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Abstract 

This study explored different compact packaging techniques and evaluated their impact on 

the performance of carbon nanotube (CNT)-based supercapacitors. The increasing demand 

for high-performance energy storage devices in compact applications has driven the need 

for efficient packaging and reliable testing methods. Supercapacitors, with their superior 

power density and long cycle life, hold immense potential for various electronic 

applications. Various packaging techniques, including coin cell, pouch cell, and chip-type 

supercapacitor, were employed in this research. Electrochemical characterization 

techniques such as cyclic voltammetry, impedance spectroscopy, and charge-discharge 

cycling were implemented to evaluate specific capacitance, power density, energy density, 

and series resistance. The performance of the supercapacitors was investigated under 

extreme conditions, including temperatures of -20 °C, 25 °C, and 60 °C. The study 

thoroughly examined the effects of crimp pressure on coin cell packaging. Additionally, 

novel design ideas for manufacturing miniature chip-type surface mount supercapacitors 

are proposed, aiming applications such as memory backup and portable electronic devices. 

Areal capacitance of 1298 mF/cm² was achieved, which was good compared to its 

counterparts. Overall, this research highlights the significance of packaging techniques and 

testing methodologies in enhancing the performance and reliability of CNT-based 

supercapacitors. The findings contribute to the development of next-generation energy 

storage systems capable of meeting the increasing demands of diverse industries and 

applications. 
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1  Introduction 

Supercapacitors (SCs) are electrochemical storage devices known for its high-power 

density and longer lifetime. There are different materials that are used for fabrication of 

SCs, among them carbon nanotubes (CNTs) as electrode materials show promising 

potential providing high specific surface area (SSA), good mechanical and electrical 

properties. Although extensive research has been done on the electrode materials, there 

has been less light shed onto how these high-potential electrodes can be integrated to a 

compact device for application specific packaging. High performance electrodes do not 

necessarily convert to high performance device. While the properties of the material are 

important for the performance of a SC, compact packaging technique and its optimisation 

are even more important because growing demand of present-day applications for devices 

or components like smart biometric card, smart pen, IoT sensor, smart wearables, RFID tag, 

RAM, etc., for power storage and power backup. As devices for electronic applications are 

getting miniaturised for portability and usefulness, it is inevitable that a segment of the 

energy storage systems will also have to follow the same path. Adding to that, for 

application specific device, both high power and high energy density have been in 

significant demand in the modern appliances. To that end, compact-packaged SCs based 

on CNTs can play a vital role in contributing to meet the growing demand in numerous 

applications in terms of high power as well as high energy density . Moreover, these SCs 

devices need to be optimised and tested to deliver maximum output to the end user.  

1.1 Need for Compact Packaging of Supercapacitor 

In SCs critical role is played by the electrodes. Compared to other electrode materials, CNTs 

have a high SSA, less electrode resistance, high mass loading, binder free method, good 

mechanical stability and other properties that lead to good performance in terms of 

specific capacitance, gravimetric capacitance, smaller volume, and less weight of the SC. 

Whereas, for other types of electrode materials such as activated carbon (AC), they have a 

complex structure that limits the performance. Among those limitations few notable ones 

are: its capacitance decreases beyond thickness of few hundreds of micrometres, a binder 

is needed for the current flow, higher electrode resistance and other properties that limit 

the potential for a high power and high energy density SC [1]. On the contrary, CNTs do not 
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have such limitations and are a good candidate for SC application.  Also, areal capacitance, 

which is capacitance per area, for state-of-the-art AC based SCs is as high as 700 mF/cm2 

[2] whereas the same for CNTs based SCs is found to be more than three times [3]. 

Nonetheless, good material performance of the electrode does not always covert to good 

SC, as a device, if the packaging and testing are not optimised. This means proper packaging 

must be done to ensure that the SC is suitable for the usage in different applications. As 

the demand for portable electronic devices, smart fingerprint card, electronic wearables, 

ICs, wireless sensors etc., are exponentially increasing as an energy storage or power 

backup device, extensive research on compact packaging techniques of SC are inevitable. 

For such miniature devices, SCs with less area and less volume but high-power, high-energy 

density, lower resistance and longevity are needed. This is where the compact packaging 

with CNTs-based SCs come into action. By utilising the superior performance of CNTs 

electrodes, compact packaged SCs meet the criteria to incorporate into application specific 

devices having high power, high energy, and faster charging capabilities. Coin cell, pouch 

cell, and the emerging chip type SCs are among the configurations of such compact 

packages. Compared to larger formats like cylindrical cells, these compact packaging 

techniques provide numerous advantages into electronics. While there is extensive 

research on materials properties and conventional cell formats, there is very limited 

comprehensive study on the compact packaging techniques of SCs. With the growing 

demand for energy storage applications in electronics more research and innovations in 

these field is necessary. Having said that, with the potential of high-power delivery and 

compatibility into ICs and other electronics, emerging energy storage technology such as 

chip-type SCs with CNTs electrodes will be a game changer in the electronics industry. In a 

survey [4] it was found that compact SCs, for low capacity applications, contribute to more 

than 45% of the whole SCs market. From the data it is evident that compact type SCs are 

in need more than ever and they have huge potential in the present and future 

applications. Therefore, both academic and industrial research on this type of compact SCs 

are essential to prosper in the field of energy storage technology. 

1.2 Objectives and Research Motivations 

The primary objective of this thesis is to investigate and explore the compact packaging of 

SCs as energy storage devices, do the fabrication and testing to evaluate their 
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performance, with a specific focus on utilizing only CNTs as electrode materials. The 

motivation behind this research stems from the increasing demand for efficient and high-

performance energy storage solutions in various applications of compact and fast-charging 

devices like smart pens, smart card, sensors, IoT devices, power management for ICs, data 

backup for SSD-RAM and many more. These devices demand less area and less volume but 

with high power and fast-charging capabilities. Although there are many research studies 

on different fields of SCs but there is relatively much less scrutiny on the compact packaging 

techniques for SCs and its performance evaluation. This study aims to contribute to the 

understanding and advancement of such SC technology by investigating different compact 

packaging techniques and evaluating their performance through several electrochemical 

characterizations and optimisation. Through these investigations, a deeper understanding 

of SCs can be gained, leading to potential improvements and advancements of SC 

technology for its integration into rapid charging and compact electronic applications. 

These optimisations and evaluation will benefit the current energy storage technology field 

and foster the way towards innovation. Consequently, the thesis aims to investigate these 

compact packaging techniques at different physical conditions and testing parameters to 

evaluate their performance and durability, so as to replicate the real-life circumstances. 

This study also intends to propose a novel design approach for chip-type surface mount 

packaging technology, which is relatively a new topic in the academic research arena, that 

can contribute to the integration of SCs in compact electronic applications contributing to 

high-power and fast charging capabilities. Furthermore, this study aims to explore the 

potential of coin cell SC in terms of areal capacitance, power density, energy density and 

time constants and compare it with the existing SC technologies. Through this 

comprehensive research, the study aims to uncover new insights by tapping into several 

aspects, uncover current limitations, and provide valuable recommendations for future 

developments in the field of compact SC technology for research and innovation. 

1.3 Scopes and Limitations 

The scope of this thesis comprises several key aspects related to SCs and their utilization 

into compact devices. The research primarily focuses on investigating the compact 

packaging techniques for SCs in terms of coin cell and pouch cell, aiming to enhance their 

integration into electronic devices by using high performance CNTs as electrode materials. 
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The impact of different physical conditions and test parameters on the performance of the 

SCs as well as the evaluation of their electrochemical properties are also studied 

thoroughly. 

However, it is important to note certain limitations within the scope of this research. Firstly, 

the study primarily focuses on different packaging methods, which may not cover the 

entire range of packaging techniques for SC applications. Additionally, while the research 

examines into the evaluation of physical parameters like temperature and pressure effects 

on SC performance, it may not encompass all possible influencing factors. Moreover, the 

thesis studied the comparison of the proposed SCs with existing laboratory counterparts. 

However, it may not cover the entire spectrum of available SC technologies and their 

variations.  

Lastly, although the thesis aims to propose a chip type surface mount packaging solution 

of SC for electronic applications, it is worth mentioning that this entire field of study is new 

in the academic research field and near to similar approach is only adopted by only handful 

of industries. So, the development of a fully functional and commercially viable packaging 

solution requires further advanced research and development which is beyond the scope 

of this study. 

In this study, it is important to acknowledge the limited resources available in the 

laboratory for implementing various package configurations and conducting extensive 

testing. These resource constraints should be taken into consideration when interpreting 

the results and conclusions presented in this thesis. However, despite these inherent 

challenges and limitations, the research conducted herein offers significant contributions 

to the understanding of compact packaging of SCs utilizing CNTs as electrode materials. 

The findings obtained from this investigation shed light on the potential and obstacles 

associated with this emerging technology, thereby facilitating the advancement of 

futuristic energy storage systems. 

1.4 Thesis Outline 

The thesis begins with an introduction that sets the context for the research, discussing the 

need for compact packaging of supercapacitors and presenting the objectives, research 

motivations, scopes, and limitations of the study. The introduction section concludes with 
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a brief overview of the thesis outline, providing readers with a roadmap of the subsequent 

chapters. 

The background studies chapter delves into the foundational knowledge related to 

supercapacitors, covering topics such as their role as energy storage devices, the use of 

carbon nanotubes (CNTs) as electrode materials, various compact packaging techniques, 

and the evaluation of performance for CNTs-based supercapacitors. 

The experimental setup and procedure chapter describes the methods and procedures 

used in the research. It includes subsections on the morphology and material 

characterization of CNT electrodes, packaging and fabrication techniques for 

supercapacitors, and the electrochemical characterization and testing protocols. 

The results and discussions chapter presents the outcomes and analyses derived from the 

research. It encompasses an examination of the morphology and analysis of CNT 

electrodes, detailed studies on the effects of several physical and test parameters on SC 

performance, the proposed chip type surface mount packaging solution, and a 

comparative assessment of state-of-the-art capacitance using coin cell SCs.. 

The conclusion and future work chapter provides a summary of the key findings and their 

implications, while also discussing potential directions for future research in the field of 

compact packaging of supercapacitors. 

Following the conclusion, the references section lists all the sources cited in the thesis, 

ensuring the accuracy and credibility of the research. The list of figures and list of tables 

provide an index of the visual representations and tabular data included in the thesis, 

making it convenient for readers to locate specific illustrations. Lastly, the annexes section 

includes supplementary information, such as raw data, calculations, or additional 

documentation, which further supports the research conducted in the thesis. 
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2 Background Studies 

The never-ending need for energy has escalated scientific research in batteries, 

supercapacitors (SCs) and other electrochemical energy storage technology. Sustainable 

solutions for energy storage have been adapted both by researchers and industry. With 

the new law approved by European Union to make batteries more sustainable, durable and 

better performing [5], the choice for sustainable materials is inevitable. Initially, the focus 

was to develop new technologies and electrode materials for such electrochemical storage 

devices. Among batteries and other technologies, SCs are of great interest to the scientific 

community as well industries owing to its high-power density and longer lifetime. Research 

has been going on different carbon-based electrode materials for SCs such as activated 

carbon, porous carbon, carbide carbon derivatives, carbonaceous aerogels and xerogels, 

graphene and their derivates, and carbon nanotubes (CNTs) [1]. CNTs-based SCs are 

regarded as high-performance electrode materials for SCs with different low and high 

voltage applications ranging from vehicles to memory backup in data storage device. These 

SCs have the great advantage of high-power density and high-energy density. Although 

there is extensive research on material properties and its implementation, less research 

studies are available for packaging the SCs, especially the compact packaging and its 

performance evaluation. Compact packaging techniques like coin cell, pouch cell and chip 

type SCs have the potential to meet the growing demand for electronic applications where 

less area and high power are needed. 

The literature review chapter aims to provide a comprehensive overview of SCs, 

encompassing their fundamental properties, electrode materials employed in SCs, 

compact packaging techniques specific to SCs, the significance of such packaging 

techniques, as well as the testing and characterization methodologies utilized for 

evaluating SC performance. This chapter endeavours to present a concise and accessible 

demonstration of the underlying theory and background relevant to the scope of this study, 

enabling a clearer comprehension of the subject matter. 

2.1 Supercapacitors as Energy Storage device 

Supercapacitors, also known as ultracapacitors, are electrochemical devices that has quasi-

reversible electrochemical charging and discharging. The general definition was first 
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defined by B.E.Conway [6]. The type of SCs that has non-Faradaic process and has perfectly 

electrostatic process as the charge storage mechanism and where the two electrodes are 

isolated by dielectric is named electric double layer capacitor (EDLC). And the type that 

involves Faradaic process and in which reversible redox reaction occurs is called 

pseudocapacitors (PC) [7]. Figure 2-1 shows the classification of EDLC with the electrode 

materials used for those SCs. EDLCs mainly uses carbonaceous materials due to their 

porous nature and active surface area. CNTs are promising material for EDLCs owing to its 

properties and numerous applications. PCs use different types of transition metals and 

conducting polymers. Hybrid SC use different types of materials in their anode and cathode 

to make the SC. This study will particularly focus on EDLC type SC based on CNT. Details 

about the charge storage mechanism, properties of the SCs and their description are 

discussed later in the report.  

 

Figure 2-1: Classification of different types of EDLCs and electrode materials used 

(redrawn from [7]) 

Gaining insight into the performance characteristics of diverse energy storage devices and 

establishing their interrelationships in terms of power and energy is of utmost importance. 

To facilitate such comparisons, the Ragone plot is commonly employed, which allows for 

the evaluation of energy and power density across a range of energy storage systems. This 

plot serves as a valuable tool for assessing and contrasting the capabilities of different 

energy storage technologies. Such a plot of energy - power density is shown in Figure 2-2. 

Electric Double 
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(EDLC)

Activated Carbon 
(AC)

Carbon Nanotube 
(CNT)

Carbon Aerogel

Graphene

Carbon Nanofibre
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While supercapacitors (SCs) exhibit a notable advantage in terms of high-power density, 

they are limited in their energy density compared to other energy storage systems. The 

objective is to simultaneously achieve high energy density and high-power density, 

enabling a device to store a larger amount of energy and deliver it rapidly when required. 

This pursuit aims to narrow the gap between traditional batteries and capacitors by 

reducing it by several orders of magnitude. By bridging this gap, SCs hold the potential to 

revolutionize energy storage technology, offering a compelling balance between energy 

storage capacity and rapid energy delivery. 

 

Figure 2-2: Energy-power density represented by Ragone plot for different energy 

storage systems (adopted and modified from [8] 

2.1.1 Constituents of Supercapacitors 

There are mainly four essential parts of a SC. A) Electrode B) Electrolyte C) Separator D) 

Current Collector. Each of the part is discussed in the following section. 
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Figure 2-3: Schematic of EDLC showing its components [9] 

A schematic of an EDLC with the four main components can be seen in Figure 2-3. 

Brief discussion about each of the components of SC are given below- 

A. Electrode: Material selection for the electrodes is essential for the performance of 

the SCs. The properties of the electrode materials should have high specific surface 

area (SSA), high electrical conductivity, chemical and thermal stability, low-cost and 

environment friendly [7], [10]. EDLC type behaviour can be seen in carbonaceous 

electrodes. These electrodes do not involve Faradaic process and can store charge 

at the surface of the electrodes. Carbonaceous materials consist of a wide from 

graphene to nanofibers and nanotubes. CNT plays an important role in reaching 

high capacitance owing to its many useful properties like high SSA, high 

electrochemical stability and high mechanical properties and many more [11]. 

More details about CNT materials and their roles in SCs will be discussed in the next 

sections. 

B. Electrolyte: The electrolyte serves as a crucial component in dictating the 

performance characteristics of supercapacitors (SCs). The physical and chemical 

properties of the electrolyte play a vital role in determining the overall efficiency 

and effectiveness of the SC. The selection and optimization of the electrolyte can 

significantly impact important parameters such as the working potential window, 

capacitance, cycle life, and energy-power density of the SC. By carefully tailoring 

the electrolyte composition, it becomes possible to enhance the operational range, 

maximize capacitance, prolong the cycle life, and achieve optimal energy and 

power densities for the SC . 
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Figure 2-4: Effects of different electrolyte on SC performance [adopted from [9] 

Figure 2-4 shows the most important properties of electrolytes affecting the 

performance of SC. Among many developments of SC, to increase the working 

potential window, i.e., increasing the voltage of the cell, is of great interest. It is 

because if the working potential is increased it can essentially increase the energy 

density of SC as can be seen from Eq. 1. 

𝐸 =
1

2
𝐶𝑉2 

(1) 

Here, E is the energy density of the cell, C is the capacitance in F g-1 and V is the cell 

voltage. The energy density of supercapacitors is directly proportional to the square 

of the cell voltage, indicating that increasing the voltage is a more efficient 

approach for enhancing energy density compared to increasing electrode 

capacitance. Therefore, the development of electrolytes with a wider potential 

window is crucial to enable higher voltage operation and maximize energy density. 

By focusing on expanding the potential window of the electrolyte, significant 

advancements can be achieved in enhancing the energy storage capabilities of 

supercapacitors. There are many types of electrolytes as liquid, solid state or quasi 

solid state or ionic electrolyte that were reported in the literature. 

There are many factors in the nature of the electrolyte that all have influence on 

the EDLC capacitance and performance, that includes a) type of the ion; b) size of 

the ion; c) concentration of ion; d) ion-solvent interaction; e) electrolyte-electrode 
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interaction; and f) working potential window [9]. Moreover, the electrolytes must 

be in operating condition within -30°C to +70°C temperature.  

Aqueous electrolytes have less electric double layer (EDL) thickness than non-

aqueous electrolytes. So, the total capacitance is greater in the aqueous electrolyte 

than that of the non-aqueous one. But the main disadvantage of the aqueous is the 

low discharge voltage along with high corrosivity and short temperature range. On 

the contrary, organic electrolytes, which falls under non-aqueous electrolytes, have 

a larger operating voltage (>2.3 V) and good stability in a wide range of temperature 

[1]. But there are issues with organic electrolyte such as higher cost, lower 

conductivity and lower specific capacitance that must be taken into consideration. 

Using organic electrolyte, a study showed that the capacitance of EDL SCs increases 

with the decrease of the ion size [12]. Dimethylpyrrolidinium tetrafluoroborate 

dissolved in Acetonitrile (DMP-BF4 /ACN) is such an organic electrolyte with small 

cation, higher potential window and greater stability. 

 

C. Separator: In the construction of a SC, a separator is necessary to create a physical 

barrier that separates the two electrodes and prevents short circuits. The primary 

function of the separator is to facilitate the efficient transport of ions without 

undertaking any chemical reactions. The ideal porosity of the separator should be 

optimized to ensure an adequate supply of electrolyte to the SC. The separator 

material should have small and uniform pore sizes to prevent short circuits resulting 

from electrode particle migration or dendritic growth [13]. Electrolyte retention is 

another role of the separator. By retention of the electrolyte, separators prevent 

leakage or excessive evaporation, maintaining the stability and durability of the SC. 

Separators also provide with mechanical support SC cell to maintain the structural 

integrity during operation and preventing damage or deformation to the cell. 

Typical separator materials used in SCs consist of glass fibre, cellulose, ceramic 

fibres, or polymeric films [7]. Figure 2-5 shows a separator used to separate the 

carbon electrodes for a cylindrical SC. 

Glass fibre separators provide rapid filtration while maintaining excellent particle 

retention capabilities. The separators used in SCs are constructed from borosilicate 

glass fibres, providing them with exceptional resistance to various organic and 
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inorganic solvents. These separators exhibit thickness variations ranging from 0.3 

mm to 1.0 mm and possess the capability to withstand high temperatures up to 

500 °C. [14]. 

 

Figure 2-5: Carbon electrodes on Al foil (current collector) and separator used in EDLC 

[15] 

D. Current Collector: The current collector facilitates efficient charge transfer via the 

external load or circuit. Electrons are collected from the electrode and supplied to 

the output device. To ensure optimal performance of the SC, the current collector 

must have superior conductivity (electrical). Its primary function is to minimize 

contact resistance, allowing for smooth electron flow. Therefore, for the 

enhancement of the performance of the SC few aspects of the current collector are 

essential such as: high electrical conductivity, lower contact resistance, high 

electrochemical stability, flexible and light in mass [16]. In general, current 

materials such as aluminium, iron, and steel alloys are commonly used as current 

collector. To ensure that the contact resistance is reduced, the activated materials 

is coated, or grown chemically on the current collector. Typically, aluminium foil is 

chosen as the current collector due to its ability to efficiently carry high currents, 

its chemical stability, and its relatively low cost [17]. 
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2.1.2 Brief Discussion of EDLC Mechanism 

 

Figure 2-6: Schematic of charge and discharging mechanism in EDLC [18] 

Now that the basic parts of SC are known, the mechanism of SC can be described in a 

proper manner. As mentioned previously, there are generally two mechanisms of charge 

storage for SCs: 

1. EDLC: The charges are stored electrostatically as electric double layer capacitance 

at the interface of the electrode of the SC and 

2. Pseudocapacitance: Storing the charges in faradaic mechanism at the interface of 

the electrode material [6]. 

EDLCs operate based on a capacitive mechanism, where electrostatic forces play a 

significant role. Capacitance is generated at the plane where the electrolyte and electrode 

come in contact due to the electrode-potential-dependent accumulation of electrostatic 

charges. The charge is stored electrostatically the electrolyte ions are adsorbed onto the 

surface of the active material. There is a lack of electric charges on the surface of the 

electrode due to the accumulation of charge. Meanwhile, to maintain a neutral electron 

balance the electrolyte compensates by accumulation of charge-carrying ions [7], [15], 

[17]. 

The charge-discharge process of the EDLC can be mathematically described using the 

subsequent expressions. S1 and S2 are electrode surfaces, anions are denoted as A-, cations 

as C+, and the electrode-electrolyte interface is indicated by the "//" symbol. These 

equations provide a quantitative representation of the electrochemical reactions 
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happening during the charge-discharge cycles of the EDLC. So, the equations can be 

expressed as Eq. (2) –(7) [17]. 

For the positive electrode: 

𝑆1 + 𝐴−  
𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔
→      𝑆1+//𝐴− + 𝑒− 

(2) 

 

𝑆1+//𝐴− + 𝑒−
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔
→         𝑆1 + 𝐴−  

(3) 

 

For the negative electrode: 

𝑆2 + 𝐶+ +𝑒−
𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔
→       𝑆2−//𝐶+ 

(4) 

 

𝑆2−//𝐶+
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔
→          𝑆2 + 𝐶+ + 𝑒− 

(5) 

So, the overall charging and discharging shown in Eq. (6) and (7) becomes: 

𝑆1 + 𝑆2 + 𝐴− + 𝐶+
𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔
→      𝑆1+//𝐴− + 𝑆2−//𝐶+ 

(6) 

 

𝑆1+//𝐴− + 𝑆2−//𝐶+
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔
→         𝑆1 + 𝑆2 + 𝐴− + 𝐶+ 

(7) 

Several theories and models are used for explaining the formation of EDLC are based on 

widely known model theories of Helmholtz, Stern and Gouy-Chapman [19]. 

In the context of the pseudocapacitance electrode for PC, electrochemical reactions occur 

in two distinct manners. Firstly, there is a process of charge transfer that is Faradaic. 

Secondly, there is a redox reaction that takes place either at the surface of electrode or in 

close proximity to it. As a potential is applied on the electrode material, it experiences fast 

and highly reversible redox reactions. This causes the rise of pseudocapacitance due to the 

alteration in the valency number of the electrode material, thus leading to the transfer of 

electrons. Figure 2-7 shows schematic of a PC showing its components. 
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Figure 2-7: Schematic of a PC showing its components [9] 

2.2 CNT as Electrode Material for Supercapacitors 

The selection of materials for SC plays a crucial role on its performance, as noted earlier. 

The main aspect to fulfill the requirement of high capacitance is using high SSA electrodes. 

Carbonaceous materials are widely used for its high SSA, and relatively low cost. Among 

different carbonaceous materials, carbon nanotubes (CNT) are are regarded as promising 

electrode materials for SCs because of their high SSA, high electrical conductivity, excellent 

electrochemical stability and good mechanical properties, among other advantages. Eq. (8) 

shows that the surface area (A) affects the electric-duble-layer-capacitance directly. In the 

case of CNT, this area corresponds to the active surface of the porous CNT electrode. 

𝐶 ∝
𝐴

𝑑
 

(8) 

This means that with high SSA of CNT electrodes the capacitance will also be high.  

Figure 2-8 shows the graphical representation of SWCNT and MWCNT. 

 

Figure 2-8: Diagram of SWCNT and MWCNT formed by roliling graphene sheets [11] 

One of the most commonly used methods for the synthesis of high quality CNTs is by 

chemical vapor deposition (CVD). CVD for synthesizing CNTs involves preparing a catalyst-
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coated substrate (for e.g Ni catalyst on Al foil), introducing a carbon feedstock gas into a 

heated chamber, and allowing the carbon atoms to accumulate and form nanotubes on 

the catalyst surface. The growth process is controlled by adjusting parameters such as 

temperature, gas composition, and flow rate, and the resulting nanotubes are collected 

after cooling down the chamber [11]. Both SWCNT and MWCNT can be synthesised using 

the CVD method [20], [21]. 

 

Figure 2-9: Illustation of chemically interconnected cross-liked CNT [22] 

There are many useful properties of CNTs that help to boost the functioning of CNT based 

SCs. Within the CNT network the ions of the electrolyte can diffuse through easily and at a 

faster rate which results in lower ESR for the electrode [23]. Lower ESR means that the 

charging time of the SC device will be faster. A recent study showed a promising technique 

to directly grow MWCNTs on aluminum foil, specifically for use as SC electrodes [24]. The 

results exhibited good specific capacitance and cyclability in charge-discharge process. 

Researchers from University of South-Eastern Norway have developed a similar technique 

by CVD method to synthesise interceonnected cross-linked CNT on Al foil using 

atmospheric pressure chemical vapor deposition(APCVD) that resulted in achieving high 

areal capacitance of approximately 2 F/cm2 [25]. The APCVD process uses different gas 

compositions for the growth of the CNTs.  

Figure 2-9 shows an illusation of chemically interconnected cross-linked CNTs that 

enhances the mechanical features, higher tensile strength of CNTs, high surface area and 

greater porosity that is useful for SC application [26], [27]. So, this technology of growing 

CNT allows to achieve remarkable properties, such as a significantly high surface-area-to-
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volume ratio, rapid ion diffusion dynamics and excellent electron conductivity, leading to 

an extraordinary specific capacitance with an organic electrolyte. Additionally, the 

technology exhibited an impressively low series resistance of less than 100m Ohm/cm² at 

1kHz [25], [28]. 

2.3 Compact Packaging Techniques for Supercapacitors 

The packaging of SCs play a crucial role in their overall performance, reliability, and 

integration into a wide range of applications like mobile and wearable electronics, power 

backup systems, IC power management, transportation and vehicles, defence and aviation 

sector, and more [29]. Moreover, compact packaging techniques are particularly important 

for achieving efficient space utilization, enhancing power density, and enabling the 

miniaturization of energy storage systems. When it comes to compact packaging of SC, 

usually on a laboratory and scale and for research purpose coin cell, pouch cell, cylindrical 

and swagelok type cells are usually tested and validated by the research community. There 

is much academic research most based on materials of SCs that have been done for 

demonstrating the performance of CNT based SC for different application [30]–[33]. One 

study report about the assembly and packaging of several SC cells into a module [34] that 

demonstrated energy density performance of the SC module. Another research study by 

Brahim et al [35] demonstrated high volumetric capacitance and other testing 

performances with cylindrical and pouch cell formation. 

Unfortunately, there is less comprehensive study based on the packaging of compact SCs. 

Research has been going on also with other types of SCs like micro supercapacitors (MSCs) 

for small and portable electronic applications. Few research studies report about on-chip 

SC and are suitable for electronic equipments such as implantable medical devices, MEMS 

device and flexible electronics [36]–[39]. These research demonstrations provide insights 

into the challenges and advancements in prototyping, miniaturization, on-chip integration, 

and fabrication methods of SCs. They explore different approaches to improve 

performance, energy density, and power density of SCs for various applications. Compact 

packaging techniques are also adopted by many commercial industries owing to its 

numerous small device applications as battery assist, power backup and power storage 

device [40], [41]. Commercial SCs comes in a range of form factors that includes coin, 

pouch, cylindrical and prismatic types. SCs are commercially manufactured to meet the 
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growing demand of small and portable electronic applications. Interestingly, there is an 

emerging SC type that is much smaller and has higher power capability. These chip like SCs 

have to potential to contribute to the energy storage systems. The next sub-sections will 

discuss about few compact packaging techniques for SC application that are of relevant for 

this study. 

2.3.1 Coin Cell 

Coin cell, also called button cell, are used in small electronic devices. In laboratory scale, 

performance of a SC is usually tested and validated with coin cell setup on. In the case for 

SC, two electrodes are typically used, which are separated by a porous membrane. High-

surface-area materials are used as electrodes, such as CNT, that can store and release 

electrical charge efficiently as discussed in 2.2. The porous membrane serves as a 

separator, allowing ions to move between the electrodes while preventing electrical short 

circuits. For the coin cell parts there are two metal casings on the top and bottom, a conical 

spring, and a spacer (metal disk). These parts are made out of stainless steel1 and the top 

cap has a sealing gasket inside made of polypropylene [42]. To ensure hermatic sealing of 

the SC cell, the assembly of the coin cell needs a pressure (known as crimp pressure) that 

is applied on the top casing shown in Figure 2-10. The spacer and the spring are used for 

the mechanical stability and to ensure proper connection of the electrodes with the top 

and bottom cases. More details about the assemble and packaging will be discussed in 

Experimental Setup & Procedure  section. 

 

1 Grade type SS304 contains up to 18% Chromium and up to 8% Nickel. 
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Figure 2-10: Schematic of coin cell parts and configuration [42] 

The size of the coin cells usually has a distinct code number that represents the diameter 

and thickness of the casing. More generally the code starts with a CR that means coin cell 

(C) and round shape (R). For the numeric part, the first two digits mean the diameter of the 

cell in mm and the last two digits mean the thickness or height of the cell in tenths of a 

millimetre. For e.g., for coin cell model CR2032 the diameter is 20 mm, and the height is 

3.2 mm.  

Coin cell SCs have several advantages. They have a compact size, making them suitable for 

applications where space is limited. They can be easily integrated into small electronic 

devices or used as standalone energy storage units. Coin cell SCs exhibit exceptional 

characteristics, including high power density and extended cycle life. These attributes allow 

for rapid charge and discharge cycles to be sustained over an extended period. The high 

power density of coin cell SCs enables them to deliver and store energy efficiently, making 

them suitable for applications that require rapid energy release. Additionally, their long 

cycle life ensures that the SCs can endure multiple charge and discharge cycles without 

significant degradation, providing prolonged usage and reliability in various applications. 

[43]. These SCs provide quick bursts of power, which is beneficial in scenarios where high-

power requirements are necessary, such as in wireless sensors, medical devices, or backup 

power systems. 
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2.3.2 Pouch Cell 

Pouch cell design has gained considerable attention in both research and industry as a 

viable option for SCs. Pouch cell are part of surface mount device (SMD) technology that 

enables attaching these devices directly onto a circuit or PCB. This design involves 

arranging electrode sheets and separators in layers inside a polymer bag. One of the key 

advantages of pouch cells is their flexibility in design, allowing for the stacking of any 

desired number of electrodes in various shapes. As long as the soldered current collector 

tabs are properly connected to the appropriate terminals within the cell, this design offers 

significant design freedom [44]. The polymer bag used in the assembly of these 

components offers flexibility to allow volume expansions, allowing for a high degree of 

customization in cell capacity without significant difficulties [45]. Moreover, the pouch cell 

design optimizes space utilization, achieving packaging efficiency of up to 90-95%, which is 

the highest compared to other packaging designs [44]. Devices utilizing pouch cells tend to 

be thinner, demonstrate lower ESR value, and achieve higher energy and power densities 

[44]. 

Pouch cells mainly have six parts: a) Polymer bag ; b) metal tabs ; c) heat sealant ; d) 

electrodes ; e) separator and f) electrolyte. The polymer bag acts as the outer package of 

the cell generally made of polymer or aluminium laminated with polymer. The metal tabs 

act as the positive and negative terminal of the cell and are needed to make electrical 

connections outside the pouch cells. The tabs are made of aluminum or nickel and have a 

heat sealant on them made of thermoplastic bonding film that ensure that these tabs stay 

in position and make proper sealing with the pouch bag under high temperature sealing. A 

separator is placed between the two electrodes (anode and cathode) similar to coin cell. 

Finally, the electrolyte is put onto the separator inside a N2/Ar filled glovebox ( to ensure 

moisture free environment). Figure 2-11 shows a schematic of a pouch cell configuration. 



 

  

___ 

28 
 

 

Figure 2-11: Schematic of a pouch cell configuration [41] 

Although there are several advantages of pouch cell, its rigidity depends on how well the 

cell is constructed. They may be more sensitive to mechanical damage due to their flexible 

nature, requiring careful handling and protection. Pouch cells can also have slightly lower 

mechanical stability compared to rigid formats, which may affect their long-term durability 

and cycling performance. But these are mostly true in a laboratory setup. Industrially made 

pouch cells tend to be more rigid and durable. There are many applications of pouch cells, 

especially in compact devices or systems. Among them smart biometric card is a promising 

technology that uses very small pouch cells for powering the device. This means that these 

compact SCs need to have much less area but also high power for rapid charge delivery.  

2.3.3 Chip Type EDLC 

Among the types of SCs form factor, chip-type SCs are relatively less footprint both in the 

research and industrial arena. These chip like structured SCs, are perfectly compatible for 

devices that have numerous application. To meet the consumer demand for smaller and 

thinner electronic components in portable devices, there are industries that pioneered the 

commercial manufacturing of chip-type EDLC for SC application. One such company is Seiko 

Instruments Inc. (SII)  from Japan that introduced a new type of chip-type EDLC and claims 

to be the world's thinnest and smallest chip-type EDLC, designed for small portable devices 

like smart pen, smart card, memory backup, ICs etc. These compact packaged EDLCs are 
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surface mount device that have various applications where compact design is intended. As 

per Seiko, the chip-type rectangular shaped EDLCs increase volumetric efficiency by 50% 

and reduces mounting height by 20%. They use activated carbon and organic solvent in its 

electrode and electrolyte, respectively, the chip-type design and superior air-tight ceramic 

package ensure improved leakage current and long-term reliability. With a size of 3.2 mm 

in length, 2.5 mm in width and thickness of 0.9 mm (shown in Figure 2-12), this SC has high 

capacitance (14mF), quick charge characteristics, and reflowable Pb-Free design, these 

EDLCs are suitable for backup memory for CPU or DRAM, clock functions, and power 

management in various portable electronic device and wireless sensor networks. 

 

Figure 2-12: Chip-type EDLC from Seiko Instruments Inc.  [40] 

Seiko’s chip-type EDLC offers smaller and thinner capacitors with improved performance 

and reliability. These EDLCs cater to the demand for compact electronic components in 

portable devices and can be used for various applications such as backup for memory, 

power management, and energy harvesting to open new research opportunities in the field 

of energy storage technology[40]. The literature on the assembly and packaging of chip-

type EDLCs is currently quite limited. However, there is a growing interest within the 

research community to explore and investigate this design for testing and validation 

purposes. These SC have the potential to greatly impact the energy demand in the 

electronic industry. The author of this study was motivated to conduct research on the 

potential design solutions for chip-type EDLCs. The aim was to address the existing 

knowledge gap and contribute to the understanding and advancement of this particular 

area of EDLC SC technology. Further discussion about this chip-type SC will be mentioned 

later. 
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2.4 Performance Evaluation of CNTs based Supercapacitors 

SCs have to be evaluated based on many performance metrics and factors that involves 

type of electrode material, electrode thickness, electrolyte, current collector, mass loading 

of the active material, cell configuration, testing methods, testing parameters and many 

more.  

 

Figure 2-13: Major factors, metrics and test methods that are used for performance 

evaluation of SCs [46] 

Figure 2-13 gives an illustration of the major factors, metrics and test methods that are 

used for the performance evaluation of SCs. The following sections will discuss about few 

of metrics and test methods. 

2.4.1 Quality Assessment of CNT Materials 

To evaluate the performance of the SCs few aspects of have to be taken into account. 

Firstly, the electrode materials, for instance CNT, need to be characterised to ensure that 

the desired materials are grown by the CVD process, the quality, and the material 

properties of materials. These can be done by the morphology of CNTs with different 

material characterisation tools. Morphology of CNTs plays a crucial role in their 
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performance as electrodes in SCs. The key aspects of CNT morphology that influence SCs 

applications include diameter, length, porosity, wall structure (single-walled or multi-

walled), carpet height2 , purity, adhesion and alignment. 

The diameter of CNTs affects their surface area and, consequently, the amount of charge 

that can be stored. Smaller-diameter CNTs generally have higher surface areas, providing 

more electrochemically active sites for energy storage. The length of CNTs influences 

transportation of charge and can enhance the mechanical integrity of the electrode 

material. Longer CNTs improve connectivity between the electrodes and reduce the 

chances of structural degradation during charge-discharge cycles. There is a concept of 

inter-connected cross-linked CNTs that was discussed before, which enhances charge 

transport and other properties of the CNTs in a positive manner [26], [27] Purity is crucial 

for optimal SC performance. Impurities, such as amorphous carbon or metal catalyst 

residues, can adversely affect the characteristics and potential toxicity of CNTs [47]. For 

this purpose, highly purified CNTs are desirable. 

Porosity is another important parameter that is used for speculating how the SCs might 

behave under different electrolytes. It can affect the performance of the SCs by trapping 

air or other gases to block the pores for ion exchange. This makes it difficult for the ions to 

have the steady exchange of ions and thus leading to degradation of capacitance and other 

performance parameters. 

Overall, optimizing CNT morphology, is important for speculating the performance of SCs. 

Morphology can be performed by scanning electron microscopy, transmission electron 

microscopy, Brunauer-Emmett-Teller (BET), Raman spectroscopy, Fourier-transform 

infrared spectroscopy (FTIR) and so on. SEM and TEM images can provide useful and 

detailed information about the diameter, thickness, length, and an overview of the growth 

of the CNTs. BET is used to for the active surface area of the CNTs, Raman and FTIR 

spectroscopy can detect the peaks that correspond to different bonds of carbon so as to 

ensure the existence of CNTs. There are other tools and techniques for the characterization 

of CNTs but those are out of the scope of this study. Figure 2-14 shows the SEM images of 

CNTs at different magnifications showing the interconnected cross-linking between CNTs. 

 

2 Cross-sectional height of the active area of CNT 
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Figure 2-14: SEM images of interconnected and cross-linked fullerene-like carbon 

decorated CNT (FC-CNTs) [22] 

2.4.2 Electrochemical Performance of SCs 

For evaluating the electrical performance of the electrode3 and the whole cell4 , different 

electrochemical characterization techniques are crucially important to be tested and 

analysed. A potentiostat is a device that controls the potential of the electrode and record 

the change in the electrode current and vice versa. 

2.4.2.1 Three-electrode & two-electrode systems 

For the electrochemical characterization the testing protocols can be configured into two 

parts: 1) Three-electrode system; and 2) Two-electrode system. 

Three-electrode system is usually incorporated to find the performance of the electrode 

material. It is a faster technique and easy to implement and work with. In a three-electrode 

system there are working electrode (WE), reference electrode (RE) and counter electrode 

(CE). WE is the desired electrode material to be tested for e.g., CNT. WE is submerged into 

sufficient amount of electrolyte/solvent so that the active material on the electrode is in 

contact with the liquid. RE is usually used to as a base potential that has a fixed and stable 

potential itself. Commonly silver-silver chloride solution electrode (Ag/AgCl) is used as the 

RE. Finally, a CE maintains the electrochemical balance within the WE by modulating its 

potential. To fulfil this function, materials with high conductivity and inert characteristics, 

such as platinum meshes or graphite rods, are commonly used. A voltage is applied across 

 

3 Only the electrochemical characterization of the electrode itself 
4 Coin cell, pouch cell or any other cell format. 
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the WE and RE with a potentiostat and current is measured with WE and CE as shown in 

Figure 2-15 [45]. 

 

Figure 2-15: Three-electrode system showing WE, RE and CE [45] 

On the other hand, a two-electrode system is usually incorporated for a whole device i.e 

contains a cathode and an anode. Coin cells and pouch cells are measured using two 

electrode setup. There are two terminals, one is connected with the cathode and the other 

to the anode of the device. The difference is that there is no RE like the three-electrode 

setup [45]. 

2.4.2.2 Test Methods 

Several testing methods are implemented for the electroche chemical characterisations of 

the SCs for its performance evaluation. Commonly used test methods are as follows: A) 

Cyclic Voltammetry (CV); B) Galvanostatic charge-discharge (GCD) & constant current 

charge-discharge (CCCD); and C) Electrochemical impedance spectroscopy (EIS). These 

methods are primarily employed for the measurement of key parameters including 

voltage, current, and time. These parameters serve as the basis for further calculations 

pertaining to capacitance, equivalent series resistance, operating voltage, power density, 

energy density, time constant, and other related quantities. These calculations provide 

valuable insights into the performance and characteristics of the system under 

investigation. 

Cyclic Voltammetry (CV): CV technique is useful for the quantitative and visible data 

representation of the electrochemical behaviour of the active material. A potential is 

applied to the WE relative to the potential of the RE, creating a sweeping voltage profile 
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that oscillates within a predefined range determined by the user. The potential window 

depends on the electrolyte used as discussed earlier. The rate of the potential change is 

called sweep rate or scan rate and measure in mV/s or V/s. As the potential is applied, the 

instantaneous time depndent current is recorded and plotted as current (I) against 

potential (E). Schematic of CV curves for material configuration are shown in Figure 2-16. 

For a pure capacitive form of an EDLC the CV curve is of rectangular shape. The behaviour 

changes when there is the existence of pseudocapacitance, distorting the shape as shown. 

 

Figure 2-16: Schematic of (a-c) CV and (d-f) GCD curves for EDLC, PC and faradaic materials 

[48] 

Galvanostatic charge-discharge (GCD) & constant current charge-discharge (CCCD):  

GCD and CCCD both are widely used for the electrochemical characterizations of SCs. In 

these testing methods, a constant current is applied to (dis)/charge the SC up to a certain 

potential. Potential with respect to time is recorded and the output is a plot of potential 

(E) versus time (s). The charging and discharging current depend on the SC device. These 

testing methods can be used for measuring the important parameters capacitance, series 

resistance and operating voltage. Other parameters mentioned above can also be 

calculated from these techniques. Usually for an ideal EDLC the GCD curve, as shown in  

Figure 2-16, is a linear line from initial to peak potential and back to the initial again [45], 

 
 
 
 
 
 
 
 
 
(a)                                           (b)                                                   (c) 
 
 
 
 
 
 
 
(d)                                            (e)                                                   (f) 
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[46]. Both GCD and CCCD have the same working principles but only differ with the setting 

in the program, i.e., for CCCD different current can be applied with respect to time. 

Electrochemical Impedance Spectroscopy (EIS):  

It is a method of test that involves the application of a low amplitude alternative voltage, 

typically in the millivolt range, to maintain a steady-state potential. The impedance of the 

cell is then measured over a range of frequencies (0.01 Hz to 1MHz), providing valuable 

information about the electrochemical behavior and properties of the system under study. 

The output graph is a Nyquist plot in which imaginary and real impedance parts of the cell 

are plotted [45]. The utilization of frequency response characteristics serves as a valuable 

tool for examining electrochemical capacitors that incorporate electroactive electrode 

materials. Through this investigation, important insights are gained regarding various 

aspects, including: 

(a) The inherent electrode properties. 

(b) The distribution of pore sizes within electrode materials possessing a high surface area. 

(c) Criteria like the electrode thickness and the interaction between particles [7]. 

 

 

Figure 2-17: Schematic of a) Nyquist Impedance and b) Bode plot [7] 

A general impedance model schematic is shown in Figure 2-17. There are few elements 

that are can be extracted from the Nyquist plot. The semicircle in the high frequency region 

depicts the ESR5 (denoted as Rs) and the resistance due to charge transfer of the electrode 

 

5 Internal resistance mainly contributed by electrolyte 
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material (denoted as Rct ). The resistance due to the diffusion behaviour of the electrolyte 

is represented by Warburg element. And finally, a slope or a line parallel to the imaginary 

plane represents the capacitive behaviour of the electrode or device [7], [49], [50]. All these 

elements can be simplified in a Randles equivalent circuit for SC circuit modelling, shown 

in Figure 2-18. Here Cdl is the electric double layer capacitance. 

 

Figure 2-18: A simplified representation of a Randles circuit to depict EIS [49] 

Therefore, EIS technique is a powerful non-invasive technique that can be used to interpret 

the behaviour and properties of SC material. EIS plays a crucial role in advancing the 

knowledge of electrochemical systems and facilitating the design and optimization of 

energy storage devices and electrochemical sensors. 

Cdl 
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3 Experimental Setup & Procedure  

 
Figure 3-1: Flowchart of the experimental setup and procedure for this study 

The experimental setup & procedure chapter in this thesis covers several important 

aspects of the research. Firstly, the morphology of the CNTs electrode is explored, 

providing insights into its structure and properties. Next, the sample sizing and mass 

loading for testing and assembly is detailed, outlining the steps taken to ensure the 

electrode's integrity and functionality. The chapter further describes the cell assembly 

process, explaining how the Al-CNT electrode and other components are assembled to 

form the electrochemical cell. Electrochemical characterization techniques are then 
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employed to analyze the performance of the cell, measuring parameters such as voltage, 

current, and impedance. Furthermore, calculated parameters are derived from the 

measured data, which includes parameters like capacitance, ESR, enrgy density, power 

density etc. This comprehensive experimental setup and procedure chapter establishes a 

solid foundation for the subsequent analysis and discussion in the study. Figure 3-1 gives a 

thorough overview of the different experimental setup and procedures incorporated in this 

study. 

3.1 Morphology & Material Characterisation of CNTs Electrodes 

The Al-CNTs electrodes used for this study was fabricated using technology invented by 

the researchers of University of South-Eastern Norway [25], [51]. The Al-CNTs electrodes 

were received after the growth by APCVD process. 

After the growth of the CNTs the samples are extracted and ready for the next steps of 

material and electrochemical characterisations. Figure 3-2 demonstrates the images of 

typical samples before (left) and after (right) the growth of CNTs. 

 

Figure 3-2: Typical samples before and after the growth of CNTs 

Characterizations of the samples were conducted through SEM (Hitachi SU3500) and Field 

Emission SEM (FE-SEM, Hitachi SU 8230) (see Annexes). In this study, the utilization of both 

SEM and FE-SEM allows for the generation of high-resolution images of the sample's 

surface. This enables precise observations of the nanoscale structure of CNTs 

comprehending their morphology, diameter, length, and other relevant characteristics. 

Assessing the quality, uniformity, cross-linking and to make an idea about the thickness of 

the Al-CNTs electrode are of importance in this research, and the capabilities of SEM and 

FE-SEM play a vital role in achieving this objective. 
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In this study, FTIR (Nicolet iS50, Thermo Fischer) (see Annexes) with a 1064 nm laser as the 

excitation source and a maximum power of 0.5 W was utilized to detect the presence of 

CNTs and/or amorphous carbons. The operational principle of FTIR involves analysing the 

sample's absorption of infrared radiation across different wavelengths. The absorption of 

infrared light by different functional groups and bonds present in the samples produces a 

unique spectrum, which can be used for quantification and identification purposes. By 

examining the distinctive FTIR spectrum, the existence of CNTs and amorphous carbons 

can be identified and quantified. 

3.2 Packaging and Fabrication of Supercapacitors 

3.2.1 Sample Sizing & Mass Loading Measurement 

Mass loading was to accurately determine the mass of the grown CNTs in this study. It is 

worth mentioning that the area of the substrate was also measured to get the mass loading 

of the specific parameter in milligram per square centimetre (mg/cm2). To accurately find 

the carpet weight or mass loading of the CNTs, the mass of the foil and the Ni loading were 

subtracted from the final mass loading with all the material after growth. Eq. (9) shows the 

formula used to determine the mass loading of CNTs. 

𝑀𝐶𝑁𝑇 = 𝑀𝐴𝑓𝑡𝑒𝑟 𝑔𝑟𝑜𝑤𝑡ℎ −𝑀𝐵𝑒𝑓𝑜𝑟𝑒 𝑔𝑟𝑜𝑤𝑡ℎ (9) 

Here 𝑀𝐶𝑁𝑇 is the carpet weight or mass loading of only CNT in mg/cm2. 

After the mass loading, electrodes were cut into particular size for the electrochemical test 

and assembly. To make the calculation more precise, each of the sized electrodes’ mass 

loading was also performed. Importantly that for the three-electrode system of 

measurement only the CNTs electrode itself was required. This means that no assembly or 

packaging was needed to perform the three-electrode test. For three-electrode test setup, 

samples were cut into 1 cm2 size to have consistency in the measurement. The three-

electrode system measurement was used to have a quick understanding of the 

performance of the electrode. Later, from the same sample coin cell and pouch cell 

electrodes were taken. 
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For the coin cell assembly, electrodes were die punched with a hammer in circular disks. 

The size of the die has a diameter Ø=11 mm and this size was used throughout. Each 

circular disk has an area of ~0.95 cm2. 11 mm diameter was used because it is much closer 

1 cm2 as the electrode area. This was done to make consistency in electrode dimensions 

between the different assembly configurations. Glass fibre separator- MN GF‑5 GF/F 

(Macherey‑Nagel [14]) of thickness 0.4 mm was used for coin cell. The separator needs to 

be larger than the electrode size to avoid short circuit or contact between the electrodes, 

so Ø=16 mm circular disk was used. This glass fibre separator was chosen because it has a 

higher electrolyte retention capability, chemically resistant towards organic and inorganic 

electrolyte, easier to handle inside glovebox and can withstand temperature [14].  

For the pouch cells, two sizes of electrode dimensions were used: a) 1 cm2 and b) 2 cm2. 

This means that for few pouch cells 1 cm2 electrode dimension was used and for few it was 

2 cm2. The calculations were normalised by the area of the electrode. Same separator was 

used for the pouch cell, but the dimension was taken 1.5 times the area of each electrode. 

It is to be noted that, regardless of the configurations both the electrodes (cathode and 

anode) inside a specific cell have the same dimension. Figure 3-3 shows a picture of the 

glass fibre separator used for this study. 

 

Figure 3-3: Glass fibre separator used in this study [14] 

Packaging of the SCs have several steps to follow. Supercapacitor organic electrolyte 

CF4531 with 25 wt.% N,N-Dimethylpyrrolidinium-Tetrafluoroborate (DMP-BF4) dissolved in 

75 wt.% acetonitrile (ACN) was used for this study. This organic electrolyte, DMP-BF4, was 

chosen because it has superior performance in terms of operating potential window and 

stability. For its good performance, this electrolyte is used for research as well as for 
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industrial purpose. More details about the performance of DMP-BF4 are mentioned in the 

previous section. 

3.2.2 Coin Cell Packaging 

For coin cell packaging and assembly, CR2032 (Gelon SS304) coin cell parts were used. 

Spacer has a thickness of 1.0 mm and diameter of 16.0 mm. The electrode disks are labelled 

properly and then taken into the N2 filled glovebox (EasyLab, MBraun) for the assembly. 

The assembly is done inside the glovebox for several reasons:  

a) To ensure a highly purified atmosphere and very low levels of oxygen and 

moisture 

b) Prevents the contamination of sensitive components within the coin cell, 

such as the electrolyte and electrodes, by moisture, oxygen, or other 

impurities present in the ambient air. 

c) Eliminates the risk of undesired reactions and ensures the safety of the 

assembly process. 

d) The organic electrolyte is volatile and evaporates very quickly in normal 

atmosphere.  

The electrodes, separator, and electrolyte all are put inside the coin cell parts as mentioned 

in chapter 2.3.1. An approximation of the thicknesses of the electrodes from SEM cross-

section was made to make an idea for the volume of electrolyte. Using a pipette, electrolyte 

volume of 80 μL was used for each cell. Digital electric crimper (MSK-160E, MTI Corporation 

[52]) was used for the coin cell crimp pressure. Pressure of 0.6-1.4 T6 labelled in the crimper 

was used in this study for the coin cell assembly. Figure 3-4 shows the different coin cell 

parts for the packaging before and after assembly. After the assembly the coin cells are 

cleaned and rubbed in tissue paper with distilled water and labelled. Height of the coin 

cells after assembly is approximately 3.0 mm. 

 

6 1 T= 1 Kilogram per sq. inch = 6.90 MPa 
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Figure 3-4: Images of coin cell parts before and after packaging 

 

3.2.3 Pouch Cell Packaging 

 

Figure 3-5: Pouch cell packaging steps 

Pouch cell packaging steps and pouch cell configuration are shown in Figure 3-5 and Figure 

3-6 respectively. First the electrodes are cut into specific sizes. Next, the electrodes are 

electrically connected with the Al tabs using ultrasonic welding tool (MWX 100, Branson) 

with energy input of 10 J, while the power and time was set automatically set by the 

program. 
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Figure 3-6: Pouch cell configuration showing the components and sealing positions 

Pouch bags were cut according to the size of the electrode and were heat sealed using hot 

gun (KMS technologies) on one side labelled as seal 1. The first sealing was done this way. 

Separators were placed inside the drying oven (Binder) for at least 12 hours at 80 °C to 

remove any moisture. Next, the welded electrodes-tabs were put in place so that the tabs 

reach outside the pouch bag for terminals. Both the electrodes-tabs were aligned properly 

to keep the heat sealant7 just on the edge of the pouch bag and a separator was put 

between the electrodes. Now, both the sides of the electrode-tabs were heat sealed with 

the pouch bag (seal 2 and 3). At this stage only the seal number 4 is remaining. Afterward, 

the pouch cell was taken inside Ar filled glovebox (LabMaster, MBraun) for electrolyte filling 

and vacuum-heat sealing. About 120μL and 250μL of electrolyte were used for 1 cm2 and 

2 cm2 sized electrode respectively. Now that electrolyte filling was done the pouch cell was 

ready for the final sealing. The cell was placed inside the vacuum-heat sealer (KMS 

technologies) and vacuum was applied for 30 seconds to remove the air out of the pouch 

bag. The 4th sealing was done, and the pouch cell was then ready for testing. Labelling was 

done to distinguish the cells. 

 
 

 

7 Consist of thermal bonding film 
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3.3 Electrochemical Characterisation and Testing 

Electrochemical characterisations and testing were done using three-electrode system 

and two electrode system to measure different parameters of CNTs electrode SCs. 

3.3.1 Three-electrode & Two-electrode test 

As mentioned previously, for three-electrode system, Al-CNT electrode was directly used 

for the test. Three-electrode test was assembled to characterize the electrochemical 

behaviour of single electrode. Figure 3-7 shows an overview of the components and 

connection for the three-electrode setup. Al-CNT electrode sample is cut into specific 

dimension and attached with the WE of the setup. Graphite rod is used as the CE and 

Ag/AgCl solution (in saturated KCL) was used as the reference electrode. The electrolyte 

for used for this test was 1 M Na2SO4 (CAS-No.: 7757-82-6, Sigma-Aldrich) aqueous 

solution. The terminals of WE, CE and RE all were connected to the potentiostat i.e., 

electrochemical workstation (VMP3 & VSP-300, BioLogic). 

 

 

Figure 3-7: Assembly setup for three-electrode system 

The potential window for the three-electrode test were set 0-0.8 V. Decomposition 

potential is observed beyond this value, so this potential limit was chosen [53]. 

Electrochemical measurements by CV, GCD, EIS, CCCD and cyclic stability test were 

performed using EC-Lab, which is a software for controlling the BioLogic potentiostat. 
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Different programs are set in EC-lab according to the requirement and tests data are 

recorded and saved by the software. 

Coin cells and pouch cells are tested with two-electrode test setup. In a two-electrode test 

setup, there are only two electrodes involved: a positive electrode (anode) and a negative 

electrode (cathode). For this study, both the cathode and anode are of the same material 

i.e., CNTs based electrode. They can be called symmetric coin/pouch cell SC. This means 

that there are no specific positive or negative terminal for the connection. Figure 3-8 

demonstrates the test setup for coin cell and pouch cell. There are two connections for 

cathode and anode. 

 

Figure 3-8: Test setup for a) coin cell and b) pouch cell 

A stable operating potential window was determined by applying potential of 2.0 V to 3.0 

V. The operating window varied with the type of CNT sample. Cells were run at different 

temperatures of -20 °C, 25 °C and 60 °C to investigate the performance of SCs under 

different physical conditions. 

All the tools used are shown in Annexes. 

3.3.2 Calculations for Parameters 

3.3.2.1 Capacitance 

For a SC with two electrodes if the capacitance can be expressed as C1 and C2,  the total 

capacitance (CT) for a SC device can be put into equation as: 

𝐶𝑇 =
1

𝐶1
+
1

𝐶2
 (10) 
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As C1 and C2 both are same for symmetric SC, CT can be expressed as: 

𝐶𝑇 =
1

2
𝐶𝐸 

(11) 

Where CE is the electrode capacitance. 

From CV technique, capacitance can be calculated by the following equation: 

𝐶𝐸 =
∫ 𝑖𝑑𝑉

2𝑉𝑠∆𝑉Π
 

(12) 

Where ∫idV is the area under curve from CV, i is the constant current, Vs is the voltage 

scan rate, ΔV is the potential range and Π can be the mass loading of the active electrode 

or the surface area of the electrode material. Thus, the normalised or specific electrode 

capacitance, CE , can have the units F cm-2 or F g-1. The former is called specific areal 

capacitance while the latter is called gravimetric capacitance. 

From GCD technique, capacitance can be calculated as follows: 

𝐶𝐺𝐶𝐷 =
𝐼∆𝑡

∆𝑉Π
 

(13) 

Where I is the applied current, Δt is the discharge time, ΔV is the discharge voltage and Π 

can be the mass loading of the active electrode or the surface area of the electrode 

material. Equations used above are taken from these references [7], [9], [45], [46].  

3.3.2.2 Energy Density 

The energy density can be calculated from the following equation:  

𝐸 =
1

2

𝐶𝑇/𝐸(∆𝑉)
2

3.6 × Π
 

(14) 

Here CT/E is the capacitance of the total device or only the electrode, Π can be the mass 

loading of the active electrode or the surface area of the electrode material and ΔV is the 

operating voltage [9], [45], [54]. Unit of energy density can be written as Watt-hour per 

sq. cm, Wh/cm2 or as Watt-hour per kilogram, Wh/kg. 

 

3.3.2.3 Power Density 

The term specific power density, expressed in Watt per kilogram W/kg or Watt per sq. cm 

W/cm2 , refers to the rate at which a device can efficiently supply energy to external 



 

  

___ 

47 
 

loads while maintaining a consistent current density. Therefore, maximum specific power 

density, P, can be expressed as [9], [45]: 

𝑃𝑚𝑎𝑥 =
(∆𝑉)2

4Π𝑅𝐸𝑆𝑅
 

(15) 

Where ΔV is the operating potential, Π can be the mass loading of the active electrode or 

the total mass of the device and RESR is the ESR of the cell. 

3.3.2.4 Equivalent Series Resistance (ESR) 

Equivalent series resistance (ESR) is an essential parameter when it comes to SC 

application. It is even more important when there is a need for pulse power application. 

The reason lies in the fact that ESR is inversely proportional to power, so lower ESR means 

higher power. So, to get a higher power density it is essential to use an electrolyte with 

high ionic conductivity. Although organic electronic has a larger potential window, but the 

ionic conductivity is lower than aqueous electrolyte. In this regard, a compromise is there 

between operating voltage and ionic conductivity. Also, ESR is related to the time constant, 

τ, that indicates a device’s responsiveness for charge time that will be shown in the next 

sections. 

As discussed previously, to get the Nyquist impedance plot, a small perturbation of 1.5mV 

from 1 MHz to 0.1 Hz was applied. Data were recorded as complex imaginary impedance 

and real impedance in the y and x-axis respectively. A semi-circular curve is usually 

obtained and ESR can be measured from the curve. ESR can be obtained from the curve in 

two ways: 

1. The real impedance value of the curve just crossing the x-axis, and 

2. By measuring the real part impedance at 1kHz. 

EIS curves can be fitted to different equivalent circuits and various parametric values 

representing electrolyte-electrode-current collector resistance, EDL capacitance, diffusion 

resistance (Warburg element), non-ideal capacitances due to porosity and non-

homogeneity  etc. 

3.3.2.5 Time constant 

Time constant for a SC is represented by τ and can be defined as[46]: 
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𝜏 = 𝑅𝐸𝑆𝑅𝐶𝑇 
(16) 

Where RESR is the ESR and CT is the total capacitance of a SC cell. A smaller value of τ 

indicates a higher level of responsiveness for the device. In the case of most commercial 

SCs, the typical range for τ is between 0.5 and 3.6 seconds [46]. 
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4 Results and Discussions 

This chapter will provide the results and the detailed analysis of the studies done for this 

thesis. Data are represented with images, graphs, charts, and tables. Supplementary data 

are listed in Annexes. 

4.1 Morphology & Analysis of CNTs Electrodes 

FE-SEM images of CNTs electrodes with different Ni loadings can be seen in Figure 4-1. 

The “dense forest” of CNTs can been observed from the images. The growth of the CNTs 

depends on the type of Ni loading, Ni deposition technique, Ni particle thickness and 

growth mechanism of the Ni particle or cluster [55] on the substrate (Al). Therefore, it 

affects the adhesion, diameter and length of the CNTs.  

 

Figure 4-1: FE-SEM images of CNTs with different Ni loading type, a) with Ni sputtering;  

b) NiSO4 solution dip coated; c) NiSO4 spray coated and d) NiSO4 drop coated 

From Figure 4-1 a, Ni sputtering loaded CNTs can be seen which reveal its existence in 

spaghetti-like morphology. The diameter of the CNTs had a variation from 38 nm – 146 nm. 

The variation in diameter is due to the size of the Ni particle/cluster growth while 
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sputtering as investigated by other researchers [56]. For CNTs grown from sputtered Ni 

loading, the growth of CNTs is heavily influenced by the tip growth mechanism as 

sputtering process is non-conformal and thin film deposited by this process are mostly 

concentrated on the surface [55], [56]. In case of the NiSO4 solution samples (dip, drop, 

spray coat, see Figure 4-1 b, c, and d), the CNTs are predominantly smaller in diameter. 

CNTs grown from dip coated NiSO4 had a diameter distribution of 31 nm – 91 nm and for 

spray and drop coated the diameter range was 28 nm- 136 nm. The cause of the smaller 

diameter with the different types of NiSO4 solution coating is due to the Ni particle size. In 

the presence of sulphur content in the NiSO4  solution, the particle size of the catalyst 

decreases which results in smaller diameter, enhanced growth and dense area of CNTs 

[57]. A thorough investigation of CNTs growth by Tasfia et al. [3] with NiSO4 solution coating 

as the catalyst chemical, demonstrated promising results in terms of mass loading of active 

material and SC performance. Therefore, the FE-SEM images serve as a logical proof of the 

existence of CNTs in the samples used for this study. 

 

Figure 4-2: SEM cross-section of a Al-CNT sputtered sample showing thickness of the 

electrode 

Figure 4-2 shows the SEM image of cross-section of a sputtered sample. It was done to 

make an approximation of the thickness of the electrode that was helpful for the 

electrolyte volume determination for packaging. From the image it can be observed that 

total thickness is around 156 μm that includes the foil thickness of ~75 μm. From the 

datasheet the foil thickness is mentioned 70 μm. 
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An idea of the porosity of the surface can be made from SEM images, though it is not an 

ideal tool for that, which helps to speculate the surface reaction of the electrode when 

assembled to compact packaging. Surface porosity of the electrode is a parameter that 

helps to speculate the behaviour of the electrolyte ion adsorption and exchange onto the 

electrode. It can also trap air bubble or residual gas from the CVD reaction which can affect 

the SC performance. So, the CNT morphology heavily influences the performance of SCs. 

To further investigate the presence of “only CNTs” and not any other carbon derivates (for 

e.g., amorphous carbon), FTIR spectroscopy was performed for the same samples studied 

in SEM. Peaks at 744 cm-1, 760 cm-1, 598 cm-1, and 750 cm-1 were observed for sputtered, 

dip coat, spray coat and drop coat, respectively (shown in Figure 4-3). 

 

Figure 4-3: FTIR spectra of CNTs with different Ni loading, a) with sputtering;  b) NiSO4 

dip coated; c) NiSO4 spray coated and d) NiSO4 drop coated 

For all the four samples, peaks were identified between band 500-1000 cm-1 that 

represents the backbone of CNTs originated from the sp2 hybridization of [58]. For 

sputtered sample there is a peak at ~1205 cm-1 and drop coated sample there is a peak at 

1560 cm-1 that also corresponds to the CNT backbone [58]. These analysis from FTIR 

spectra reveal the strong presence of CNTs. 
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4.2 Effects of Physical & Test Parameters on Supercapacitor 

Performance 

The effects of different physical parameters on the performance of SC are presented and 

analysed. To make things easier to understand the type of samples, few tags are employed 

for the Al-CNT electrodes:  

• CNT-SP: Growth of CNTs on Al substrate with Ni sputtering, 

• CNT-DP: Growth of CNTs on Al substrate dip coated with NiSO4 solution, 

• CNT-SR: Growth of CNTs on Al substrate spray coated with NiSO4 solution and 

• CNT-DR: Growth of CNTs on Al substrate drop-coated with NiSO4 solution. 

If more than one sample of each of the above type is mentioned then it will be named as 

for e.g., CNT-SP1, CNT-SP2 and so on. 

4.2.1 Analysis of Al-CNT Electrodes with Different Ni Loading 

For the analysis of Al-CNTs electrodes with different Ni loading, four samples from the 

same APCVD experiment were tested and they are labelled as: 

• CNT-SP1 

• CNT-DP1 

• CNT-SR1 

• CNT-DR1 

Nomenclature was mentioned before this chapter. To begin with, mass loading of each of 

the sample was done before the tests and assembly. Initially, three-electrode test was 

performed, and then coin/pouch cell packaging was done. Voltammograms (at 100 mV/s 

scan rate) from both the tests are shown in Figure 4-4. From both the graphs it is evident 

that CNT-DR1 sample shows higher current, but a very large redox peak is observed in the 

coin cell test. The reason for such high redox peak maybe due to the Faradaic reactions 

involved in the process. This causes the cell to show pseudocapacitive behaviour and have 

a profound peak. There are other possible reasons that might cause this behaviour, such 

as potential window and cyclic stability. If the potential window is more optimised, the 

curve can show good capacitive rectangular shape similar to other samples. In addition, 

more CV cycling can be done to minimise the redox peak. However, CNT-SP1, CNT-SR1 and 
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CNT-DP1 samples have good cyclic capability as can be seen from the graphs. Here it is 

important to note that, NiSO4 solution was used for coating the surface in different ways. 

Usually, in the presence of sulphate enhances the growth of the CNTs as mentioned earlier. 

But with different method of coating (dip, drop, spray) the Ni loading might vary. Previous 

research [3] showed that CNT samples with drop coating exhibited excellent performance 

achieving specific capacitance per area or areal capacitance up to 2500 mF/cm2. So, this 

result from the drop coated sample is consistent with the earlier findings. 

 

Figure 4-4: a) Three-electrode and b) coin cell measurement for four different Al-CNT 

samples 

Data for capacitance and mass loading are demonstrated in Table 1 and plotted in Figure 

4-5. From the data there is a clear trend in the increase of capacitance with the increase of 

mass loading of the active electrode material, which is expected, although with exception 

from CNT-SR1 sample. CNT-DR1 had the highest specific capacitance both for the three 

electrode and coin cell measurement 41.1 mF/cm2 and 173.5 mF/cm2, respectively. So, 

higher mass loading (per sq. cm) results in higher areal capacitance [59] which is needed 

for compact packaging of SCs where the application demands less area with more energy 

and power density. 
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Table 1: Data for different CNT sample showing capacitance and mass loading 

Sample Type 

Specific Capacitance- 

Three Electrode 

(mF/cm2) 

Specific Capacitance- 

Coin Cell Electrode 

(mF/cm2) 

Mass 

Loading 

(mg/cm2) 

CNT-SR1 12.9 43.6 1.62 

CNT-SP1 7.98 32.9 3.76 

CNT-DP1 13.8 41.3 5.44 

CNT-DR1 41.1 173.5 9.10 

 

Figure 4-5: Bar chart showing influence of mass loading & type of CNT sample on areal 

capacitance 

Although CNT-SR1 had a lower active mass loading but the areal capacitance was really 

good (43.6 mF/cm2) with high gravimetric capacitance of 26.9 F/g. This reveals the good 

properties in terms of both power density and energy density. For compact packaging this 

is much sought out for because of its cabalibility of having high areal capacitance with lower 

mass which leads to lower device weight, increasing the energy density.  Detailed anaylyis 
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of energy and power density for Al-CNTs based SC and how  they effectively inlfuence the 

performance of SC device will be demonstrated in the later sections. 

It is also to be noted that with only three electrode test one cannot make a decision on the 

capacitance of the device. Compact packaging of SC in hermetic sealed condition can 

provide reliable information about the data of capacitance and helps to speculate the 

performance of the SC as a device. 

4.2.2 Three-Electrode Tests & Analysis of CNT-SP2 and CNT-SP3 

Tests using the three-electrode was done for the sample CNT-SP2 (shown in Figure 4-6 ) 

that was also utilized to package coin cell and pouch cell, described in the later section. 

Initially, the three-electrode test was done because it is a faster analysing technique to 

assess the performance of the SC electrode. From the CV curves shown in  

Figure 4-6, electrode capacitance at 100 mV/s was found to be 5.66 mF/cm2 and for 5 mV/s 

it was 23.5 mF/cm2.  

Three-electrode measurement was done for another sample, CNT-SP3 (Figure 4-7). The CV 

plot clearly depicts the cyclic behaviour and demonstrates that the current exhibits a 

gradual change in response to voltage variations, after a sharp transition at the initial stage. 

This observation highlights the capacitive nature of an EDLC, where voltage influences the 

capacitance [6]. Data from different scan rates are shown in the CV curves (Figure 4-7 b)). 

At lower scan rates the capacitance becomes higher, this is owing to the sufficient 

penetration time of the electrolyte ions into the porous area of the CNTs. For the charge 

storage, the porous structures of the CNTs provide higher SSA to the ions and thus 

contribute to higher specific capacitance of SC electrode. On the contrary, at higher scan 

rates the electrolytes get less time to diffuse into the electrode surface for the charge 
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storage, thus resulting in lower capacitance. Figure 4-7 b) approves of the mentioned 

phenomenon depicting the effect of specific capacitance with scan rate.  

 

Figure 4-6: CV curves for three-electrode measurement for CNT-SP2 

Although the potential window is lower for three-electrode test, the performance of only 

the electrode material itself can be investigated with such setup. 

 

Figure 4-7: Three-electrode measurement a) CV curves; and b) effect of scan rate on 

capacitance for CNT-SP3 

These tests were done to speculate the performance of the Al-CNTs electrodes before 

moving to the coin cell or pouch cell assembly. The same samples were used for coin and 

pouch cell, that will be discussed in the upcoming sections. 
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4.2.3 Effect of Temperature and Packaging Configuration 

To investigate the performance of SC in different temperature conditions and package 

configuration, pouch cell and coil cell were tested and analysed. Different electrochemical 

tests were conducted for the same pouch cell under certain temperatures of -20 °C, 25 °C 

and 60 °C. Test of CV was done at 100 mV/s and 10 mV/s for pouch cell at the mentioned 

temperatures. Same pouch cell was put at different climate chamber for the 

electrochemical measurement. For the coin cell the same tests were conducted at 25 °C 

but not at other temperatures like pouch cell due to limited lab resources. Potential 

window of 0 V -2.7 V was selected for the tests for both the cell configurations. The coin 

cell was also included in the analysis because all the cells were made using the same sample 

and a comparison can be made in terms of the configuration. CNT-SP2 sample was used 

for both coin cell and pouch cell. 

 

Figure 4-8: CV curves for pouch and coin cell at scan rates a) 100 mV/s ; and b) 10 mV/s 

The voltammograms shown in Figure 4-8 are close to rectangular shape showing cyclic 

behaviour. However, some interesting curves can be observed for higher temperature. As 

the temperature is increased, pseudocapacitive behaviour at higher temperature can be 

witnessed from the curve. At 100 mV/s and 10 mV/s scan rates the pouch cell was stable 

and reversible at all three different temperatures, but some redox peak can be observed, 

especially for the 60 °C measurement. The redox peaks are due to the Faradaic reactions 

that is happening inside the cell. There are few probable reasons for this enhanced 

pseudocapacitive behaviour at high temperature. As mentioned previously, organic 
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electrolyte (DMP-BF4) was used for this experiment which has high stability and higher 

decomposition potential. Although this experiment was carried out within the safe 

decomposition limit (in terms of potential window and temperature 8 ), at higher 

temperature the cell might experience vapor pressure due to some partial evaporation of 

the electrolyte inside the cell. This shift inside the cell might result in some change in the 

surface of the electrode and eventually causing physisorption of the electrolyte ions. 

Subsequently, there is a rise in the Faradaic current which then leads to the higher 

capacitance [60]. Also, as the temperature increases, the diffusion rate of the ions into the 

pores of the CNTs electrodes is increased which results in the increment of the effective 

SSA , and thus contributing to a higher capacitance [61]. 

 

Figure 4-9: Galvanostatic charge-discharge plot for pouch cell at 60 °C for different 

current densities 

Galvanostatic charge-discharge plots are shown in Figure 4-9 for pouch cell tested at 60 °C. 

Current densities of 20 A/cm2, 10 A/cm2, 5 A/cm2,and 2.5 A/cm2 were applied over a 

potential of 2.7 V. GCD curves give an overview of the charge-discharge cycles of the SC. 

GCD curves with linear and triangular shape depict capacitive behaviour of the SC. Usually 

 

8 Boiling point of the electrolyte mentioned in the datasheet: 82 °C. 
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at higher current densities, i.e., higher current applied per unit area of electrode, the ions 

from the electrolyte get less time to get infiltrated into the porous structures of the CNTs. 

This is normal for the porous nature of CNTs. On the other hand, at lower current densities 

the ions get enough time to get into all the pores that are accessible to them and more 

importantly, Faradaic reactions causing the ions to react and delaying the time to reach the 

desired potential [62]. Therefore, the charge time is prolonged that affects the shape of 

the curve interrupting from ideal capacitive behaviour and showing pseudocapacitance as 

mentioned earlier. In addition, GCD curves usually have a voltage drop, knows as IR drop, 

at the peak of the potential before the discharging starts. This portrays the ESR of the 

electrode or the device and can be used to determine the parameter. Same as CV, long 

term cycling can be done with GCD to determine the cyclic stability of the SC. GCD can also 

be utilised to find several other parameters. 

 

 

Figure 4-10: Areal capacitance and ESR at different temperature and cell configuration 

As can be seen from the bar-chart-graph in Figure 4-10, the specific capacitance is 

proportional to the temperature, which is in agreement with the above discussion. The 
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highest capacitance was 240.51 mF/cm2 for pouch at 60°C and with the lowest ESR of only 

1.15 Ω. The CV data of 10 mV/s was used to calculate the capacitances shown. 

In terms of the ESR, the higher resistance value at -20 °C can be due to the increased 

viscosity and lower ionic conductivity of the electrolyte. On the other hand, high 

temperature facilitates the accumulation of electrolyte ions and charge transfer at the 

electrolyte-electrode boundary, leading to a lower internal resistance [61] as shown in the 

graph. 

Now, to evaluate the packaging configuration pouch cell and coin cell tested at 25 °C were 

taken into consideration. The data from coin cell and pouch cell are tested with the same 

physical conditions- same temperature, same CNTs electrode (CNT-SP2) from same 

sample, same electrolyte, separator, substrate etc. Only the package configuration is 

different. So, data from pouch cell and coin cell can be compared as listed in Table 2. 

Table 2: Comparison of pouch cell and coin cell in terms of capacitance, energy density, 

power density, ESR and time constant 

Cell 

Configuration 

Specific 

Capacitance 

of Device 

(mF/cm2) 

Gravimetric 

Capacitance 

of Device  

(F/g) 

Power 

Density of 

Device 

(W/kg) 

Energy 

Density 

of Device 

(Wh/kg) 

ESR 

(ohm) 

Time 

Constant, 

τ (ms) 

Pouch 
@ 25 °C 

62.52 11.14 444.1 11.28 1.43 89.4 

Coin 
@ 25 °C 

88.97 15.85 326.2 16.06 1.50 133.5 

 

From the data, it is observed that the pouch cell has less specific capacitance compared to 

the coin cell, and this effects its energy density as well. Because energy density is related 

to the capacitance of the device. Here, if a closer look at the ESR is put then it can be seen 

that when the device resistance is lower it leads to high power density and much less time 

constant. This gives an indication of the power and charging capability of the device. Time 

constant is a measure of how fast a SC device response in terms of charging and 

discharging. For a RC circuit model time constant, τ, represents the voltage change of the 

device by 36.8% during charging-discharging process [46]. For both pouch cell and coin cell 

the time constants are in millisecond which is really good for application where instant 

power for only a short time is necessary such as smart wearables and implantable 
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bioelectronics. Here, comparison of energy density would not be effective because larger 

modules of SCs can do that job, but for high power application in small devices these 

compact packaging techniques are useful. 

For the ESR another point to note is that, for pouch cells the tabs are ultrasonically welded 

with the current collector which might increase the conductivity and cause the lower ESR. 

But then again, the tab itself is made to connect to the outside of the pouch cell so it might 

have some internal resistance of itself, so there is a trade-off. Same thing goes for the coin 

cell as well there are many parts inside the coin cells that might increase the internal 

resistance and causing a little higher value. 

It is worth mentioning that coin cell is known for its mechanical and chemical stability but 

for pouch cell it is always not the case and that is reflected in the data. Laboratory scale 

pouch cells do not always have the strong contact within the cell. The contact between the 

electrode-separator depends on the amount of vacuum when the final sealing is done. 

Also, for pouch cell there is no solid pressure on the electrodes, like coin cell, which might 

lead to lower capacitance. Whereas, for coin cells the contact between the electrodes 

through the separator are much prominent and might be the reason the higher 

capacitance values. An effort was made by placing plates on both sides of the pouch cell, 

shown in Annexes. Nonetheless, it is important to note that the difference is not significant 

when it comes to laboratory scale test. So, depending on the application both coin cell and 

pouch cells are good candidates for numerous applications in the energy storage 

technology. Further investigations on other parameters of both the package configurations 

can be done to provide a comprehensive study. 

4.2.4 Effect of Crimp Pressure on Coin Cell SC Performance 

To investigate the effect of crimp pressure, pressure that is exerted for coin cell assembly, 

on the performance of the coin cell type SC electrodes from sample CNT-SP2 was used to 

make one coin cell. After each time a pressure was applied, electrochemical measurements 

were conducted. During the crimp it was made sure that the cells are not deformed, thus 

this test was done after few trials with some other samples. Calculated data are from CV 

at a scan rate of 100 mV/s. 

CV and Nyquist impedance plot from that study is presented in Figure 4-11 and Figure 4-12. 

From the plot it can be vividly observed that as the pressure is increased, the capacitance 
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increases proportionately. However, there is a saturation in the 1.0 T-1.4 T region and the 

specific capacitance tend to be reaching a maximum point 73.2 mF/cm2. Still, the ESR 

shows the lowest value at 1.4 T (see Figure 4-12). The capacitance results can be explained 

in the way that as the pressure was increased the contact between the electrode, separator 

and current collector was enhanced, thus leading to proper electrical contact. This caused 

an increased force on the active materials of the electrodes that contributed to the 

enhanced exchange of the electrolyte ions through the separator and resulting in superior 

higher capacitance. Generally, with increase in pressure of a cell, the cyclic performance 

also enhances [63].  

 

Figure 4-11: Bar chart showing the effect of coin cell crimp pressure on capacitance & 

ESR. 

ESR is usually lower if the contact between the current collector and the cell casing is more 

because of increased conductivity. So, the resistance decreases if the electrical 

conductivity is higher. The coin cell casing is made of steel, so if the coin cells are coated 

with a thin layer of Au, which has high electrical conductivity and less resistivity, the ESR 

might be reduced. This can be implemented for future study. 
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Figure 4-12: Nyquist impedance plot at different crimp pressure 

Table 3: Effect of coin cell crimp pressure on capacitance, power desity, energy density 

and ESR 

Pressure 

(T, Kg/inch2) 

Specific 

Capacitance 

of Electrode 

(mF/cm2) 

Gravimetric 

Capacitance 

of Device  

(F/g) 

Power 

Density of 

Device 

(W/kg) 

Energy 

Density of 

Device 

(Wh/kg) 

ESR 

(ohm) 

0.6 T 44.7 7.96 167.0 4.03 2.93 

0.8 T 66.8 11.9 284.5 6.03 1.72 

1.0 T 71.9 12.8 249.7 6.49 1.96 

1.2 T 73.2 13.1 282.9 6.61 1.73 

1.4 T 72.9 13.0 508.7 6.58 0.96 
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Figure 4-13: Bar chart showing the energy and power density at different crimp pressure 

Table 3 and Figure 4-13 provide a broad overview of the data for specific capacitance, 

gravimetric capacitance, power density, energy density and ESR for different crimp 

pressure on coin cell. CV plots for this crimp pressure study are presented in the Annexes. 

As energy density is directly related to the potential window and capacitance, it follows the 

same trend as of the capacitance (see Eq. (14)). On the other hand, power density is directly 

related to potential but inversely related to the ESR values. So, higher power density is 

achieved at lower ESR. Therefore, it can be inferred that for applications where higher 

capacitance and moderate ESR are preferred, for those applications 1.2 T pressure can be 

a suitable crimp pressure for CR2032 (all the parameters mentioned in experimental setup) 

type coin cell that uses Al-CNTs electrodes synthesised by the APCVD process. For 

applications with the need for higher power and faster response time, 1.4 T crimp pressure 

is appropriate. Improvement of the capacitance can be done by more cycling of the cell. 

Further research can be conducted by implementing another spacer inside the coin cell 

which might increase the contact and pressure inside. Moreover, research can be 

performed to integrate the coin cell into an electronic circuit system and then evaluating 

the circuit performance. This will give more insight on the actual performance of the SC 

cell under a real-life condition. 
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4.2.5 Cyclic Stability of Supercapacitor 

One of the important parameters for SCs is its cyclic stability. SCs usually have a reputation 

of longer lifetime than that of battery owing to its very good cycling stability. Commercial 

SCs can have lifetime of even up to million cycles. Carbon electrodes usually have a very 

high cycling stability [9]. In the laboratory scale SCs are usually tested for 1000-10,000 

cycles or even more. One cycle means that the SCs will charge and dischage one cycle.  

 

Figure 4-14: Graphs showing a) the cyclic stability and b) vaaariation from 1st and 

2000th cycle for CNT-SP2 coin cell 

The graphs from Figure 4-14 show the cyclic stability performance for CNT-SP2 coin cell. 

The SC was cycled by running CV for 2000 cycles at a scan rate of 100 mV/s. From Figure 

4-14 a) the cycling performance can be seen from 1st cycle to the last. Initally for the first 

hundred cycles the device was trying to stabilise in terms of the exchange of ions so there 

is a slight deviation in the capacitance rention. But as the device has been stabilising, the 

capacitive retention is much stable and it continues throughout as a straight line which can 

be observed from the graph. This can also be seen from Figure 4-14 b, where the initial 

cycle shows a slight peak in the curve and after 2000th cycle that peak is stabilised. This 

peak can contribute to a deviation in the capacitance after the cycling. So, from the cylic 

stability test the initial and last cycle capacitance values are compared to evaluate the 

performance and durability of the device. The capacitance changed from 143 mF/cm2 to 

137 mF/cm2 which shows ~96% retention in the capacitance of the device, which is similar 

to other studies of similar SCs [64]. This indicates the superior cycling stability and 

efficiency of the CNTs based SCs. However, the reason for the decreased capacitance is 
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due to higher number of cycling, there might be deterioration of the electrode and 

corrosion of the cell. So, the intercalation and deintercalation of the electrolyte ions to 

balance the overall charge imposes mechanical stress to the CNT electrodes [45]. 

Therefore, a repeated charge-discharging cycles will lead to capacitance degradation and 

also increase the ESR of the cell. 

4.3 Proposed Chip Type Surface Mount Packaging Solution 

To implement the idea of the chip type SC that can be integrated into smaller and thinner 

electronic components/device as a surface mount packaging, several approaches were 

initiated. Here, the main advantages of this chip-type SC are its lower device area, lower 

volume, high capacity, good charge voltage that is compatible for electronics, quick charge 

behaviour and many more useful properties mentioned previously. 

4.3.1 Proposed Packaging Solution 

To begin with, a schematic of the design is shown in Figure 4-15. A similar drawing with 

proper scaling is made in SolidWorks as a 3-D design for getting a better understanding of 

the device and its components. Length, width and height are in the ratio 3:2:1. 

 

Figure 4-15: Cross-sectional schematic of the proposed chip type SC 

Separator can be of glass fibre (GF) or polypropylene type that are usually used for SCs. 

Electrolyte for the any SC is important for the operating voltage, so organic electrolyte 

DMP-BF4 is chosen similar as coin and pouch cell. The Al-CNT electrodes and separators are 

placed inside the package like that of a coin cell. As the cell is symmetrical, both the anodes 

and cathodes are the same. All these materials were already discussed in the previous 
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chapters.  So, when it comes to the chip type SC packaging the materials are of great 

concern to make it a compact and robust device. In this regard, few of the material choices 

are listed and labelled both in Figure 4-15 and Figure 4-16. 

For this type of SC, compact packaging is crucial. Hermetic sealing9 or encapsulation is 

important to provide airtightness and preventing any leakage. Ceramic is chosen as the 

outer package or the encapsulation of the whole device owing to its several advantages to 

for the electronics application such as ability to withstand high temperature, good thermal 

distribution and transportation, does not have any organic content so prevents 

decomposition like polymers or epoxies, does not absorb moisture, does not need 

adhesion layer etc [65]. All these properties are essential for a SC device and thus it is the 

main choice for the outer casing/package. 

 

Figure 4-16: Detailed 3-D diagram and overview of the proposed chip type SC 

For the terminal pads and seal ring, Kovar10 is good choice because of its ability to handle 

heat, good conductivity, less electrical resistivity and it is a common choice for hermetic 

sealing with ceramic [66]. However, to make the package more conductive and less 

resistive to decrease the ESR, gold-Nickel (Au-Ni) plated metal can be even a better choice. 

 

9 Making airtight and leak proof. 
10 Fe-Ni-Co alloy 
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Because the electrical resistivity of Au is around 0.022 μΩ.m [67] whereas for the Kovar it 

is 0.49 μΩ.m [66]. So, the choice for this depends on the application as well as the cost. 

Next, Ni plated metal is chosen for the top plate. Ni acts as a good electrical conductor both 

in terms of properties and price. The pads can be connected industrially by sintering. For 

the sealing, the Ni top plate can be either laser welded or seam sealed, the former being 

the more industrially viable choice for its efficiency. 

Now, to understand how the electrical connection is made within the package Figure 4-15 

can be observed thoroughly. The Al-CNT electrodes already have the current collectors 

itself so they do not need extra binders or materials for electrical connections. As for the 

ceramic, it is not a conductor so electrical connections have to be made with the top and 

bottom current collector to make a proper electrical circuitc connection. Ceramic can be 

drilled industrially on both sides of the casing to make connections with the pads and the 

current collector. In this way, the top current collector is connected with one pad and the 

bottom current colelctor is connected with the other. More images are provided in the 

Annexes for better understanding. These chip type SCs are robust and useful in the small 

electronics and can have numeruous application benefits owing to its miniature size, higher 

capacacity, lower internal resistance, higher power delivering capability, less volume, good 

compatibility with ICs and sensors etc. Thus, more research needs to be done to implement 

and optimise the parameters of the chip-type SCs for usage as a product. 

To implement this idea into reality, an effort for lab scale prototype was made, discussed 

in the next sub-section. 
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4.3.2 Laboratory Scale Approach 

A laboratory scale version of the same design mentioned above was attempted. The main 

concept of the design was to make it surface mount packaging device, similar to the chip-

type SC. Figure 4-17 shows a schematic of the laboratory version of chip type SC. 

 

Figure 4-17: Schematic of laboratory version of chip type SC 

The main idea is similar to the earlier design, but the materials were adapted according the 

resources available in the laboratory. Electrodes and separators are of the same materials. 

Ceramic was replaced with two Si wafer deposited with Au for top and bottom plates. 

Thermal evaporation was used for the deposition of Au. To make things easier to handle, 

both sides of of the Si wafers were deposited with 200 nm of Au, serving as the conductor 

and connector. To separate the electrodes and also the electrical connection to avoid short 

circuit, some parts of the Au were etched with gold etchant as shown with black line in the 

diagram. For supporting the top and bottom structure, insualtor (epoxy), labelled as blue 

blocks, was placed in between the two Si wafer acting as top and bottom plates. Before 

they were placed , on the left side some part of the gold were also etched so as to avoid 

short circuit. Top and bottom parts are electrically connected with conductive silver (Ag) 

paste. The termainals pads were Au deposited on the back of the bottom Si wafer. The 

center part was etched to disconnect it from another pad. Thus, an electrical circuit is made 

with proper connections. Figure 4-18 shows the attempted approach with Au deposited on 

Si wafer. 
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Figure 4-18: Attempted lab scale version of chip type SC with ) Au deposited on Si wafer 

and b) partly etched Si wafer for prototype 

The intended endeavor encountered challenges primarily attributable to the necessity of 

achieving hermetic sealing. Regrettably, successful airtight sealing of the package could not 

be accomplished. The utilization of an organic electrolyte in the studied SCs necessitated 

the execution of the packaging procedure within a glovebox, further complicating the 

sealing process. Despite making various alternative design attempts, the feasibility of 

implementing the proposed packaging technique at a laboratory scale remained elusive. 

One more approach that was attempted is shown in the Annexes. 

Overall, chip type SCs have immense potential for incorporating into ICs, sensors, wearbles, 

battery backup, memory backup, and many more applications. To keep that in mind, this 

relatively new research field needs to be explored by the research community to maximise 

its potential. Although there are challenges in this field, especially for academic research, 

but with every challenges overcomed innovation is inevitable. 

 

4.4 State-of-the-Art Areal Capacitance with Coin Cell 

Supercapacitor 

This study investigated the compact packaging of SCs and tested their electrochemical 

characterisations to evaluate the performance. Capacitance results in terms of mF/cm2 or 

F/g were calculated. Initially, when the three electrode tests were conducted, the actual 

device capacitance values needed to be investigated. So, packaging was done to study the 

capacitance when the SC is in the form of a device. Most of the packaging were done with 
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coin cell as this is the feasible procedure in a laboratory scale and also due to sufficient 

resources availability for coin cell. As for the pouch cell the assembly, packaging and tests 

were done at a different research facility. CNT-SP3 sample was used for the coin cell 

package. 

Packages were optimised (such as pressure, electrolyte volume etc) to maximise the device 

performance. Among the different coin cells packaged and tested for evaluation, the 

capacitance varied from 20 mF/cm2 -800 mF/cm2. After optimisation of the compact 

packaging of coin cells, an excellent performance of the device capacitance was achieved.  

Figure 4-19 shows the CV curves from coin cell electrochemical characterisations of CNT-

SP3 sample. The capacitance values at 100 mV/s, 50 mV/s and 5 mV/s were found to be 

698 mF/cm2, 930 mF/cm2 and 1298 mF/cm2, respectively and in terms of the gravimetric 

capacitance the calculated values were 45 F/g, 58 F/g and 81 F/g. These results show state-

of-the-art performance of SCs based on CNTs. Here it is important to note that the 

capacitances can be calculated both as the electrode capacitance and device capacitance 

for a coin cell. When it comes to energy density and power density calculation of the device 

capacitance is used as it shows the capability of the overall device. 

The  results from the ESR also shows less resistance values for such high capacitance device. 

ESR value was found to be 3.6 ohm and for this test, the Nyquist impedance (see Figure 

4-20) plot was curve fitted with Zfit analysis tool to find the parameters of an equivalent 

circuit. As mentioned in the background studies, Randles circuit is commonly used to 

present the different resistance natures of a SC represented by equivalent circuit. From 

Figure 4-20 b and c it can be observed that internal resistance, Rs, is 3.26 ohm and the 

charge- transfer resistance, RCT, is 0.79 ohm.  
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Figure 4-19: CV curve for CNT-SP3 coin cell at different scan rates 

This is in agreement with the impedance plot, because for an ideal capacitor the curve 

would have been a semicircle and then a vertical line in the real impedance axis. But for 

this SC there are some diffusion and charge transfer resistance present due to the non-

absorption of redox species onto the CNT electrode surface, charge depletion at the 

electrode interface and mass transfer diffusion (Warburg element) in the cell that are 

represented by RCT, CDL and W0 , respectively. These elements are contributed by several 

factors like the material properties, electrolyte, separators and packaging techniques 

adopted. Post processing of CNTs electrodes before the packaging can help to improve the 

ESR performance. Also, using high conductivity electrolyte can play a role in in the 

improvement. 

Coming back to the performance of the CNT-SP3 coin cell, power density, energy density 

and time constants are calculated to give an overview of the superior performance of the 

device, tabulated in Table 4. From the data in the table, the gravimetric capacitance is 40.5 

F/g and the power density and energy density are 129.5 W/kg and 35.2 Wh/kg, 

respectively. 

A comparative analysis with similar SC in advanced laboratories is made in the next section. 
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Figure 4-20: Electrochemical impedance spectroscopy for CNT-SP3 coin cell showing a) 
Nyquist impedance plot; b) representation of Randle equivalent circuit with parameters; 

and c) circuit parameters found from fitting analysis 

 

Table 4: Calculated parametes for the high performance CNT-SP3 coin cell 

 

4.4.1 Comparison With Some Advanced Laboratory Scale SC 

A comparison is made with the similar Cs in the academic research arena. As in different 

research studies same parameters or calculations are not adopted, it was quite challenging 

to gather the data from different references. In most of the research capacitance is 

calculated in terms of gravimetric capacitance. Still an effort has been made to list down 

the contemporary data to compare the results from this work. 

To make the comparison homogeneous, the energy and power density were calculated as 

μWh/cm2 and μW/cm2 , respectively. 

Item 

Areal 

Capacitance 

of Electrode 

(mF/cm2) 

Gravimetric 

Capacitance 

of Device  

(F/g) 

Power 

Density of 

Device 

(W/kg) 

Energy 

Density of 

Device 

(Wh/kg) 

Time 

Constant, 

τ (s) 

ESR 

(ohm) 

Coin Cell 
CNT-SP3 

1298 40.5 129.5 35.2 2.12 3.26 
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Table 5: Comparison of supercapacitor performance data from literature 

 Areal 

Capacitance 

(mF/cm2) 

Power Density 

(μW/cm2) 

Energy Density 

(μWh/cm2) 
References 

CN/CNT 110 3.6 16 [68] 

CC-CF 270 418.48 4.56 [69] 

CNT/PC 365 2.98 10.5 [70] 

FC-CNT/MnO 742 5500 51.5 [51] 

Al-CNT-SP3 1298 504500 1126.7 This work 

CDCA 1618 1800 289 [71] 

 

SCs based on CNTs, carbon fibre, carbon cloth, and carbon aerogels from literature sources 

are listed in Table 5. From the data, it can be observed that there is a variation when it 

comes to the areal capacitance. Most literature study is based on the gravimetric 

capacitance. But for this study the primary focus was to look for viable options for SCs that 

have high areal capacitance as well as high energy and power density. Carbon-cloth-

carbon-fibre, CC-CF, data was based on flexible supercapacitor which have moderate areal 

capacitance but very good power density of 418 μW/cm2. The FC-CNT/MnO is a SC based 

on fullerene CNTs similar to the ones that is used in this work. This SC had a very good areal 

capacitance of 742 mF/cm2 as well as high power and energy density. From the literature 

the highest areal capacitance for SC was found to be 1618 mF/cm2 from carbon-derived 

carbon aerogels SC, which is a really good value. But this comes with a very low energy and 

power density. So, its application would be limited when it comes to device application. 

For many literature sources, the reported capacitance was based on only the electrode. 

Meanwhile, this study measured the areal capacitance that was 1298 mF/cm2 in terms of 

only the electrode per sq. cm, and 649 mF/cm2 when it is calculated as a device. Even then 

the areal capacitance, energy density and power density all these performance parameters 

are much higher than the literature sources. So, it can be inferred that compact devices 

with CNTs based electrode provide superior SC performance compared to its counterparts 

and have applications for a wide range of applications. This means that these devices can 

be employed in small electronics systems, ICs, chips, sensors, smart fingerprint cards, smart 

pen, smart wearables and many more applications. Thus, it is important to realise the 
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importance of compact packaging of CNTs based SCs to unlock the huge potential in the 

energy storage technology. 
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5 Conclusion and Future Work 

In this thesis, the need for compact packaging of supercapacitors was addressed, 

considering the increasing demand for portable and integrated energy storage solutions. 

The objectives and research motivations were identified, focusing on the exploration of 

development of compact packaging techniques for supercapacitors using carbon 

nanotubes (CNTs) as electrode materials.  

The thesis provided a comprehensive background study on supercapacitors as energy 

storage devices, highlighting their unique properties and advantages. The utilization of 

CNTs as electrode materials was investigated, emphasizing their high surface area, 

conductivity, and electrochemical performance. Compact packaging techniques for 

supercapacitors were explored, recognizing their significance in enhancing the overall 

performance, reliability, and integration of these devices into various applications. 

The results and discussions section presented the morphology and analysis of CNT 

electrodes, providing insights into their structural properties and performance 

characteristics. The effects of physical and test parameters on supercapacitor performance 

were examined, highlighting the factors influencing capacitance, energy density, and 

power density. The results revealed that higher mass loading of active material usually 

leads to higher capacitance and also the electrode can have a significant influence on the 

result. From the analysis of the results, it was found that scan rate for CV influences the 

capacitance, at higher scan rate the capacitor tends to decrease due to less infiltration of 

electrolyte ions onto electrode surface. 

The effect of different temperature conditions for pouch cell showed that at higher 

temperature, the capacitance of the supercapacitor device increases where the ESR value 

decreases owing to greater ion exchange at higher temperature. The opposite is true for 

cold temperature. 

Effect of crimping pressure of coin cell was thoroughly studied and it was observed that at 

greater crimping pressure the capacitance, energy density and power density increase but 

there is a saturation. For the highest crimp pressure, highest power density of 509 W/kg 

and the lowest ESR of 0.96 ohm was found. This reveals the ability of the device for high 

power application. Cyclic stability of SC ensured the high and stable performance of the 

coin cell SC with capacitive retention of ~96%. 
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Additionally, a proposed chip-type surface mount packaging solution was presented, 

offering a promising approach for compact and integrated supercapacitor designs for 

portable and miniature electronic applications requiring high power and fast charging 

ability. Furthermore, the state-of-the-art areal capacitance with coin cell supercapacitors 

was found to be 1298 mF/cm2 , showcasing the advancements in supercapacitor 

technology. 

In conclusion, this thesis contributed to the understanding and advancement of 

supercapacitor technology, particularly in the areas of compact packaging techniques and 

performance evaluation. Despite the limited resources and challenges faced during the 

research, valuable insights were gained, highlighting the potential and challenges 

associated with the compact packaging of supercapacitors based on CNTs. The findings of 

this study open new avenues for further research and development in the field of energy 

storage technology, paving the way for future innovations in portable electronics, power 

management systems, and other applications that require efficient energy storage 

solutions. 
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Chip Type Supercapacitor Proposed Design:  
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