-1 are 192.3, and      

185.2 F g-1 respectively. With the interval of current density from 0.5 to 1.0 Ag-1, the 

specific capacitance retention is 96%. High capacitance retention indicates good charge 

storage capacity which might be due to fast charge transmission related to the increment 

in current densities (Ma, et al., 2016). The same observation has been reported in other 
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works such as Xue and coworkers (Xue, et al., 2012), Han and coworkers (Han, et al., 

2014), as well as Ma and coworkers (Ma, et al., 2016) for PANI based composite 

electrodes. The energy and power density of  NiP300 at current density 0.5 Ag-1 are 21.7 

mW h kg-1 and 4.8 W kg-1 respectively. While for current density 1.0 A g-1, the energy 

density calculated was 20.8 mW h kg-1 with 2.4 W kg-1 of power density. 

 

 

Figure 4.35: CD curves of NiP300 at various current densities. 

 

4.3.12 Electrochemical Impedance Spectroscopy (EIS) 

The EIS study of the electrodes in 0.5 M H2SO4 electrolyte is shown in Figure 4.36. 

All plots exhibited similar electrochemical impedance characteristics where ordinary 

semicircle and oblique line are presented at the high and low frequency, respectively. In 

high frequency region, there is an intercept of the arc on the x-axis called the equivalent 

series resistance (Rs), which represents a combination of ionic resistance of electrolyte, 

contact resistance, and internal resistance of the material (Pandit, et al., 2017). However, 

transfer resistance (Rct) is obtained from the electrochemical reaction resistance that can 

be inferred from the high frequency semicircle (Pandit, et al., 2017). Lines with slopes 

greater than 45° observed at low frequency can be ascribed to the diffusion and kinetics 

process called the Warburg impedance (W) (Girija & Sangaranarayanan, 2006).  
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Figure 4.36: (a) Nyquist plot of all samples and (b) its equivalent circuit. 
 

 

The equivalent circuit of the fitted curve is displayed in Figure 4.36 (b). The Rct values 

of sample NiP200, NiP300, NiP400 and NiP500 are 3.00 Ω, 2.07 Ω, 2.79 Ω and 2.22 Ω, 

respectively. NiP300 electrode with the lowest Rct value is the most convenient sample 

for diffusion and migration of electrons. Thus, these characteristics contribute to the best 

electrochemical performance, corresponding to the CV and charge-discharge results as 

mentioned in the previous section. The uniform deposition of PANI on the electrode also 

plays an important role in better accessibility of cations to the electrode matrix (Zhou, et 

al., 2004), which also parallels with the FESEM result. 
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4.3.13 Cycle studies 

A symmetrical NiP300//PVA+0.5 M H2SO4//NiP300 cell was fabricated and tested for 

4500 cycles continuously under different current densities of charging and discharging 

process. This cycling stability test was carried out using NiP300 electrode with total mass 

load of 0.0114 g. The cell shows good retention stability after continuous cycling at 

various current densities as can be observed from Figure 4.37.  

 

 

Figure 4.37: Retention graph of 4500 cycles of symmetric cell of EC-NiP at different 
current density in PVA+0.5 M H2SO4 gel electrolyte. 

 

 

The sequence of the charge and discharge cycles begins at 200 mA g-1 followed by 

300 and 400 mA g-1. The current densities were reversed to 300 and 200 mA g-1 within 

1000 cycles continuously. The specific capacitance for the first 1000 cycles at 200 mA g-

1 decreased by 27% of the initial cycle. During the next 1000 cycles at    300 mA g-1, the 

specific capacitance experienced a decrement of 46%, especially from 1000th to 1500th 

cycle. In the next 500 cycles, the value gradually increased to 66% of the initial 

capacitance. This is possibly due to the activation process that happened during the 

cycling process. This situation occurred  as a result of insufficient utilization of NiO 

during the early cycles (Zheng, et al., 2009b). The values of specific capacitance for the 

subsequent current densities are calculated to be 76% and 82% of initial capacitance, 
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respectively. When the current density is switched back to 200 mA g-1, the cell is able to 

store the charge and retained approximately 72% of the initial capacitance. This indicates 

that the specific capacitance only experienced a slight attenuation hence implying good 

electrochemical performance of NiP300 electrode even after being tested at high current 

densities.  

The EIS measurements of fabricated cell were carried out before and after 4500 

cycles in the frequency range from 0.01 Hz to 10 kHz. Figure 4.38 (a) and (b) shows 

the Nyquist curve of NiP300//PVA+0.5 M H2SO4//NiP300 cell before and after the cycle 

process. The specific capacitances at various frequencies were calculated and presented 

in Figure 4.38 (c). 

 

 

Figure 4.38: Nyquist plot of EC-NiP symmetric cell (a) before, (b) after cycling process 
and (c) plot of specific capacitance vs. frequency. 
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After 4500 continuous cycle of the symmetrical cell, the Nyquist curve has shifted 

towards higher resistance values. The broadening of the high-frequency semicircle was 

also observed as Rct value increased from 0.3 to 4.0 Ω after the cycle. This can be 

ascribed to the larger resistance resulted from the repeated charge-discharge processes. 

As can be seen from Figure 4.38 (b), the second semicircle with resistance value of 

31.0 Ω appeared in the Nyquist plot after 4500 cycles. This semicircle indicates that 

interface layer was formed which affected the charge-discharge process. Hence, the 

specific capacitance retention value was decreased (Li, et al., 2015). 

Figure 4.38 (c) shows the specific capacitance as a function of frequency (0.01 Hz–10 

kHz) of NiP300//PVA+0.5 M H2SO4//NiP300 cell before and after 4500 cycles.  Before 

cycle, the specific capacitance value was gradually decreased with frequency until 100 

Hz and remained constant towards the end.  This is due to the inability of ions from 

electrolyte to follow the electric field oscillations at higher frequencies (100 Hz – 10 kHz). 

A different trend was observed after 4500 cycles where the plateau region begins to 

appear at lower frequency number (0.1 Hz - 10 kHz). This is probably due to the 

increment of resistance which is in agreement with Figure 4.38 (a) and Figure 4.38 (b) as 

the Rct value was found to be larger after the cycling stability process (Vello, et al., 2017). 
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Figure 4.39 shows the plot of energy and power density versus cycle number of 

NiP300//PVA+0.5 M H2SO4//NiP300 cell.  

 

Figure 4.39: Energy and power density calculated for each 1000 cycles and 4500th cycle 

 

From figure, it can be seen that both energy and power density of the cell decreased 

with respect to the increment of current density applied for each 1000 cycles. After the 

cell underwent 1000 cycles at current density of 200 mA g-1, it delivers energy density of 

17.04 mW h kg-1 with power density of 1.33 W kg-1. As the current density increased to 

300 mA g-1, the energy density decreased to 10.97 mW h kg-1 with power density of          

0.72 W kg-1. The energy density was then decreased to 5.79 mW h kg-1 at 400 mA g-1 

after 3000 cycles. When the current density returned to 200 mA g-1, the cell successfully 

restored 13.87 mW h kg-1 energy density compared to the value of the first 1000 cycles.  

It can be seen that the NiP300//PVA+0.5 M H2SO4//NiP300 cell has achieved an 

electrochemical reversibility with low resistance value. This might be due to the good 

synergistic effect between the NiO and PANI (Ma, et al., 2016). Besides that, the porous 

structure of carbon fiber cloth is expected to give a better diffusion of electrolyte into the 

Univ
ers

ity
 of

 M
ala

ya



78 

electrode material thus providing more channels for rapid ion transport (Cheng, et al., 

2011). 

 

4.4 Summary 

The EC-PANI electrode was successfully deposited on EC using chronoamperometry 

mode. The P1.4 electrode deposited for deposition potential of 1.4 V was found to have 

uniform interconnected nanofiber structure. The electrochemical performance of P1.4 

confirmed that it has better performance in ion diffusion with specific capacitance of 

357.14 F g-1 at current density of 200 mA g-1 in 0.5 M H2SO4 electrolyte. Finally, 

symmetrical P1.4 cell was assembled and exhibited 95% of specific capacitance retention 

after 1000 cycles in PVA+0.5 M H2SO4 electrolyte at current density of 200 mA g-1. The 

specific capacitance also retains 88% at current density of 300 mA g-1 for the next 1000 

cycles. 

The EC-NiO-PANI electrode was successfully grown on EC using hydrothermal 

method and chronoamperometry method. The EC-NiO electrode heated at 300 °C was 

found to have uniform nanoflower-like structure of NiO. The electrochemical 

performance of NiP300 confirmed that it has better performance in facilitating PANI 

deposition with specific capacitance of 192.39 F g-1 at current density of 200 mA g-1 in 

0.5 M H2SO4 electrolyte. Symmetrical NiP300 cell exhibited good electrochemical 

reversibility when discharged at different current densities over 4500 cycles. The cell is 

also able to retain 72% of its initial capacitance after discharge current density is switched 

back to the initial value. 
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CHAPTER 5:  CONCLUSION AND SUGGESTIONS FOR FUTURE WORK 

5.1 Conclusions 

In summary, all the objectives of the present study were achieved. This thesis focuses 

on the electrochemical performance of polyaniline based electrode materials for 

supercapacitor application. There are two electrode systems that have been fabricated and 

studied which are (1) EC-PANI electrode system and (2) EC-NiO-PANI electrode 

system. 

The first objective was achieved from the electrode system (1). Different PANI 

structures have been obtained by varying the deposition potential of 0.5 M aniline on 

etched carbon cloth. The potential applied during the electrodeposition process is one of 

the important parameters that influence the electrodeposition rate and nucleation process, 

thus resulted in various morphologies. At low potential energy, low density of deposited 

PANI nanofiber was observed due to slow electrodeposition rate. The potential energy of 

1.4 V was identified as a suitable potential value to produce uniform PANI nanofiber 

through chronoamperometry mode.  

Two FTIR peaks at ~1540 and ~1446 cm-1 verified that PANI has been successfully 

deposited on the EC substrate. The formation of PANI is also supported by the XRD 

results in which peak centred at 2θ = ~25.5° has appeared in all samples to indicate the 

presence of PANI. Sample P1.4 exhibited the highest specific capacitance from the first 

electrode system with the value of 357.14 F g-1 at current density of 500 mA g-1. The 

symmetric cell P1.4//PVA+0.5 M H2SO4//P1.4 showed good capacity retention of 88% 

after 2000 cycles.  

 

Univ
ers

ity
 of

 M
ala

ya



80 

In the next part of this work, a systematic study has been conducted in order to achieve 

the second objective. The effect of metal oxide deposition on the electrochemical 

behavior of PANI electrode was investigated on the composite electrode, EC-NiO-PANI 

(NiP) consists of grown NiO on EC (EC-NiO) which act as a supporting layer for PANI 

deposition. The optimization of heating temperature for NiO formation is achieved at 

300 C. At this temperature, the smallest crystal size was obtained from XRD peak 

calculation.  

The specific capacitance of NiP300 electrode was 192.31 F g-1 at current density of 

500 mA g-1 in 0.5 M H2SO4 electrolyte. Stability test of NiP300 was conducted 

symmetrically with PVA + 0.5 M H2SO4 as the electrolyte. The cell was tested for 4500 

cycles continuously under different current densities. The cell was able to store the charge 

and retained 72% of the initial specific capacitance. After the cell underwent 1000 cycles 

at current density of 200 mAg-1, it delivered energy density of 17.04 mW h kg-1 with 

power density of 1.33 W kg-1. The cell successfully restored 13.87 mW h kg-1 of energy 

density compared to the value of the first 1000 cycles after 4500 cycles. This good 

stability and reversibility behavior is due to the uniform arrangement of nanofiber PANI 

on thin flakes of nanoflower-like NiO particles. The structure generated more porous 

network structure. The uniform nano-sized porous structure led to easy access of 

electrolyte cation transport to electrode matrices; hence a better ion diffusion performance 

was obtained. 

 

5.2 Suggestions for future work 

In this work, the deposition parameter and the heating temperature have been 

optimized for PANI based electrode systems. Overall, the good specific capacitance and 

energy density obtained in our research is suitable for supercapacitor application. 

However, there are many ways to improve the cycling performance of the electrode such 
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as compositing the PANI based electrode with carbonaceous material like graphene, CNT 

and MWCNT.  

In other approach, the adhesion between the electrode surface and active material can 

be improved by adding sodium dodecyl sulfate (SDS) into deposition solution. Besides 

that, the optimized electrode from our studies can be used as electrode material for hybrid 

supercapacitor fabrication.  
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