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Abstract 

Miniaturization of various technologies has accelerated and drives new requirements for energy 

harvesting and storage solutions to power such devices. Reduction in size and designs requiring 

mechanical flexibility fuel the development of new materials and fabrication processes. The most 

advanced solutions to date have been to engineer thinner, more flexible rechargeable batteries. 

However, their short cycle-lifetime due to the intrinsic chemical nature of their energy storage 

mechanism, their low power density, high cost and safety concerns limit their application in variety 

of areas. For long-term electronic use in health-monitoring, smart-implants and the internet of 

things, a new form of power source which no longer requires replacement and offers consistent 

performance is needed. These concerns can be addressed if another energy storage technology is 

considered – the electrochemical supercapacitor. Such devices are generally reliable, offer long 

lifetimes, are safer and can be operated efficiently at high power. However, they typically store 

less energy per unit mass or volume than batteries.  

This thesis focuses on the development of miniaturized supercapacitors with improved 

performance as an energy storage solution for self-sufficient, micro-scale, and flexible electronics. 

Specifically, a type of supercapacitor called an electrical double-layer capacitor (EDLCs) is well 

known for high-power capabilities and a long-lasting cycle-life, typically above 100,000 charge 

and discharge cycles. The approach adopted in this study aims to improve the energy density using 

sustainable materials through a scalable and cost-effective fabrication technique. We will 

demonstrate that a polymer resin formed from an inexpensive monomer derived from waste 

biomass such as corn husks can be carbonized into a high surface area, electronically conductive 

material using a commercial CO2 laser. High resolution laser patterning of electrodes onto this 

material results in a micro-supercapacitor with much improved performance compared to state-of-

the-art flexible and miniaturized supercapacitors. 

This thesis work initially focused on the understanding and development of laser irradiation as a 

fabrication technique using commercially available carbonaceous materials such as commercial 

Kapton® polyimide films as well as lab-made graphene oxide. A complete understanding of the 

variables involved in the fabrication process helped to optimize the laser irradiation technique. 

This achieved the highest reported micro-supercapacitor energy density compared to published 

research on similar materials. The main focus of this work was to develop an improved electrode 
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material in terms of both cost and performance that could be laser activated in a similar way. To 

this end, we hypothesized that poly (furfuryl alcohol) (pFA), which is known to form a dense, 

microporous glassy carbon upon conventional heat treatment, might be a good candidate material 

for more effective laser activation. Several methods of polymer synthesis from the low cost, 

abundant, biomass waste derived monomer of pFA were explored to create a laser-inducible 

substrate including acid-catalyzed emulsion polymerization and bulk resinification.  Surprisingly, 

despite a high yield conversion to carbon using conventional heating, the neat material could not 

be carbonized with the laser system. However, the addition of a small amount of graphene oxide 

was found to catalyze the formation of the carbonized structure which ultimately led to an 

improved supercapacitor. The optimum pFA synthesis conditions and the effect of graphene oxide 

incorporation were explored to maximize device performance. In each case, evolution of the 

carbonized structure was investigated by Raman and X-ray photoelectron spectroscopy. The 

resulting micro-supercapacitors boast a simple, inexpensive and rapid fabrication technique that 

are promising for future device applications. Notably, optimized electrodes achieved the highest 

specific areal capacitance presented in literature compared to other laser irradiated carbon 

precursors. The specific capacitance has been improved four times (4x) from literature’s highest 

measurement at 31 mF/cm2 to 147 mF/cm2 during this thesis work. pFA is heralded as a new 

renewable and environmental friendly energy storage source; recycled from common biomass 

waste into the solution to today’s most pressing micro-electronics need - power. 
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Chapter 1. Introduction 

1.1. Overview 

The recent explosion of public interest and investment in microelectronic devices for medical, 

telecommunication, environmental sensing, and microelectromechanical systems (MEMS) has 

driven the desire for inventions to be self-powered. Small devices which generate power can be 

integrated into clothing, remote or portable electronics and preferably function long-term without 

the need for external power circuitry or sources1,2. This power is discontinuously harvested from 

sources like electromagnetic radiation such as solar cells, kinetic energy conversion from 

piezoelectric transducers or thermal energy conversion concerning the area of the device used. 

Needless to say, this harvested power needs to be stored or buffered for later use by the device. 

Therefore, integration of energy storage devices into microelectronics is a crucial need for 

microelectronic technology. Currently, self-powered microelectronic devices rely on the use of 

rechargeable batteries. Although a few miniaturized batteries and thin film batteries are accessible 

in the market as an energy storage provider, their limited cycle life and low power density are 

major disadvantages for their integration into microelectronics. The replacement of batteries in 

health care electronic monitoring devices is critical element their widespread use, especially in 

implant or direct-contact monitoring using inert and flexible electronics. Supercapacitors are an 

alternative energy storage solution for these applications that use physical charge separation rather 

than a chemical reaction to store energy. This allows supercapacitors to provide a high power 

density and rapid discharge/charge characteristics combined with a long cycle life typically 

reaching over 100,000 cycles3,4. Consequently, miniaturized supercapacitors could provide low 

maintenance costs, decrease the complexity and possible health risks associated with batteries 

while enhancing the performance and longevity of microelectronic devices1. 
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Over the past decade, the miniaturization of supercapacitors has been studied intensively including 

the development of techniques to fabricate microscopic supercapacitors. The bulk of these studies 

can be categorized as lithographic techniques5,6,7, chemical vapour deposition5, layer-by-layer 

deposition combined with photo-lithographic techniques8, ink-jet printing9, and direct laser writing 

techniques10–14. Most of these techniques require expensive, specialized equipment which has 

slowed progress towards commercialization. More recently, the exploration of direct laser writing 

as a fabrication technique has generated a new opportunity for micro-supercapacitors. Particularly, 

the demonstration of laser-patterning of electrodes using inexpensive, medium throughput 

industrial laser cutting machines has provided various advantages including accessibility and low 

manufacturing costs. Simple low-cost systems are even available to hobbyists. These key market 

ingredients indicate that achieving sufficient energy density in devices fabricated in such a way 

would be a significant step towards large-scale adoption.  

The specialty polyimide, Kapton, and graphene oxide have been the two primary substrate 

materials used for laser conversion to graphene-like carbon derivatives which have been to pattern 

electrodes for supercapacitors. While promising results have been demonstrated, laser-induced 

electrodes made from these substrates have achieved only low capacitance compared to large 

format devices and the materials used are relatively expensive. The study is motivated to combine 

the advantages of laser irradiation on polymer materials using inexpensive and green alternatives 

to the commercial imide derived polymer in prior works. Poly (furfuryl alcohol) (pFA) is derived 

from saccharidic biomass waste and serves as non-graphitizable, dense carbon structure as an 

alternative carbon precursor. It has been studied in literature as an electrode material for batteries 

and supercapacitors, as a catalyst support, as a membrane for separation and after carbonization of 
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the polymer and its polymeric composites15–17.  The studies intensively focus on creating 

microporous domains using the unique nature of pFA and its carbonization at high temperature.  

In this thesis work, we have investigated the use of laser irradiation on this inexpensive, green 

polymer material in order to build a miniaturized energy storage solution.  The study focuses on 

the understanding and improvement of the fabrication technique and observation of its application 

on polymer and polymer composite materials. Using this technique, a common product of biomass 

waste has been recycled through its polymerization and carbonization for energy storage purposes. 

The combination of graphene oxide (GO) and pFA helps us to investigate further and improve 

micro-supercapacitor fabrication and to achieve high energy storage performance for miniaturized 

electronic applications.  

1.2. Research Objectives 

The primary purpose of this research is to develop an improved micro-supercapacitor through an 

inexpensive and rapid fabrication route while achieving high energy and power density. A 

secondary goal is to develop a system which is mechanically flexible and could be implemented 

in future wearable technologies. The fabrication technique should be versatile yet simple to operate 

despite micro-fabrication. Laser irradiation through the use of CO2 laser cutting technology is 

selected as a suitable approach to generate micro-patterned polymer and polymeric 

nanocomposites. These polymer and composite substrates must convert into an electronically 

conductive pattern with high energy storage capacity when irradiated. One such possibility is the 

generation of porous but interconnected carbon structures from a polymeric base when exposed to 

localized thermal and photo-excitation. This research focuses on the synthesis of polymer 

nanocomposites that, upon strong irradiation, develop into interdigitated electrodes onto a flexible 

substrate. A prototype is designed and optimized based on its electrochemical performance and 
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proved competitive compared to leading-edge literature in this field. Electrode design and the 

selection of electrolyte are also investigated as essential variables to increase the capacitance and 

stability upon cycling. 

The specific objectives of this thesis project include: 

1. Investigation and development of a laser irradiation technique to pattern electrodes into 

commercial polymers which exhibit maximum specific capacitance 

• Optimize laser treatment parameters for effective laser-induced carbonization of 

carbonizable precursors; Kapton™ polyimide film and graphene oxide films 

• Analysis of electrode morphology and material limitations  

2. Development of alternative polymer systems that more effectively carbonize into high 

surface area structures upon laser irradiation 

• Development and testing of various synthesis and casting methods to create 

electrode precursor films from poly (furfuryl alcohol) 

• Exploring the effect of graphene oxide as an additive to enhance carbonization 

• Electrochemical testing and optimization of materials and test cell 

Thesis Outline 

This thesis consists of five chapter in total. Chapter one gives insight to an overview of the thesis, 

an outline of the research carried out with specific objectives of the project. Chapter two provides 

a summary of the background behind supercapacitors, specifically electrochemical double layer 

capacitors, electrode materials, a literature review of miniaturized supercapacitors and their 

fabrication methods. This chapter is oriented towards understanding supercapacitors and their 

performance criteria, pointing out fabrication methods to create desired electrode materials and 
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integration of electrodes into full device configurations. The chapter concludes with current 

challenges and applications of supercapacitors with a focus on micro-supercapacitors. 

Chapter three analyzes laser irradiation on insulating materials towards successful micro-

patterning of interdigitated planar-supercapacitors. By controlling laser parameters and electrode 

design, the performance of micro-supercapacitors can be increased with a deeper understanding. 

This chapter systematically studies the effects of infrared laser parameters on a commercial 

Kapton™ films as well as graphene oxide as a starting point for our studies in order to understand 

the current limitations of using these materials. 

Chapter four investigates the use of poly (furfuryl alcohol) as a carbonizable precursor which can 

be laser-induced, and explores the effect of various synthesis methods to maximize the areal 

specific capacitance in the micro-supercapacitor application. This chapter is divided into two main 

section; polymer synthesis and laser irradiation of polymeric nanocomposites. The first section 

focuses on understanding the parameters that affect the synthesis of poly (furfuryl alcohol). The 

second section of the chapter focuses on applying these parameters and other fabrication parameter 

for successful laser irradiation of pFA. At the end of this chapter, a summary and comparison 

between the carbon precursors for laser irradiation in this study and those in literature studies is 

presented regarding their structural differences and electrochemical performances.  

Finally, chapter five summarizes and states conclusive results from the work done in this thesis 

study.   
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Chapter 2. Research Background and Literature Review 

2.1. Supercapacitors 

2.1.1. Overview 

There are two main categories of supercapacitors: electrical double layer capacitors (EDLCs) and 

pseudocapacitors. EDLCs are the most commonly used and store energy in the capacitor formed 

between an electrically charged electrode surface and the oppositely charged ions in the electrolyte 

that populate the layer adjacent the electrical charge. The two oppositely charged layers at this 

interface are separated by only a few solvent layers, which act as a dielectric. In the simplest 

approximation, the interface can be modelled as a parallel plate capacitor and thus the capacitance 

per area can be approximated by CDL = k  (/). Since  is small (~ O(Å)) the CDL can be very 

large (~5-40 F/cm2)18. Since the specific surface area (SSA) or interfacial area for double-layer 

charging of some carbonaceous materials and metal oxides can be as high as 100-2000 m2/g, very 

high gravimetric (~100 F/g) and volumetric capacitance (~100 F/cm3) result for a single electrode 

which are many orders of magnitude larger than dielectric capacitors.  To fabricate an EDLC, a 

voltage must be applied between two such high surface area electrodes (one negatively polarized 

and one positively) which are separated by an electrically insulating but ionically conducting 

separator immersed in an electrolyte. The double-layer formed at each electrode act as capacitors 

in series. Two capacitors in series cause the total device capacitance to be half that of the single-

electrode capacitance with twice the mass, leading to ~25 F/g of active material. 
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Figure 1. Schematic of a supercapacitor assembly 

The energy storage mechanism for EDLCs does not depend on reduction-oxidation (redox) 

reactions like that of batteries. Since they are not dependent on chemical reaction kinetics, EDLC-

based supercapacitors have fast charge and discharge capabilities and can exhibit almost limitless 

cycle-life, typically above 100,000 cycles. The coulumbic efficiency is maintained at 100% due to 

the reversible physical nature of this simple charge rearrangement energy storage. Fast charging 

and discharging indicate that EDLCs can be operated safely at high-power density. Figure 2.2 

compares the energy and power capabilities of EDLC supercapacitors compared to other energy 

storage technologies. They occupy the significant gap between the traditional dielectric and 

electrolytic capacitors and batteries, demonstrating improved power density compared to batteries 

and much higher energy density (energy per mass or volume) than traditional capacitors. 
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Figure 2. Ragone plot comparing the energy and power density of various energy storage 

technologies3 

The second major category of the supercapacitor is the pseudo-capacitor. Such devices exhibit so-

called pseudo-capacitance, which is the additional capacitance associated with redox reactions, 

partial chemisorption or intercalation which act in parallel to the conventional EDLC charging 

mechanism. These electron transfer reactions (known broadly as Faradaic processes) can 

significantly enhance the total capacitance. An example pseudocapacitive material is hydrous 

ruthenium oxide which is capable of a series of proton transfer reactions when oxidation state 

changes occur in ruthenium over a broad voltage range. This distributed pseudocapacitance 

resembles EDLC charging. The drawback to this type of supercapacitor is poorer cycle-life and 

rate capabilities due to the only quasi-reversible nature associated with the redox processes and 

slower chemical kinetic phenomena (typical first order chemical rate constants are much less than 

1 s-1). While pseudo-capacitors based on ruthenium dioxide have been commercialized for military 
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applications, their high cost has limited widespread use. Other materials such as redox active 

polymers and other metal oxide systems are an active area of research and hold significant promise 

if problems with stability, a low voltage window and poor kinetics can be overcome.  

2.1.2. Double-layer charging mechanism 

When a power source is used to apply a voltage across two electrically insulated and non-reactive 

metallic electrodes, excess electrons are pumped into one electrode while the holes (i.e., the 

absence of electrons) accumulate within the other electrode. For a metal with a high density of 

electronic states, this electronic charge builds up at the electrode/electrolyte interface. Due to an 

applied voltage to the system, charges accumulate at the electrodes and cause ions within the 

electrolyte to migrate through the separator towards the interface between the electrolyte and its 

oppositely charged electrode. Thus, negatively charged ions will move towards the positively 

polarized electrode while positively charged ions will migrate towards the negatively polarized 

electrode. This phenomenon was described by Helmholtz in 1853 while studying a large parallel 

plate capacitor. Based on his model, the excess electric charge will concentrate at the surface of 

the metallic electrode. In response, the oppositely charged ions in the electrolyte will migrate as 

near as possible to the surface of the metallic electrode. In the absence of a solvation shell, the 

distance between the charges is approximately the ionic radius. The name “double-layer” comes 

from this dual layer of polarized charges18. Therefore, capacitance (CH) in the system is dependent 

on the specific surface area (A) of the electrode, dielectric constants (ε and ε0) and the effective 

thickness of the double-layer (d) based on Helmholtz’s model as shown in Equation 1. 

                                             𝐶𝐻 =
𝜀𝜀0𝐴

𝑑
                                        (1) 
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According to this theory, the capacitance is a constant value that only depends on the distance of 

closest approach of the ion to the electrode surface. However, in this model, the effect of thermal 

motion, ion diffusion, and adsorption onto the surface is not considered as parameters that affect 

the capacitance. Hence, the model fails to explain the change in the capacitance with potential and 

ion concentration in the bulk electrolyte18. Later studies done by both Gouy and Chapman, 

independently from each other, built on this description by incorporating the effect of thermal 

motion which acts to retard ions from all lining up at the interface in response to the electric field. 

Thermal fluctuations cause there to be a broader distribution of ionic charge at the interface called 

a diffuse layer that extends a further distance into the electrolyte from the surface. This distribution 

of ionic species in an electric field and considering thermal motion can be described using the 

Boltzmann equation (Equation 2):  

                                           𝑛𝑖 = 𝑛𝑖
0 𝑒𝑥𝑝(

−𝑧 𝑒𝜙

𝜅𝑇
)
                           (2) 

where 𝑛𝑖  represents the concentration of ion species at layer i, and  𝑛𝑖
0 is the bulk concentration 

of the ion. The other parameters represent the charge of the ion, 𝑧, the Boltzmann constant, 𝜅, the 

temperature, T, the charge on the electron, 𝑒, and the potential with regards to the bulk solution, 

𝜙. 



11 
 

 

Figure 3.  Schematic view of the electrolyte solution at the electrode-electrolyte interface as a 

series of laminae18 

The solution phase can be imagined to be a series of vertical laminae as depicted in Figure 3. All 

laminae are assumed to be in thermal equilibrium with each other. The effect of the electrostatic 

potential on any ionic species is explained in Boltzmann equation (Equation 2), therefore 

summation of the all ionic species at any lamina will give the charge density 𝜌 (𝑥) described in 

Equation 3. From electrostatics the relationship between the electric potential at distance x and the 

charge density is given by Poisson’s equation (Equation 4). Combining (3) and (4) leads to the 

Poisson-Boltzmann equation (Equation 5) which can be solved to describe the concentration and 

potential profiles in the diffuse layer.  

                                                     𝜌 (𝑥) = ∑ 𝑛 𝑖
0𝑧𝑒 𝑒𝑥𝑝(

−𝑧 𝑒𝜙

𝜅𝑇
)
                       (3) 

                           𝜌 (𝑥) = −𝜀𝜀0
𝑑2𝜙

𝑑𝑥2                               (4) 
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𝑑2𝜙

𝑑𝑥2 = −
𝑒

𝜀𝜀0
∑ 𝑛𝑖

0𝑧 𝑒𝑥𝑝(
−𝑧 𝑒𝜙

𝜅𝑇
)

𝑖                 (5) 

The integration of Equation 5 gives;  

              (
𝑑𝜙

𝑑𝑥
)

2

=
2𝜅𝑇

𝜀𝜀0
∑ 𝑛𝑖

0𝑒𝑥𝑝(
−𝑧 𝑒𝜙

𝜅𝑇
) + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑖     (6)  

If the distance is far from the electrode, then the potential will be equal to zero and  (
𝑑𝜙

𝑑𝑥
) = 0. The 

constant is evaluated based on this relationship, and is described in Equation (7) below.  

            (
𝑑𝜙

𝑑𝑥
)

2

=
2𝜅𝑇

𝜀𝜀0
∑ 𝑛𝑖

0 [𝑒𝑥𝑝(
−𝑧 𝑒𝜙

𝜅𝑇
) − 1] 𝑖             (7) 

For 1:1 symmetrical electrolyte solution:  

                     (
𝑑𝜙

𝑑𝑥
)

2

= − (
8𝜅𝑇𝑛0

𝜀𝜀0
)

1/2

sinh
𝑧 𝑒𝜙

2𝜅𝑇
               (8) 

At metallic side, 𝜙 =  𝜙0 ; the potential drop across the diffuse layer: 

                                                      (
𝑑𝜙

𝑑𝑥
)

2

= − (
8𝜅𝑇𝑛0

𝜀𝜀0
)

1

2
sinh

𝑧 𝑒𝜙0

2𝜅𝑇
                (9) 

The charge at the metallic side:         𝑞 = 𝜀𝜀0𝐴 (
𝑑𝜙

𝑑𝑥
)

𝜙= 𝜙0

                         (10)   

The excess charge density of the metallic side:  

                                                   𝜎𝑀 = (8𝜅𝑇𝜀𝜀0𝑛0)1/2 sinh
𝑧 𝑒𝜙0

2𝜅𝑇
                      (11) 

The capacitance of the diffuse layer:  

                                            𝐶𝑑𝑖𝑓𝑓𝑢𝑠𝑒 =
𝑑𝜎𝑀

𝑑𝜙0
= (

8𝜅𝑇𝑛0

𝜀𝜀0
)

1/2

cosh
𝑧 𝑒𝜙0

2𝜅𝑇
                (12) 
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Stern explained this extended model of double-layer charging in 1924. His approach to double-

layer charging consisted of the combination of Gouy-Chapman’s and Helmholtz’s models. 

Consequently, the double-layer capacitance can be expressed for these two models by considering 

them as two capacitors in series as seen in Equation 13.18,19 

                                                          𝐶𝑑𝑜𝑢𝑏𝑙𝑒−𝑙𝑎𝑦𝑒𝑟 =
1

𝐶𝐻
+

1

𝐶𝑑𝑖𝑓𝑓𝑢𝑠𝑒
                   (13) 

Based on Gouy-Chapman theory, ions act like point charges and are expected to approach to the 

electrode surface arbitrarily closely. Realistically ions have a finite size. Therefore their approach 

to the electrode surface is limited by their radius and depends on their solvation degree.  If they 

are solvated ions, the distance between the centre of the ion and the electrode surface will become 

larger. At low concentration of the electrolyte solution, the impact of this layer is negligible due 

to the dominant effect of the diffuse layer at the interface. On the other hand, the capacitance 

approaches the Helmholtz model due to compressed, tightly packed ions closer to the electrode 

and electrolyte boundary while the electrolyte concentration increases in the system as can be seen 

in Figure 4. In Equation 13, CH is defined by the capacitance of the Stern layer, and Cdiffuse 

corresponds to the capacitance between the charge at the surface and the charge in the diffuse layer 

or bulk solution. Therefore, Cdiffuse is a function of voltage and directly affected by the 

concentration of the electrolyte as can be seen in Figure 4, whereas CH is independent of potential. 

Consequently, Stern’s modification to Gouy-Chapman’s work helps to develop a model that 

explains charging in high and low electrolyte concentrations by taking into account the finite size 

of ions and their approach to the electrode surface. 
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Figure 4.  Expected behaviour of double-layer capacitance concerning the electrolyte 

concentration based on the Gouy-Chapman model18.  

2.1.3. Energy and Power Density 

This stored energy is calculated using Equation 14 as shown below. Q is defined as the 

accumulated charge under a specific voltage (V) difference.   

          𝐸 =
1

2
𝑄𝑉                        (14)  

The capacitance (C) of the capacitor is expressed by equation 8. The effect of the diffuse layer and 

the area of the electrode surface are the main contributors to the change in the absolute amount of 

charge by the potential difference. Therefore, the energy density of the device measured is directly 

related to the specific capacitance and the applied voltage of the cell as shown in Equation 16 

below.  

                                                            𝐶 =
𝑄

𝑉
                              (15) 
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        𝐸 =
1

2
𝐶𝑉2                        (16) 

The power density in energy storage devices is a measure of energy delivery, and it is a function 

of the applied voltage and the equivalent series resistance (ESR) of the device. ESR is defined as 

the effective resistance of the entire system including ionic, electronic and contact resistance. 

Moreover, the current response of the device competes with the internal resistance while voltage 

is applied to the system.  Internal resistance changes as a function of time in the system, therefore 

it is complicated to calculate the exact value of the power density. However, it is possible to 

estimate maximum power by the use of internal resistance (Rs) and the applied voltage to the 

system based on a series RC circuit model. The voltage drop can be calculated according to Ohm’s 

law as shown in Equation 16. The maximum power density (Pmax) is expressed using the derivative 

of power density (P). Current and voltage at maximum power can be found by solving the 

derivative of Equation 18 equal to zero, as shown in Equation 19. 

𝑉 = 𝑉0 − 𝑖𝑅𝑠                  (17) 

𝑃 = 𝑖𝑉 = 𝑖 (𝑉0 − 𝑖𝑅𝑠)               (18) 

          𝑃𝑚𝑎𝑥 =
𝑉𝑚𝑎𝑥

2

4𝑅𝑠
                      (19) 

Internal resistance (Rs) plays an essential role in the power density of the device and is constructed 

by the electric resistance, ionic conductivity and resistance due to the separator layer. Electronic 

conductance is dependent on the electrode material’s conductivity and the thickness of the 

electrode. A thick electrode is preferred to ensure that the active material is a significant fraction 

of the total device weight which includes packaging, current collectors and the separator layer. 

However, increased electrode thickness causes a voltage drop as electrons travel through the low 
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conductive carbon electrodes. Therefore, thin film electrodes achieve better high rate performance 

due to less resistance. The second significant factor in internal resistance is the ionic conductivity 

which is dictated by ionic charge carriers and their mobility due to an electric field. A high 

electrolyte concentration (many ionic species and therefore more charge carriers) and a small 

solvated ionic radius (smaller ions are more mobile) are the two main ways to decrease the ionic 

conductivity. Moreover, electrolyte resistance is also dictated by the distance that ions have to 

travel between two electrodes. Therefore, the ionic path length is another significant parameter 

that will affect the internal resistance (Rs) in the cell.  

The maximum power density can be increased by decreasing the internal resistance and increasing 

the cell voltage which is typically dictated by the voltage stability window of the electrolyte. As 

described above, the electrode and the electrolyte both dominate the internal resistance of the 

device. Therefore, optimization of the electrode and the electrolyte play a vital role in both the 

energy and power density of the device.  

2.1.4. Specific Capacitance 

The ultimate aim of the study of EDLCs is to achieve high energy density while maintaining high 

power capabilities and good cycle-life.  As indicated by the double-layer charging mechanism, the 

capacitance is a function of both the electrode and the electrolyte. Hence, a higher surface area 

electrode/electrolyte interface will directly increase the capacitance. Carbon materials are 

considered to be the best candidate due to their ability to tailor both surface area and conductivity. 

Moreover, the microstructure of the electrode material plays a crucial role in the energy storage 

mechanism due to ion accessibility in the porous structure. Without a porous structure, the 

interaction between the ions in solution and the charged electrode interface would be minimal, but 

if the pores impose on ion transport, great amounts of surface area will become inaccessible. In 
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the case of high surface area carbon electrodes, the geometric surface area is different from the 

real surface area of the electrodes where the ions can migrate into the porous structure of the 

material. Typically, pores smaller than the solvated ion radius cannot participate in double-layer 

charging because they simply cannot fit.  Therefore, the expression for the Helmholtz capacitance 

(CH) can be modified based on the pores structures of the electrode surface as shown in equation 

19.20  

𝐶

𝑆𝑆𝐴
=

𝜀𝜀0

𝑑
(

𝑅𝑝𝑜𝑟𝑒−𝑑

𝑅𝑝𝑜𝑟𝑒
)                   (19) 

This equation takes into account the three-dimensional (3D) structure of the pores and assumes the 

shape of the pores are spherical. The specific capacitance of the EDLC is typically reported in 

gravimetric units in order to quantify the performance of the device. Gravimetric specific 

capacitance is a very easy way to evaluate performance. It is practically simplistic to measure the 

mass of the active electrode and calculate the specific capacitance. Considering the density of the 

thick, high surface area carbon materials, evaluating the performance of the EDLC in the 

gravimetric unit is not fair for loosely packed electrode materials. In this case, the volumetric 

specific capacitance is an alternative unit which includes the density of the electrode and the 

volume of the electrolyte in the calculation. On the other hand, it is also important to report the 

areal specific surface for miniaturized, flexible thin EDLCs towards integration into micro-

structured electronic devices.  

In the light of the information above, the specific surface area of the electrode material is one of 

the most important parameters in EDLC devices as it directly affects the energy density of the 

EDLC. It is an important tool in order to use in an evaluation of the performance of peer devices.  

2.2. Porous Carbonaceous Electrodes 
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2.2.1. High Surface Area Carbons 

As discussed above, the double-layer charging mechanism requires large ion-accessible specific 

surface area to improve specific capacitance and thus provide high energy density. Carbonaceous 

materials are typically chosen as the base material due to their relatively low cost, 

electrochemically stability, and high surface area21. A wide variety of carbonaceous materials have 

been reported with suitable porosity and pore size distribution for use in applications ranging from 

EDLCs to conductive additives for lithium-ion batteries. Simply measuring specific surface area, 

depending on the measurement method, does not always indicate performance as ion accessibility 

at the interface of the electrode and the electrode will be limited if the pore size is too small. Thus, 

high surface area, pore size distribution, the pore shape and structure, and electrical conductivity 

are important parameters which affect performance due to the electrode-electrolyte or two-phase 

interface. 

Activated carbons - One of the most common materials used are activated carbons (ACs)21. These 

are synthesized via the partial graphitization of carbon precursors through a thermal treatment 

followed by an activation process which etches away amorphous carbon from the structure, leaving 

behind a porous material. The activation is usually carried out by thermal treatment using steam, 

CO2, and/or potassium hydroxide. The specific precursor, thermal treatment and activation recipe 

dictates the final surface area, pore-size distribution and electrical conductivity. The surface area 

of ACs can reach as high as 1000-3000 m2/g (as determined by gas adsorption analysis). 

Practically, all of this surface area cannot be accessed by the electrolyte and results in limited 

specific capacitance when assembled as an EDLCs22. Furthermore, ACs engineered with high 

surface area typically have a low electric conductivity which limits the power density in the 

EDLC23,22. Despite these limitations, ACs are used in most commercial supercapacitors today24. 
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Carbon nanomaterials - Other common, well-studied carbon structures include carbon nanotubes, 

graphene and its derivatives such as functionalized graphene oxide (GO). Carbon nanotubes 

(CNTs) have demonstrated excellent characteristics such as electrochemical, chemical, and 

mechanical stability as well as high electrical conductivity. As such, CNTs have been proposed as 

a candidate in the fabrication of electrodes for energy storage. CNTs are divided into two main 

groups; single wall carbon nanotubes (SWCNTs) and multi-wall carbon nanotubes (MWCNTs)25. 

Both types of CNTs have demonstrated promising performance as electrode materials for EDLCs. 

However, while the theoretically achievable specific surface area of a single-walled CNT at 

1320 m2/g is relatively high, the surface area drops significantly with multi-walled CNTs since 

ions cannot penetrate the space between them. Furthermore, due to strong van der Waals forces 

between adjacent tubes during fabrication, CNTs have an innate tendency to bundle together, 

resulting in the restricted surface area as overlapping cylinders do not touch at a point but bend 

into contact, preventing ions from accessing this surface area. Thus, the ions in the electrolyte are 

not able to access the full surface area of CNTs26, 27. Synthesis of SWCNTs has been very well 

studied in the last decade, and many studies focus on inexpensive and practical technique to 

achieve SWCNTs with a controlled diameter using chemical vapour deposition28, laser ablation29, 

etc.  

Graphene is a more recent arrival to the list of carbonaceous materials. It was discovered in 2004 

by two researchers from University of Manchester, Prof. Andre Geim and Prof. Kostya Novoselov 

who received the Nobel Prize in physics based on their discovery. They demonstrated, for the first 

time, that mechanically exfoliating graphite could isolate a single layer of graphite (called 

graphene) with tape. Theoretically, the surface area of an isolated graphene sheet is twice that of 

a single-walled CNT – reaching 2630 m2/g.  
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Figure 5. Illustration of SWCNT, MWCNT and graphene30 

Besides using tape to exfoliate graphite, there have been many other methods used to produce 

graphene-based materials in larger scale and which could be used as electrode materials for 

supercapacitors. This family of materials results from the chemical or solvent exfoliation of 

graphite. For example, milling of graphite in different solvents can be used to reduce the thickness 

of the graphite to the single-sheet level. However, typically this results in stacks of few-layer 

graphene which significantly lowers the specific surface area of the material. On the other hand, 

chemical oxidation of graphite can be used to convert graphite into graphite oxide which is a 2D 

material easily exfoliated into single sheets in water and other polar solvents. A common technique 
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to synthesize graphite oxide is using the technique developed by Marcano et al. in 2010 which is 

referred to as the modified Hummers method. This method relies on the intercalation of oxidizer 

species between graphite sheets using KMnO4  and strong acids like sulfuric acid (H2SO4) and 

phosphoric acid ( H3PO4)
31. Compared to other chemical oxidation of graphite (Hummer Method), 

this modified method increased the yield of the reaction, and increased the degree of oxidation, 

resulting in heavily oxidized graphene flakes. Graphene oxide (GO) is an electrical insulator and 

can be exfoliated into single sheets by ultrasonication in polar solvents.  GO is reduced to rGO by 

removing oxygen-rich functional groups such as epoxy groups, carboxyl groups, and hydroxyl 

groups through thermal, chemical or electrochemical treatments. rGO is considered to be a form 

of graphene. However it has defects due to the removal of functional groups from lattice 

structure32.  The number of defects and the ratio of carbon to oxygen are dependent parameters to 

the type of reduction procedure applied. Thus, this material offers the ability to retain the high 

specific surface area, single sheet nature of the graphene while the defects and residual functional 

groups can yield additional functionality. Preventing restacking of graphene sheets through 

functionalization leads to increased double-layer capacitance due to increasing accessible surface 

area of the electrode. Additionally, the introduction of defects and functional groups boosts the 

density of electronic states and enhances the capacitance as pristine graphene is limited in this 

respect due to electronic effects associated with its low density of electronic states near the Fermi 

level. Furthermore, the functional groups remaining on the rGO can lead to pseudo-capacitance 

which contributes to higher capacitive performance of aqueous-based EDLC33. 

2.2.2. Carbon Precursors 
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Carbon precursors provide an environmentally friendly, inexpensive, and scalable solution to 

manufacture ion-accessible high surface area carbonaceous materials such as graphene, CNTs, 

activated carbon and so forth for energy storage applications. 

Utilization of biomass waste to create a green alternative in energy storage, and the ability to 

process these renewable sources into various microstructured carbon materials are the primary 

motivations for carbon precursors in industry. There is a significant payoff for the re-use rather 

than consumption of natural resources, fueling the move forward in utilizing natural hydrocarbons 

such as waste materials and food products to supply cheap, green raw materials from nature in 

industrial production.  As shown in Figure 6, there are many such materials for carbon precursors 

that are capable of being converted into high surface area carbonaceous materials. Examples 

include aromatic polyimides, saccharidic biomass waste, petroleum organic waste compounds, and 

natural fibres  such as wood, fibre-rich plants, etc34. 
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Figure 6. Natural carbon precursor and their use in manufacturing various carbon materials34 

To fabricate high-surface area carbons from pre-cursors, established methods include chemical 

vapour deposition (CVD), thermal pyrolysis, arc discharge and recently laser irradiation. The laser 

irradiation technique has been established and used widely in ablation of polymer materials. In 

2014, Lin et al. demonstrated use of a carbon dioxide laser on an aromatic polyimide precursor35. 

For the first-time, laser irradiation of carbon precursors was employed to carbonize rather than 

ablate the material. Further, they demonstrated the ability of carbonized polyimide as a graphene-

like, high surface area electrode and used this technique to build EDLCs. Due to the patterning 

capabilities of the laser source, they were able to build micro-supercapacitors with the specific 

capacitance over 4 mF/cm2. This was approximately an order of magnitude higher than the micro-

supercapacitors fabricated via laser irradiation of graphene oxide4. They studied the effect of the 
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laser power on carbonization of polyimide, and even at low laser power (approximately 4 W), they 

were able to graphitize aromatic polyimide into stacked few-layer graphene as suggested by the 

similar Raman spectrum. Furthermore, the same research group showed the carbonization of a 

lignocellulose structure in wood into graphitized carbon structure through laser irradiation in 

201736. Based on this recent study, they discussed the effect of the different magnitude of laser 

power (between 7.5 to 32.5 W power) which can tailor the microstructure between meso- and 

micro-porous, while even higher laser power (above 33 W) demonstrated a graphene dominated 

carbon structures as shown in TEM images. These two studies demonstrated successful 

carbonization of carbon precursors via laser irradiation in a rapid manufacturing process. However 

both polyimide and wood with high lignin content are expensive raw materials to produce 

electrode materials and are not as attractive as waste-biomass sources. Therefore, there is still 

demand for the rapid production of high surface area, surface tailored microstructure of electrode 

materials through the usage of cheap renewable resources in the manufacture of EDLCs. 

In this work, we demonstrate the rapid, simple fabrication of high specific surface area electrode 

materials via laser irradiation from saccharidic biomass waste, namely poly (furfuryl alcohol). Poly 

(furfuryl alcohol) is a thermosetting polymer which is synthesized from furfuryl alcohol via acid-

catalyzed polycondensation under various conditions. Furfuryl alcohol (FA) is widely studied as a 

carbon precursor originating from renewable saccharidic biomass waste such as sugar cane and 

corn husks, through the reduction of furfural15,37,38. Carbonization of pFA results in a non-

graphitizing carbon structure (Figure 7) with randomly oriented aromatic domains interconnected 

by disordered and curved carbon sheets such as graphene as studied by Foley et al39. Unlike 

polyimide which is a graphitizing carbon structure, pFA is expected to have good electrical 
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conductivity, mechanical and thermal stability. The main advantage of poly (furfuryl alcohol) is 

the high content of carbon compared to a polymer with imide groups.  

Figure 7. Illustration of graphiting and non-graphiting carbon structures40  

To investigate electrode performance of renewable resources in a micro-supercapacitor 

application, poly (furfuryl alcohol) is intensively studied in this work due to its ability to carbonize 

into a densely packed, conductive structure15–17,38,41. 

2.2.2.1. Poly (furfuryl alcohol) chemistry and synthesis 

PFA is synthesized via the poly-condensation of furfuryl alcohol, assisted by an acid catalyst such 

as hydrochloric, sulfuric, oxalic or p-toluene sulfonic acid. The monomer in the polymerization 

provides the required hydrophilic identity due the hydroxylic side chain groups and the presence 

of an oxygen atom in the furan ring. The resulting polymer shows hydrophobic behavior and is not 

soluble in water42.  Poly-condensation of furfuryl alcohol is typically highly crosslinked, and 

appears to be a black resin-like polymer. Although this polymerization mechanism has been 

studied for more than 50 years, the exact mechanism is still unknown and complex42. However, 

there is no doubt about the formation of two type of products which are connected with methylene 

or dimethylene oxide bridges, as can be seen in the pFA chemical structure (Figure 8). 
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Figure 8. Schematic of polymerization of furfuryl alcohol43 

Furfuryl alcohol, the monomer of pFA, contains a hydroxyl group in the side chain of its 

heteroatom furan ring. The formation of two polymer chain structures is related to this hydroxyl 

group that connects either one side of furan rings or other side of it through a condensation reaction. 

Therefore, the produced polymer results either in a head-to-tail or head-to-head chain structure as 

depicted in Figure 8, respectively as 1 and 2. Reported in previous studies, the secondary formation 

is transferred into head-to-tail chain structure in the presence of strong acid catalyst43. This head-

to-tail reformation is proposed as the explanation for color formation and polymeric crosslinking 

in the final product as the interaction of hydrogen atoms in methylene bridges causes a side 

reaction, eventually forming a dark colored, resin-like polymer product. Crosslinking mechanism 

can be accelerated by temperature, acid catalyst concentration or reaction time. Although the 

nature of crosslinking has been intensively in literature, none of the researchers have adequately 

explained the exact mechanism. However, Gandini et al. suggested that hydrogen atoms in a 

methylene bridge propagate the polymer chain by removing hydride ions resulting in positive 

charges on both active units. Neutralization of these positive charged units cause the formation of 



27 
 

conjugations in the resulted polymer (Figure 9) 44. The conjugation in the crosslinked polymer is 

the likely cause of the dark color present in poly (furfuryl alcohol).  

 

 

Figure 9. Schematic of conjugation mechanism of poly (furfuryl alcohol)43 

Pyrolysis of poly (furfuryl alcohol) leads to non-graphitizing carbon structure. Unlike graphitizing 

carbon structures, the domains in pFA are connected by distorted or twisted aromatic domains 

which leads to micro-porosity in the material45. A thermal treatment enforces the loss of functional 

groups and cross-linking while producing carbon dioxide, water, methane, carbon monoxide and 

hydrogen in the presence of an inert atmosphere. The microstructure of carbonized pFA is tailored 

by varying the temperature during thermal treatment. It has been reported that larger average pores 

are formed in the low temperature range between 200-500̊ C, whereas more ordered pore structures 

are observed at higher temperatures and long thermal treatment times45. Foley et al. studied the 



28 
 

role of aromatic microdomains on formation of pores in carbonization of pFA, and based on their 

study, the microdomains tend to grow under extended pyrolysis time and high temperature, leading 

to a decrease in average pore size and more ordered porous structures in the bulk material45. 

Furfuryl alcohol polymerizes through polycondensation in the presence of an acid catalyst. There 

are two main routes that will result in polymerization. The first route is a two-step polymerization 

(emulsion polymerization and removal of surface reactive groups) while the second second is a 

bulk resinification polymerization. Emulsion polymerization is capable of synthesizing 

microsphere particles through emulsion, while the second step serves to crosslink surface reactive 

groups to prevent agglomeration via high concentration of strong acid catalyst (H2SO4). Furfuryl 

alcohol exhibits a hydrophilic nature whereas polymerized furfuryl alcohol becomes hydrophobic 

when high crosslinking occurs. This situation indicates a good medium for emulsion; amphiphilic 

particles such as surfactant creates micellar structures and encapsulates polymerized furfuryl 

alcohol particles into their cores whereas outside of these micelles is the hydrophilic domain. A 

systematic study of the emulsion polymerization of poly (furfuryl alcohol) was done by Peer and 

her co-workers aiming to understand all parameters which affect micellar growth, especially the 

crosslinking mechanism in the second step and reaction kinetics of acid-catalyzed 

polycondensation42.  As a result of this study, they categorized the emulsion mechanism into 3 

important parameters; the concentration of surfactant, monomer and solvent. A water and ethanol 

mixture was selected as the solvent system. Their results are shown in Figure 10, where they 

suggested the choice of solvent is critical for the formation of spherical particles.  
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Figure 10. Phase diagram of surfactant monomer and solvent and its effects on morphological 

formation of carbon for emulsion polymerization of poly(furfuryl alcohol)42  

2.3. Device Fabrication 

2.3.1. Design and Challenges 

Typical, large format supercapacitors on the market are built in a sandwich-like structure. The 

sandwich type of EDLC consists of two high surface area carbon electrodes, physically isolated 

by a separator and then folded or rolled up into a pouch or cylindrical cell. This type of cell consists 

of electrodes with thickness ranging from 100 to 300 µm. This is to increase the ratio of active 

material to inactive material in the device which leads to higher device-level energy densities. 

Thinner film electrodes typically result in higher power density (due to reduced electrode and 

electrolyte resistance) but results in a large fraction of inactive mass which limits the energy 

density achievable1.  Moreover, the integration of these cells into micro-scaled electronic devices 

and flexible, lightweight new electronics is challenging due to low volumetric and areal 
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capacitance. Since the gravimetric and volumetric capacitance of an electrode material does not 

contain any thickness information, the areal capacitance does and has become an important 

practical metric for assessing practical device performance. For example, a commercial electrode 

of 300 m thick with a bulk density of 0.5 g/cm3 and a gravimetric capacitance of 120 F/g could 

achieve an areal capacitance of 1.8 F/cm2. On the other hand, a 1 m thick device would be 300 

less (6 mF/cm2).  

This thickness effect is particularly important when one considers flexible and micro-patterned 

supercapacitors which are inherently of the thin film variety. For wearable applications, the 

capacitance or energy stored per area is critical due to the limited footprint on clothing, etc.  One 

way to increase the thickness without sacrificing flexibility is by moving from a planar/sandwich 

structured device to an interdigitated one. It also allows for easier fabrication of microscale devices 

by printing or other direct-write approaches, making it a favourable configuration for integrated 

technological devices and sensors. These types of supercapacitors are generally called micro-

supercapacitors due to their small size and format.  
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Figure 11. Schematic of different EDLC assemblies 

Micro-supercapacitors consist of micro-scaled electrodes typically with hundreds of microns in 

electrode width and tens to hundreds of microns of separation between electrodes in a planar design 

as depicted in Figure 11 and Figure 12. Unlike sandwich-like conventional supercapacitors, an 

in-plane interdigitated micro-supercapacitor has a shortened mean ionic pathway between the 

negative and positive electrodes. This provides a technical advantage due to a larger interaction 

surface between both sides of each micro-electrode 1. 
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Figure 12. Illustration of in-plane micro-supercapacitors 

Consequently, in-plane interdigitated design can typically reach a higher power density compared 

to conventional supercapacitors and batteries. Moreover, this design makes it easy to integrate 

micro-supercapacitors into microelectronic devices. However, as discussed, the areal capacitance 

and energy density of the interdigitated design is typically a small fraction of commercial planar 

sandwich designs due to the limited thickness of most approaches and sub-optimal electrode 

properties compared to optimized activated carbons. Fortunately, the advantages of interdigitated 

architecture can overcome this disadvantage and the general goal of this thesis is to improve the 

energy density by exploring new materials and methods.  

Being integrated into microelectronic devices, a leak-free energy storage solution is desired. 

Therefore, solid-state and gel electrolytes are a pre-requisite for micro-supercapacitors. However, 

these often suffer from sub-optimal ionic conductivities. Gel electrolytes are often prepared with 

non-ionic polymer networks such as poly (vinyl alcohol) (PVA) and poly (methyl methacrylate) 

(PMMA). Typically, a high viscosity polymer network blends with organic or aqueous based ionic 

solutions and is cast onto the electrode surface fabricated in the aforementioned interdigitated 

design. Another advantage of this type of electrolyte is that it also serves as a separator between 
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oppositely charged electrodes.  As a result of these advantages, gel electrolytes are commonly used 

in micro-supercapacitor applications4,10,12,27,35. 

2.3.2. Fabrication Techniques 

A significant portion of studies based on micro-supercapacitors focus on fabrication techniques 

and their optimization. The fabrication method is expected to achieve certain deliverables; low-

cost, simple and fast processing, and accessibility of the technique. Fabrication techniques for in-

plane micro-supercapacitors are divided into two main categories; the direct and indirect 

deposition of electrode material on the surface of a substrate. Photolithography is widely studied 

as an indirect deposition method for micro-supercapacitor1,8,47. The electrode material is fabricated 

onto the photo-resist material, and the patterned design of electrode is achieved through lifting off 

the photoresist material from the design. This technique is inexpensive compared to traditional 

lithography technique and slightly more straightforward. However, it requires an additional step 

to remove the photo-resist material. Therefore it is not an ideal fabrication method for simple, cost-

effective generation of micro-supercapacitors. Another promising method used in micro-

supercapacitor research is to fabricate vertically aligned carbon nanotubes through chemical 

vapour deposition. Hsia and his co-workers reported 0.43 µF/cm2 with over 1000 cycles of 

stability7. Unfortunately, these micro-supercapacitors specific capacitance is low compared to 

other micro-supercapacitors based on similar carbon materials which will be described in 

following part of this section. 

Inkjet printing is a direct fabrication method that requires small enough particle size to prevent 

clogging on the printing nozzle and a specific viscosity to provide consistent ink flow48. This 

technique often requires having an etched current collector to print the ink as the top layer of this 
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conductive pattern. Hence, it needs to couple with photolithography to create interdigitated 

architecture on flexible substrates. 

2.3.2.1. Laser irradiation technique 

Laser irradiation and patterning is a simple, and can be a rapid fabrication technique as an 

alternative to lithographic fabrication. A laser source has been used as an energy source to remove 

or ablate polymer material and generate a patterned conductive surface. Recently, laser irradiation 

has been demonstrated on carbon precursors and in the reduction of graphene oxide on flexible 

substrates to cause graphitization4,10,13,14,35,36,49–52. This simple technique only requires a laser 

source, and operation in an optical protective chamber due to possible scattering of the laser. It is 

possible to use different laser types such as femtosecond pulsed laser53, nano- and picosecond 

pulsed laser54, continuous wave laser13,35,36,50 and the laser irradiation have demonstrated at a 

various range of wavelength laser, ultraviolet, blue light55, infrared range13,35,36,50 and visible range 

laser sources4,10,14. Femto-, nano- and picosecond lasers are a customized type of laser sources; the 

cost of this equipment is the most prominent disadvantage of the use of this fabrication on an 

industrial scale as well as the low throughput. As an alternative, CO2 laser-based etching/cutting 

machines are inexpensive, widely available and can pattern rapidly due to the larger cross-section 

of the sample hit by the laser in a single pass due to rapid photothermal heating. Such lasers are  

widely used in industrial applications for cutting and marking metal, wood, and polymer materials. 

Therefore, accessibility and scalability of laser irradiation can become possible via this type of 

laser source. 

2.3.2.1.1. Laser Types 

Laser systems are distinguished by the type of laser source and the duration of laser emission. 

Laser sources are divided into five different systems; solid state, gas, excimer, dye and 
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semiconductor lasers56.  Depending on the medium used to create the laser beam determines the 

type of the laser. Solid state lasers were developed in 1960. They use the solid-state host as an 

active medium, and common active medium are doped with transition metal ions such Neodymium 

(Nd: YAG). YAG is the most common solid host with a few percentage addition of Nd. These 

type of lasers are safer due to the absence of compressed gaseous medium in the system. Solid 

state lasers have an operating wavelength in the range of infrared (IR) to ultraviolet (UV). They 

are pumped optically by a flash lamp or diode lasers. Flash pumped solid state lasers, 

unfortunately, are not capable of achieving high efficiency. On the other hand, diode-pumped laser 

are known for their low power output. These types of lasers suffer due to their short lifetime, 

inefficiency and low power outage compared to gas lasers57. Gas lasers can operate at over 10 

kilowatts of power. They are based on a mixture of one or more gases or vapours at an atomic or 

molecular level.  They operate based on electrical discharge rather than optical pumping. Based 

on these principles, excimer lasers can also be associated with gas lasers. Helium-Neon (He-Ne) 

and carbon dioxide (CO2) lasers are two common members of gas lasers’ family. Carbon dioxide 

lasers are made of gas mixtures of CO2, He, nitrogen (N2), hydrogen (H2), water vapours and xenon 

to cause irradiation at 10.6 µm.  CO2 lasers are the most efficient laser type, and are well known 

to perform etching of various polymer materials due to their high output power. Most gas lasers 

irradiate light in the infrared region58. Dye lasers are liquid lasers and operate via a liquid medium. 

Organic dyes inside the solvents can be excited to an energetic state to form a laser beam. These 

type of lasers emit in the UV to near infrared region, and can be tuned within this spectrum. They 

are intensively used in astronomy and spectroscopic methods. However, they have a short dye life 

and complicated maintenance due to the liquid source of the medium. The semiconductor laser is 

the last in the family of the lasers. They are very compact and simple to build. However, they are 
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not capable of working at the high power required for applications. Therefore, they are typically 

used in telecommunications which do not require such high power.  

In summary, lasers can be distinguished based on laser sources, where gas lasers are a common 

type used to cut or etch various type of materials compared to alternatives. The CO2 laser is well 

known in etching applications due to its high working efficiency. The majority of recently 

published research using lasers in material fabrication are using CO2 gas sources.  

As mentioned at the beginning of the section, the duration of laser emission is also another 

parameter that distinguishes the lasers. Pulsed, varied frequency of the pulse and continuous laser 

sources each cause different results when applied onto a material. A pulsed laser is good choice to 

fabricate high resolution and high-quality features due to the relatively lower thermal contribution 

onto the incident material surface59. Femtosecond lasers, a class of pulsed laser, are well known 

for the majority of micropatterning experiments in academic research laboratories. However, their 

high cost and operating complexity make them less favourable when scaling towards industrial 

applications. Consequently, carbon dioxide lasers have been employed as an alternative 

microfabrication method due their low cost and simple operating conditions.   

2.3.2.1.2 Laser Wavelengths 

The wavelength of the laser is one of the most critical parameters that has a significant effect on 

laser emission and final absorption onto the surface of the material. In most cases, the wavelength 

is a constant parameter from the laser’s source. Depending on the laser wavelength, a different 

type of reaction will result in the crystalline structure. For example, infrared lasers induce a 

photothermal effect which contributes to carbonization via local heating on the surface59. Infrared 

lasers are well suited to pattern micro-scale features onto a material surface since their penetration 

depth is in the range of microns. On the other hand, photochemical effects of the laser are more 
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dominant in the visible range (300-800 nm) by removing chemical bonds and initiating new 

chemical reactions. Ultraviolet lasers perform well in situations requiring fine penetration in the 

range of nanometers. In light of this information, the formation of micro-scale conductive arrays 

from carbon precursors is the most rapidly and efficiently accomplished using infrared laser 

sources59. 

2.3.2.2 Materials for Laser irradiation Technique 

In this research, we focus on laser irradiation as a simple and promising fabrication technique in 

the manufacture of micro-supercapacitors. As this type of method and application has been 

attempted in research before, it is useful to generate a comparison of all previous studies; 

comparing what they used as precursors, their method, design and results in Table 1. Several 

studies promote polyimide as a promising carbon precursor due to its ability to carbonize via laser 

irradiation and a high electrochemical performance compared to graphene oxide. Polyimide 

contains many heterocyclic groups in its polymer structure. Hence, it exhibits the ability to be 

graphitized by laser irradiation. This behaviour is also observed in polyetherimide (PEI), another 

imide group polymer60. The studies listed below demonstrated the use of different type of 

electrolytes (aqueous, organic, ionic liquid) in micro-supercapacitors. However, laser irradiated 

polyimide primarily has been reported with the use of an aqueous-based electrolyte, this indicates 

the ion accessibility of this carbon structures is limited otherwise large molecule electrolyte 

compounds such as ionic liquid and organic electrolytes would perform similarly. Aqueous based 

electrolytes are well known due to their smaller sized ions; however, they have a limited voltage 

window between 0-1 V due to a water splitting potential around 1.2 V. On the other hand, organic 

and ionic liquid electrolytes can provide a wider voltage window of 2.5 V and 4 V respectively. 
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The combination of polyimide via CO2 laser irradiation patterned into interdigitated architecture, 

and aqueous-based electrolyte in the gel formed has resulted in the highest reported specific 

capacitance in recently studied literature55. It achieved up to 31.9 mF/cm2 at a 0.05 mA/cm2 current 

density following a plasma treatment which improved the contact between the pores and ions at 

the interface of the electrolyte and the electrode. Plasma treatment helps to improve the surface 

hydrophilicity of the polyimide after laser irradiation; polyimide tends to exhibit higher 

hydrophobicity after laser irradiation. This has been studied and demonstrated in an early study in 

literature61. 

This research is motivated by several possible improvements to these recently studied micro-

supercapacitors. First, investigation of an alternative material which improves the hydrophilicity 

relative to polyimide, possibly through controlling the micro-structure. Secondly, use of a cheaper 

and more easily accessible electrode material, best if recyclable and industrially available. Third, 

a material which can be rapidly and easily graphitized or carbonized with high conductivity, 

preferentially when exposed to laser irradiation. Fourth, that micro-scale features are well-resolved 

in order to optimize and maintain the electrode structure. Based on these criteria some potential 

candidates emerge worth investigating including saccharidic based biomass waste materials. 
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Table 1. Studies based on micro-supercapacitor fabricated through laser irradiation 

Electrode 

Material 

Electrolyte 

material 

Fabrication 

Technique 

Device 

Configuration 

Specific 

Capacitance 

Cycle 

Life Ref. 

rGO Hydrated GO 

Laser 

irradiation 

(CO2 Laser 

printer) 

In-plane 

circular design 0.51 mF/cm2 

<10,000 

cycles [11] 

rGO PVA/H3PO4 

H3PO4 

Organic 

IL 

DVD-writer 

(732 nm Laser 

beam) 

Sandwich-like 

cell 

3.67 mF/cm2 

4.82 mF/cm2 

5.02 mF/cm2 

>10,000 

cycles 

[37] 

rGO Ionogel 

PVA/H2SO4 

DVD-writer 

(732 nm Laser 

beam) 

Interdigitated 

design 

2.35 mF/cm2 

3.05 mF/cm2 

>10,000 

cycles 

[4] 

CNT 

 

 

 

Ionogel Laser-assisted 

dry transfer 

and lifted off 

Interdigitated 

design 

0.43 mF/cm2 - [7] 

Laser-

induced 

Graphene 

(Polyimide) 

PVA/H3PO4 

 

Laser 

irradiation 

(532 nm) 

Interdigitated 

design 

0.8 mF/cm2 >3,000 

cycles 

[12] 

 

 

Laser 

induced 

Graphene 

(Polyimide) 

Aqueous 

electrolyte 

Laser 

irradiation 

(CO2 Laser 

printer) 

Interdigitated 

design 

4 mF/cm2 9,000 

cycles 

[27] 

Laser-

induced 

Graphene 

(Polyimide) 

PVA/ H2SO4 

 

Laser 

irradiation 

(CO2 Laser 

printer) 

Sandwich-like 

cell 

9.11 mF/cm2 8,000 

cycles 

[13] 

Boron doped 

graphene 

(Polyimide) 

PVA/ H2SO4 

 

Laser 

irradiation 

(CO2 Laser 

printer) 

Sandwich-like 

cell 

16.5 mF/cm2 12,000 

cycles 

[38] 

Laser-

induced 

Graphene 

(Polyimide) 

PVA/ H2SO4 

 

Laser 

irradiation 

(405 nm 

pulsed laser) 

Interdigitated 

design 

31.9 mF/cm2 - [43] 

Laser-

induced 

Graphene 

(Polyimide) 

PVA/ H2SO4 

 

Laser 

irradiation 

(405 nm 

pulsed laser) 

Interdigitated 

design 

25 mF/cm2 - [55] 
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In this thesis work, different carbon precursors are tailored by an infrared (CO2) laser source with 

a 10.6 um wavelength. A CO2 laser was chosen to perform experimental patterning via thermal 

effects on localized areas of a crystalline substrate. Furthermore, other significant parameters, 

namely the laser power, scan rate, and local environment are optimized to control carbonization of 

the base materials (polyimide, graphene oxide, poly (furfuryl alcohol) and their composites).  
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Chapter 3. Laser-Induced Graphene using Carbonizable Precursors 

3.1. Introduction 

As discussed in Chapter 2, laser patterning techniques are promising for the rapid fabrication of 

graphene-like structures to create conductive patterns for flexible electronic and electrochemical 

devices. Laser irradiation has only recently been adopted as a technique to modify the morphology 

and chemical structure of polymers and graphene oxide. This technique has several advantages 

such as its accessibility, scalability, cost and time efficiency compared to chemical, thermal and 

other photo-thermal techniques such as photolithography. The first study to use light to create 

patterned graphene films was published in 2009 by Cote et al. They demonstrated the ability to 

pattern freestanding GO films using a high power xenon lamp under an inert atmosphere. This 

study proved that photo-thermal energy could initiate reduction of GO to create rGO into 

conductive arrays for chemical sensing62. However, one of the disadvantages of this method was 

the need for an external mask to create the desired pattern on the material surface. This study 

inspired many others by proving the concept of fast and straightforward fabrication of conductive 

arrays from an initially non-conductive substrate. 

Around the same time, Abdelsayed et al. reported the photo-thermal reduction of GO under 

ambient conditions through the water dispersion of GO. This study demonstrates the laser-assisted 

reduction process on individual GO sheets rather than the previous study that carried out the 

reduction on thick films of restacked GO. They focused on different laser wavelengths to aid in 

distinguishing the reduction behaviour of graphene oxide. They found that two-photon absorption 

has contribution to reducing GO dispersion in water63. Their study consists of using two different 

wavelengths of laser beam to reduce GO into rGO; 355 and 532 nm respectively. Moreover, they 

provide information to shed light on the mechanism of removal of functional groups. Based on the 
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X-ray diffraction (XRD) pattern of exfoliated and reduced GO, they observed an increased d-

spacing in exfoliated water dispersed graphene oxide sheet up to 8.14 Å due to the presence of 

hydroxyl and epoxy groups between sheets through oxidation of graphite flakes63. By the time of 

exposure to the irradiation, the intensity of 2θ peak decreases and eventually disappears which 

indicates the restoration of sp2 hybridization in the lattice structure. They have found similar 

behaviour for both 355 and 532 nm laser exposure. However the time required for conversion 

varied between two different laser beams. They have also noted that there is no deoxygenation of 

graphene oxide observed after the exposure of a 1064 nm, YAG based laser beam. Moreover, their 

investigation demonstrated the presence of carbon-oxygen double bond disappears after laser 

exposure at 355 and 532 nm and the absorption shift during characterization through UV-

viscometer indicates the transition of π to π* due to aromatic carbon-carbon bonds. Similar results 

are also observed in chemical reduction of graphene oxide. Increased time and the volume of the 

solution for the laser exposure resulted in higher degree of deoxygenation in GO solution and the 

color of dispersion changed into black from light brown as indication of the presence of  rGO35. 

The volume and exposure time were also investigated in several later studies14,52, and their results 

are supported with various types of laser exposure including femtosecond laser, DVD-writer, CO2 

laser, KrF excimer pulsed laser.  As a consequence of these findings, it has been demonstrated 

several times that an amorphous carbon structure can be patterned rapidly without using any 

harmful chemicals or high-temperature furnaces. The laser or photo-assisted reduction process can 

be a substitute for chemical or thermal annealing and exfoliation procedures. 

In recent years, Kaner and his coworkers took laser irradiation of graphene oxide a couple of steps 

further by performing deoxygenation via rapid and inexpensive laser source. They demonstrated 

that a simple commercial LightScribe technology, which is a DVD-writing software that uses the 
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738 nm laser of a DVD writer, to activate dye particles on DVD labels, could create over 100 small 

supercapacitors on a DVD surface in 20 mins49. This technique was a breakthrough for 

supercapacitor fabrication regarding accessibility of the method and the low-cost production. 

However, they were only able to reach areal capacitances of up to 9 mF/cm2 with these 

miniaturized supercapacitors. Expanding on this work, Tour and his research group in 2014, 

demonstrated the use of a low-cost CO2 laser cutting/etching system to pattern a graphene-like 

material into a commercial polyimide (Kapton™) film35. This study showed that the commonly 

used CO2 laser is very capable of fabricating conductive arrays from several types of commercially 

available polymers such as polyimide and polyetherimide. Unfortunately, the use of polymer 

chains is limited to a small group of polymers which contains imide groups in their backbone to 

carbonize through laser irradiation based on this study. Later studies by the same group have 

focused on creating custom polyimide films which can be doped, for example, with boron64 or 

loaded with nanoparticles65. They demonstrated improved double-layer charging compared to 

previous work on rGO. However, they have only been able to achieve a maximum areal 

capacitance of  19 mF/cm2
 using the boron-doped graphene64 which is still far from the areal 

capacitance of a large format EDLC (~1 F/cm2) as discussed above. 

In the following chapter, a newly procured commercial CO2 laser system is investigated for laser-

induced carbonization studies on polymer and polymer nanocomposites.  Here we focus on 

developing protocols for and finding optimum laser processing parameters using this system by 

employing both Kapton™ films and homemade GO films supported on polyethylene terephthalate 

(PET) substrates. 
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3.2. Material and methods  

3.2.1. Materials 

For GO synthesis, phosphoric acid (97%, Sigma-Aldrich), sulfuric acid (98%, Sigma-Aldrich), 

graphite flakes (Natural, 99.9%, -10 mesh, metal basis, Alfa-Aesar), potassium permanganate 

(EMD Millipore), hydrogen peroxide (30% solution contains inhibitor, Sigma-Aldrich), 

hydrochloric acid (ACS Reagent 37%, Sigma-Aldrich) and Reagent alcohol (90% ethanol, 5% 

isopropyl alcohol, 5% methyl alcohol, Sigma-Aldrich) were used as received. Commercial 

Kapton™ polyimide films and tapes (25HN tape, 15HN tape and 0.005” thick film, semi-clear 

amber) were obtained from McMaster-Carr and phosphoric acid and sulfuric acid has been blended 

with dissolve poly (vinyl alcohol) (165 kDa molecular weight, hydrolyzed, 98%, Fischer 

Scientific) for gel electrolyte and they used as received without any purification.  

3.2.2. Methods 

3.2.2.1. Laser irradiation of carbon precursors  

Carbon precursors were irradiated via a CO2 laser (BossLaser 1416XL) in order to fabricate 

patterned electrodes for EDLCs. Polyimide and GO were used to gain a better understanding of 

and to optimize laser patterning protocols such as operating mode, power and scan rate. All 

experiments are designed for micro-supercapacitors application. Moreover, the effect of the 

electrode and the electrode design on EDLC performance are discussed in this part of the study as 

preliminary experiments for the further study of poly (furfuryl alcohol)/graphene oxide composite 

(Chapter 4).  
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3.2.2.2. Characterization of patterned electrodes 

The performance of laser patterned electrodes were characterized electrochemically using cyclic 

voltammetry, galvanostatic charge/discharge and electrochemical impedance spectroscopy (EIS). 

Raman spectroscopy (Horiba Raman Division, Olympus BX41, 532.06 nm) and scanning electron 

microscopy (Zeiss FESEM Leo 1530, at 5 kV) are used for further characterization of carbon 

structure and the electrode morphology, respectively.  

Raman spectroscopy was carried out on a dense film prepared the same way as the electrode films. 

The spectra were fit using Lorentzian fit for both D and G peak. The Lorentzian fit is described by 

Equation 20: 

                                                              (20) 

Where x is the frequency, w describes the full width of half maximum (FWHM), xc is the centre 

point of the peak, and A indicates the area of the peak. 

Using Raman spectroscopic data, the crystalline size (La) in the a-axis direction of the lattice is 

calculated using Equation 21 below: 

𝐿𝑎 =
560

𝐸1
4

𝐼𝐺

𝐼𝐷
                                                       (21) 

Where E1 is the excitation laser energy used in Raman spectroscopy in eV units, and the ratio of 

intensities between G and D peak is represented by IG/ ID in the equation66.  
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3.3. Results and Discussion  

3.3.1. Power and Scan Rate 

Laser power and scan rate are the two crucial factors in the amount of energy transferred into the 

material upon exposure by the laser. The power of the laser can be tailored between 1-100% of its 

maximum power; altering the depth of penetration and amount of energy transferred into localized 

heat. The scan rate defines the amount of energy that is transferred over time into a specified area. 

Hence, the first step of this study was to determine the optimum power and scan rate to carbonize 

the material effectively. This was gauged by measuring the resistance of the traces.  

 

 

Figure 13. Electrode resistance as a function of the laser power and scan rate using electrodes 1 

mm in length and 350 µm in width. The precursor material was Kapton and the system was 

operated in scan mode.  
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Figure 13 is a 3D plot to find the in which varied laser power and scan rates resulted in a change 

in resistance, where a low resistance indicates higher carbonization. For this specific CO2 laser, 

the recommended range for scan rate is between 1 to 375 mm/s, while the power range varies 

between 0-100% of the total power of 50W. A series of sample polyimide films were irradiated 

between 10-16 % of maximum power (5-8 W) at scan rate between 10 and 60 mm/s as shown in 

Figure 14. The test was limited to the specific ranges such that it will carbonize the polyimide 

rather than cutting through or ablating the polymer substrate. At low scan rates (10, 20 mm/s), the 

resistance values tend to be low (70 to 100 Ohms) in the wide range of laser power (between 10% 

to 14% of 50 W). From this series of experiments, the optimum scan rate is determined as 30 mm/s 

in the range of 10 to 14 % of the total power since it provides low resistance and provides the best 

resolution in controlling the electrode width (~350 µm). These results lead us to consider the effect 

of laser exposure towards local heating and thermal exposure rather than photonic exposure of the 

laser. This optimization study is repeated every time for each type of base material including GO, 

Kapton™ with different thicknesses, and the polymeric nanocomposites (discussed in Chapter 4) 

that have been studied in this thesis work.  The resistance and consistency of the electrode design 

(i.e., no breaks in the conductive trace) after laser exposure were the two main criteria to determine 

the optimum point for laser power and scan rate. Fluctuations in laser power due to misalignment 

over time or sample to sample variation led us to make small changes within the ranges specified 

(Table 2) during the course of day-to-day electrode fabrication. 
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Figure 14. Photograph of scans at various powers and rates illustrating the optimization results for 

polyimide-based laser-induced graphene in the scan operating mode.  

Table 2.  Approximate power required to cause carbonization of the base material at 30 mm/s scan 

rate through laser irradiation 

 

3.3.2. Patterning Parameters 

Lasers have been broadly applied as an intense photo-thermal source to cut through or ablate 

specific materials in the fabrication of various electronic devices. The excitation energy of the laser 

is transferred and absorbed into the incident material to remove or partially degrade the structure. 
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The amount of energy can be tailored to remove a specific degree of functional groups in the base 

material. Most CO2 lasers are operated by two different modes; either vector cut or scan 

(engraving) mode. In this study, two different operating modes of the CO2 laser are used to pattern 

electrodes on a polymer composite surface: scan mode and cutting mode. Either mode is used to 

create conductive electrodes array in interdigitated micro-supercapacitors. In Figure 15, the 

electrodes are created through carbonization of polyimide in both scan and cutting mode of the 

laser. In order to operate a cut mode, the line is drawn using the laser design software (RdWork 

8.0) and the laser is automatically operated to cut the line on polyimide surfaces. There is no width 

assigned to the electrodes. These two methods differ by the operating function of the laser beam. 

The operating principle of cutting mode relies on a single linear path, designed to penetrate deep 

and ablate/carbonize with a narrow width. To target a specific electrode width requires either 

multiple passes in cut mode that are offset by the beam-width or a specified width pass of the scan 

mode beam. In scan mode, the beam closely follows a square wave path. As demonstrated in Figure 

15, as the cut mode progresses, due to the deposits of ablated material and other beam effects there 

is an inconsistent edge profile of the electrode. On the other hand, the square wave of the scan 

mode can be repeated reliably in order to achieve the desired exposure while providing a consistent 

electrode shape. Scan mode is an excellent operating technique to engrave images onto the material 

since light waves will hit every small pixel on the computer-aided design (CAD) file and is 

expected to result in more continuous features. For the remainder of test results, all samples were 

prepared using scan mode settings at various widths.   

A comparison of these two modes leads to very obvious differences as shown in Figure 15. The 

same schematic pattern (Figure 16) was used, and the only difference was the type of mode 

selected in the fabrication of electrodes from pFA/GO thin films assembled into micro-



50 
 

supercapacitors. Cutting mode demonstrates observably thinner line widths, and will obviously 

have less material to hold point charges. These micro-supercapacitors are tested via cyclic 

voltammetry technique, and their results are shown in Figure 17. Based on the electrochemical 

performance, the scan mode specific areal capacitance reaches a three times (3x) higher value 

compared to the micro-supercapacitors prepared in cutting mode.  

 

Figure 15. Laser induced graphene electrodes are created through the two operating modes of a 

CO2 laser on polyimide surface; cut and scan mode. Electrodes are designed to be 350 µm for scan 

mode and the line is created in order to carbonize an electrode for cut mode (a-d). Operating 

principles are animated for cut and scan mode where arrows represent the direction of the laser 

beam in each operational mode (e). 
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Figure 16. Illustration of pFAGO micro-supercapacitor cells patterned by laser cutting mode (left) 

and scan mode (right)  

 

Figure 17.  Cyclic voltammograms of two different micro-supercapacitors; the electrodes are 

carbonized via cut and scan operating mode of the laser on polyimide 125 µm films and results are 

listed at 5 mV/s, PVA/H3PO4 gel electrolyte is used as electrolyte and separator.    

The goal of this preliminary study was to obtain higher capacitance by optimizing the laser 

parameters to maximize the specific capacitance of the device. Based on these results, a scan mode 

laser was selected to perform the next steps of the work. 

3.3.3. Optimization of Exposure Route 
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The CO2 laser is an infrared laser source. Therefore it is expected to have a thermal impact on the 

microstructure and chemistry of the material. Local heating can play a key role in tailoring 

conductivity, the degree of carbonization and degree of crystallinity or graphitic nature of the 

lattice structure. Therefore, we tested the effect of multiple laser passes over the conductive traces 

and its effect on the structure of the material and the performance of the micro-supercapacitors. 

Results based on this study are tested via electrochemical characterization (cyclic voltammetry) as 

well as material characterization such as Raman spectrum, optical microscopy. This investigation 

was carried out by performing laser exposure multiple times on polyimide and graphene oxide 

films in the pattern of an interdigitated electrode array. Polyimide samples were fabricated into a 

micro-supercapacitor and tested via cyclic voltammetry. Results in Figure 18 shows that the 

number of laser passes affects the electrical double layer capacitances for fabricated micro-

supercapacitors. Multiple laser passes led to a higher specific capacitance as indicated by the 

increasing width of the current response in the cyclic voltammograms. Previously, Cai at al (2017) 

studied the effect of an increased number of laser exposure on the electrochemical performance of 

the EDLCs and this group demonstrated a significant increase in the capacitance between 5 and 

20 times exposure by LightScribe technology67. The increase in the electrochemical performance 

is assumed to cause an increase in the conductivity of the electrode.  However, 125 µm Kapton™ 

film, when exposed three times with 1-minute breaks between every laser exposure demonstrated 

capacitance drastically improved compared to multiple continuous or one-time exposure of the 

laser. This behavior can be explained by the local heating and deposition of oxygen rich-groups 

back onto the surface of the substrate. From CV curves, samples fabricated by three times laser 

exposure with 1-minute break demonstrated elongation from the rectangular shape as a sign of 
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pseudo-capacitance contribution to the specific capacitance. Hence, three times laser exposure is 

adapted to carry out the rest of the micro-supercapacitor application in the following work. 

 

Figure 18.  Cyclic voltammograms recorded by testing electrodes fabricated with different number 

of repetitive scans over the surface and rest time; 125 µm, Kapton™ polyimide films are all 

irradiated by 6 W power at 30 mm/s speed with scan mode and PVA/H3PO4 gel used as a 

electrolyte and separator. 

3.3.3 Raman Spectroscopic Analysis 

To further understand how the laser affects the carbonization of graphene oxide and polyimide, 

different laser exposure times and bulk samples before laser exposure were examined via Raman 

spectroscopy.  

Figure 19 shows the result of Raman spectra of the carbonized polyimide (Kapton™ film, 125 μm 

thick). The G peak (~1585 cm-1) represents the E2g vibrational mode of the carbon atom, and the 
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D peak (at around 1350 cm-1) represents the breathing modes for six atom rings and requires a 

defect for activation. In this spectrum, the D peak decreases in intensity upon repeated laser 

exposures; however, broadening is observed in G peaks due to the evolution of D’ peak in Figure 

19. Broadening of G peak is also present in the triple exposure of polyimide. The intensity change 

between D and G peaks give information about disorder in lattice structures. The ratio of G peak 

to D peak is calculated as 0.76 after the first laser exposure, increases to 1.09 in the second laser 

exposure and decreases back approximately to 0.74 in the third laser exposure as shown in Table 

3. The Raman spectrum is an important characterization tool in order to measure the characteristic 

distance between defects; often defined as crystalline size La. Approximate crystallite size is 

calculated using Equation 22 as expressed in Section 3.2.2.2. Based on the calculation, La is 

proportional to the G to D peak ratio and reaches 20 nm in size at the double laser exposure. This 

study is in agreement with the previous work done by Lin et al in 2014 for laser irradiated 

polyimide films. In their study, they found the effect of increase laser power leads to increase in 

crystalline size up to 4.8 W due to contribution of surface temperature and a decrease is observed 

at higher power value than 4.8 W due to degradation in the quality of graphene35. Degradation in 

the quality of graphene is supported by an increase in the D peak when high laser power is applied. 

In our case, similar behavior is observed between La and D peak intensity. Also, the D’ peak at 

1675 cm-1 appears after the first laser exposure in the Raman spectrum while the intensity of 2D 

peak increases at 2700 cm-1.  However, the peaks are weakened after the second laser exposure on 

polyimide surface. The two point resistance was measured for electrode lines scribed with one to 

three laser exposure on polyimide films and results are noted below in Table 3. Based on this test, 

we observed the decrease in resistance with increasing laser exposure. We can combine this 
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information with the observed  changes in the Raman spectra and interpret results in terms of an 

increase in the lateral crystallite size of the graphene domains.  

 

 

Figure 19. Raman spectrum of different number of exposure on laser irradiated 125 µm polyimide 

film. Samples were exposed 20 times for 45 seconds at a 533 nm wavelength. 

Figure 20a and 20b show the Raman spectra and peak deconvolution for thermally reduced 

graphene oxide68 and laser-reduced graphene oxide. All fitted parameters for the G and D peaks 

are shown in Table 3. The positions of the peaks may be varied by the excitation energy of the 

laser; however, the values are reported in this study are based on 532 nm excitation laser.  On the 

other hand, the G peak is located around 1590 cm-1 and is associated with sp2 hybridized carbon 

pairs and chains. The ratio between G peak and D peak (IG/ID) intensities and FWHM provides 

information about the degree of crystallinity of the material due to changes in sp2 hybridization in 

the lattice structure caused by CO2 laser exposure. Figure 20b shows the structural changes in the 

graphene oxide lattice using different numbers of laser exposures. As seen in Figure 20 the D peak 
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is broadened following scanning with an initial 4.7 W laser at 30 mm/s scan rate. On the other 

hand, the G peak is also observed to broaden. However, compared to the D peak the broadening 

effect is not as dominant. Broadening in the G peak is usually a sign of defects occurring in the 

lattice structure. If the laser is removing some functional group from graphene oxide, it will cause 

defects closer to sp2 six carbon atom rings. Moreover, the D peak starts to narrow down, and the 

intensity of the peak is similar to that of the G peak after the second laser exposure. This Raman 

study was cross checked with the study published in 2015 by Pope et al. which investigated the 

impact of thermal treatment on the lattice disorder of the resulting graphene oxide. The results are 

reproduced in Figure 20a and show parallels between the two de-functionalization methods in the 

Raman spectrum. Specifically, functionalized graphene oxide shows the same behavior as an 

1100°C thermally exfoliated sample in the reference study to three times laser exposure.  
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Figure 20. Raman spectrum of thermally exfoliated graphene oxide 68 (left) and laser irradiated 

graphene oxide (right). Samples were exposed 20 times for 45 second exposures at a 533 nm 

wavelength. 
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Table 3. Raman spectroscopy results for D and G peak of laser irradiated graphene oxide and 

Kapton™ polyimide film 

 FWHM Intensity Areas Resistan

ce, ohm 

La, 

nm 

 

IG/ID D 

peak 

G 

peak 

D 

peak 

G 

peak 

D peak G peak 

GO-1 laser 

scan 

220.68 86.8 439.2 453.29 152,246.06 61,843.98 - 19.22 1.03 

GO-2 laser 

scan 

115.34 102.13 563.52 585.89 102,098.97 93,964.17 - 19.99 1.04 

GO-3 laser 

scan  

148.44 79.9 346.69 300.02 80,836.55 37,669.89 - 16.72 0.87 

PI-1 laser 

scan 

61.34 63.21 157.23 119.5 12,088.95 9,466.25 48.6 14.03 0.73 

PI-2 laser 

scan 

46.52 38.59 90.02 97.79 6578.67 5928.3 36.5 20.96 1.09 

PI-3 laser 

scan 

62.11 48.96 160.14 115.84 15,625.64 8,909.12 28.2 13.84 0.72 
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Chapter 4. Laser Patterning of Poly (furfuryl alcohol) and Graphene oxide Nanocomposite 

4.1. Introduction 

In this Chapter, a CO2 infrared laser is used to pattern and convert polymer/graphene oxide (GO) 

composites into high surface area, interdigitated electrodes and their performance investigated as 

micro-supercapacitors.  The polymer used is poly (furfuryl alcohol) (pFA), a thermoset that is 

easily produced via homo-polymerization of a monomer (furfuryl alcohol) obtained in large-scale 

from biomass waste such as sugarcane bagasse and corn husk. It is known to carbonize into dense, 

nanoporous hard carbon (i.e., non-graphitizable) upon heat treatment which we will demonstrate 

can be induced by the CO2 laser. In this thesis chapter, we discuss our efforts to optimize the 

polymerization procedure, casting approach and laser parameters to create a superior micro-

supercapacitor technology.   We expect this new material to accelerate the development of various 

technologies such as micro-supercapacitors and micro-batteries in micro-electromechanical 

systems (MEMs), micro-robots, solar cells and flexible electronics.  

4.2. Material and Methods 

4.2.1. Materials 

Chemical reagents were used as received. These include phosphoric acid (97%, Sigma-Aldrich), 

sulfuric acid (98%, Sigma-Aldrich), graphite flakes (Natural, 99.9%, -10 mesh, metal basis, Alfa-

Aesar), potassium permanganate (EMD Millipore), hydrogen peroxide (30% solution contains 

inhibitor, Sigma-Aldrich), hydrochloric acid (ACS Reagent 37%, Sigma-Aldrich), reagent alcohol 

(90% ethanol, 5% isopropyl alcohol, 5% methyl alcohol, Sigma-Aldrich), furfuryl alcohol (98%, 

Acros Organics, nitrogen flushed), Pluronic F127 (powder, Bioreagent, suitable for cell culture, 

Sigma-Aldrich), oxalic acid (≥99%, ReagentPlus, Sigma-Aldrich). Phosphoric acid and sulfuric 
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acid has been blended with dissolve poly (vinyl alcohol) (165 kDa molecular weight, hydrolyzed, 

98%, Fischer Scientific) for gel electrolyte and they used as received without any purification. 

4.2.2. Synthesis of Poly (furfuryl alcohol) 

4.2.2.1. Emulsion polymerization 

The synthesis procedure was adapted from the study carried out by Yao et al69. The emulsion 

polymerization of furfuryl alcohol (FA) was carried out under ambient temperature and 

atmospheric pressure. The amphiphilic triblock copolymers, Pluronic F127 or Pluronic P123 were 

used to stabilize the oil-in-water emulsion formed during the initial stages of polymerization. In 

20 mL of a 7:3 ratio (v/v) ethanol to water mixture, 3 g of surfactant was dissolved. To this 

solution, 1.4 g of 37% HCl was dissolved as a catalyst for the polycondensation reaction. This 

solution was stirred for 5 min before adding 3 g of FA drop-wise. The polymerization was carried 

out for 8 hours, 12 hours, 16 hours and 24 hours to produce different samples.  

The second step was to further induce crosslinking within each spherical polymer particle and to 

prevent irreversible aggregation and crosslinking between particles upon drying as demonstrated 

by Yao et al69. In this step, a strong acid catalyst, 5 M or 9 M H2SO4 was used at the half of the 

volume of polymer solution (~11.9 mL) and added into polymer mixture. The final mixture was 

left to evaporate at 90°C for one hour. After evaporation of water and ethanol from the polymer 

solution, the final product was a dark brown, viscous dispersion. This product was diluted with 

water and vacuum filtered (0.2 m nitrocellulose membrane) and the filter cake rinsed with 

100 mL DI water four times. During this step, unreacted monomer and surfactant were removed. 

The filter cake of poly (furfuryl alcohol) was left to dry under vacuum oven overnight.  
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4.2.2.2. Solution polymerization (no surfactant) 

In this polymerization technique, the procedure was the same as the emulsion polymerization, 

except no surfactant was added. Each step of emulsion polymerization was repeated in this 

procedure.  

4.2.2.3. Bulk resinification 

The synthesis of a monolithic poly (furfuryl alcohol) resin was carried out by addition of 5 mg of 

oxalic acid, as a catalyst, per mL of furfuryl alcohol (typically 25 mg oxalic acid/ 5 mL furfuryl 

alcohol) at 70°C for 21 hours in a oil bath. The mostly polymerized, viscous resin was spin coated 

at 2500 rpm onto glass slide and left at 70°C for 12 hours more to finalize the polymerization.  

For the samples including GO, the polycondensation of pFA resin was carried out by addition of 

11.3 mg graphene oxide, as a catalyst, per mL of furfuryl alcohol (typically 22.6 mg GO/ 2 mL 

furfuryl alcohol) at room temperature for a day and spin coated at 2500 rpm speed onto glass slide 

and left at 70°C for 6 hours more to finalize the polymerization. 

4.2.3. Synthesis of graphene oxide 

Graphene oxide was synthesized based on the modified Hummer method70. Briefly, 3 g of graphite 

and 18 g of potassium permanganate (KMnO4) were added under stirring to a 9:1 ratio of sulfuric 

acid (H2SO4, 360 mL) to phosphoric acid (H3PO4, 40 mL). The oxidation reaction was carried out 

at 45C for 16 hours. The resulting mixture was cooled to room temperature and poured into 400 

ml of ice water to offset the heat released by diluting the concentrated acid solution. Approximately 

8 ml hydrogen peroxide (H2O2) was added to the reaction mixture until the color of suspension 

turned golden yellow in color from an initial brownish purple. The resulting suspension was 

washed 6 times through solvent exchanging by centrifugation. Centrifugation was carried out using 
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a Thermo-IEC Centra-CL2 centrifuge machine at 4000 rpm for 30 min. The first two washes were 

carried out by resuspending the collected pellet with 37% hydrochloric acid followed by four times 

washing with ethyl alcohol to remove the HCl.  

4.2.4. Preparation of composite for laser irradiation 

Graphene oxide and poly (furfuryl alcohol) were each dispersed in ethanol to a final concentration 

of 12 mg/mL. These two dispersions were then mixed in weight ratios of 1:1, 1:2, 2:3, 3:2, and 

2:1. These dispersions were tip ultrasonicated (BioLogic, 150 VT Ultrasonic homogenizer) at 40% 

amplitude for 15 min to break up aggregates of graphene oxide and the polymer particles. The 

resulting mixture of polymer and graphene oxide became darker and more viscous when compared 

to the individual pure dispersions. These dispersions were drop-cast onto cleaned 2.5 x 2.5 cm2, 

100 μm thick poly (ethylene terephthalate) (PET) sheet at 1.61 g/cm2. The dispersion was spread 

uniformly on the PET without flowing over the edge, aided by the surface tension of ethanol. A 

total of 30.6 mg of composite material was deposited on each micro-supercapacitor device based 

on the determined deposition concentration. Drop-cast films were dried under ambient conditions 

for at least 12 hours prior to electrode fabrication. In this study, the same deposition method was 

used for pure graphene oxide films as described above.  

4.2.3. Fabrication of Micro-supercapacitor 

4.2.3.1. Electrode fabrication 

A CO2 laser cut/etching machine (BossLaser 1416L) was used to selectively carbonize all 

graphene oxide and graphene oxide/poly (furfuryl alcohol) (GO/PFA) composite films in order to 

pattern the interdigitated electrode architecture. An electrode vector file was designed using the 

software used to run the device (RDWorks, Version 8.0). The drop-cast films were placed into the 
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laser machine’s platform and patterned into interdigitated electrode designs as shown below in 

Figure 21. The ruler used for scale is in centimeters.  

 

Figure 21. Illustration of electrode fabrication via laser irradiation 

The dimensions of fabricated electrodes (i.e., each interdigitated finger) are a rectangle measuring 

1.5 cm in length and 350 µm in width. The spacing between each electrode was fabricated as 450 

µm, and electrolyte is deposited on a 1 cm width along the center of the entire interdigitated 

structure to capture the densest interactions of the negative and positive electrodes.  

4.2.3.2. Preparation of electrolyte 

An aqueous-based gel electrolyte was used in the fabrication of micro-supercapacitors in this 

study. Poly (vinyl alcohol) (PVA) was chosen as the polymer material to provide high viscosity 

for the electrolyte solution. 1 g of PVA was dissolved in 9 M phosphoric acid (H3PO4) at 85C for 

2 hours, and the resultant viscous solution was cooled to room temperature for deposition onto the 

electrode surface. 230 mg of the cooled electrolyte solution was spread onto the electrode surface 

(1 cm width x 2 cm height) using a flat glass slide (1 cm width).  
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4.2.3.3. Electrochemical testing procedure 

Before performing electrochemical testing, the assembled micro-supercapacitor was dried for 

24 hr. This ensured that the electrolyte had set as a gel. The micro-supercapacitors were tested with 

cyclic voltammetry (CV), galvanostatic charge/discharge (GC) and electrochemical impedance 

spectroscopy (EIS). All the measurements were carried out using a BioLogic SP-300 Potentiostat 

under ambient conditions using the test cell shown in Figure 22 which was built from a laser cut 

poly (methyl methacrylate) (PMMA) sheet to provide stable contacts to the electrode bus bars 

during measurements.  

Figure 22: Schematic of testing apparatus in a two-electrode configuration 

Cyclic voltammetry is an electrochemical method which probes the double-layer characteristic 

behavior of the device, providing information about the capacitance. A two-electrode 

configuration was chosen for cyclic voltammetry testing in this study. The counter electrode and 

working electrode were connected to one of the current collectors, and a reference electrode was 

connected to the other current collector. The single electrode capacitance is calculated by using 

Equation 22 below, where iavg is taken as the average of absolute value for anodic and cathodic 

current at the midpoint of the total voltage window.  
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 2                                      (22) 

Cspecific is calculated as a function of the scan rate (dV/dt), average current at anodic and cathodic 

electrodes and the area (A) of the total area of electrodes covered by the electrolyte (~0.98 cm2). 

Therefore, the results from this measurement are reported in the units of mF/cm2 at various scan 

rates in the range from 0.05 to 0.5 V/s. The voltage window for the measurement was 0-1 V. In 

the case of ionic liquid electrolyte, voltage window was selected as 0-1.5 V in air atmosphere to 

prevent any redox reaction.  

Galvanostatic charge/discharge is a technique that provides a voltage response dependent on the 

applied current. This technique gives a more realistic view of the performance of the device in 

applications. In this work, the current input is selected as 0.15 mA for all measurements.  

Electrochemical impedance spectroscopy (EIS) is used to understand the frequency dependence 

of the resistances and capacitances in the device. EIS was carried out between 106 Hz to 10-2 Hz 

using sinusoidal perturbation of amplitude 10 mV at a constant 0 V DC potential.  

X-ray photoelectron spectroscopy (Thermal Scientific KAlpha XPS spectrometer, 150 eV) was 

carried out on powders from the electrodes of polyimide and 2:3 pFAGO composite; after laser 

irradiated powder are scrapped off from the electrode surface. The spectra were fitted using the 

CasaXPS software. 

4.3. Results and Discussion 

In the following sections we first discuss the chemistry and morphology of the precursors used for 

laser-induced carbonization followed by the characterization of the results of drop cast film of 
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these materials onto flexible PET supports. Robust films are then laser patterned, characterized 

and tested as micro-supercapacitors. This is followed by a discussion regarding the comparison of 

laser-induced films created using PI, GO and PFA. 

4.3.1. Characterization of PFA 

Figure 23 shows representative SEM images of the PFA particles produced via the various 

suspension and emulsion polymerization recipes used. In the absence of surfactant during the 

condensation polymerization reaction carried out in a water and ethanol solution, the powder is 

composed of aggregates of sub-micron-sized primary particles which are non-spherical in shape 

as shown in Figure 23a. This morphology arises as low molecular weight polymers, initially 

soluble in water, precipitate out from solution as they grow. Since there is no surfactant, there is 

no stabilization mechanism preventing agglomeration due to van der Waals forces. While this 

powder morphology is not as uniform or controlled as the others to be discussed, it did have a 

significant processing advantage in that the lack of surfactant significantly enhanced the filtration 

rate and expedited washing of the material. Emulsion polymerization, through the use of the 

triblock copolymer surfactant Pluronic F127, successfully formed very well resolved spherical 

polymer particles between 200 nm and 3 m in diameter as shown in Figure 23b. These particles 

were also further cross-linked in the presence of a strong acid at 90C for 1 hour (9 M H2SO4) . 

Early studies done by Peer et al. in 2012 show the importance of the combined amount of 

surfactant, solvent and monomer on the formation of specific particles shape as discussed in 

section 2.2.2.1 and Figure 10. Towards further uniformity in polymer particles, a second surfactant 

structure, Pluronic P123, was tested and the strength of the acid catalyst reduced. Figure 23c and 

23d show the resulting powder obtained after emulsion polymerization with Pluronic F127 and 

P123, respectively, using the same cross-linking agent of 5 M H2SO4 for 1 hour. Pluronic F127 



67 
 

has a molecular weight of 12600 Da and a cloud point at 100C, while P123 is lower at 5600 Da 

and a cloud point at 91C. As the reactions take place at 90C, phase separation should be avoided 

in both cases. However, it can be observed that the lower molecular weight and cloud point of 

P123 resulted in a lesser uniformity of the particulate size and shape, while F127 retained spherical 

polymer particles between 0.9 and 2 m. As temperature fluctuations in a vial will vary from the 

source (hot-plate) and the probe location, it is likely that localized micellar groups experienced 

temperatures in excess of 90C, causing the breakdown of the spherical micelle in the case of P123. 

Thus, the remainder of experimental tests were performed using F127. Several studies37,42,69 have 

also reported a suggested concentration of 5 M H2SO4. Therefore, two concentrations of acid at 5 

M and 9 M following a 12-hour emulsion were chosen to compare their effect on particle 

aggregation and these results are presented respectively in Figure 23e and 23f. Although slight 

variances are shown in the particle size, these cannot necessarily be attributed to the change in 

concentration. Further, the final cross-linking was not visibly different. To maintain the particle 

integrity, 9 M H2SO4 was employed as the cross-linking solution for the bulk polymer synthesis 

in the preparation of flexible micro-supercapacitors. One additional comparison can be drawn 

between the 12 and 24-hour reactions presented in Figure 23b and 23f, but which resulted in no 

observable difference in polymer quality. This two-step synthesis, namely emulsion followed with 

cross-linking, forms a powder product unlike a resin in a one-step method.  
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Figure 23.  Scanning electron microscopy images PFA particles produced by different recipes. (a) 

Suspension polymerized pFA without surfactant; (b) Emulsion polymerization using Pluronic 

F127 , 24 hour first step and crosslinking with 9 M H2SO4 for 1 hour; (c) Emulsion polymerization 

via surfactant Pluronic F127 for 12 hours; crosslinked with 5 M H2SO4 for 1 hour (d) Emulsion 

polymerization using the surfactant Pluronic P123 a 12 hours first step and crosslinked with 5M 

H2SO4 for 1 hour; (e, f) Crosslinking comparison of emulsion polymerized pFA with 5 M (e) and 

9 M (f) H2SO4 after 12 hours reaction using the surfactant Pluronic F127.  



69 
 

Figure 24 shows the FTIR spectra for the emulsion polymerized using Pluronic F127 as the 

structure directing agent as a function of reaction time. As the reaction time increased (24a to 24d), 

there are significant changes in the highlighted (dashed) peak intensities related to the structure of 

pFA. The characteristic peaks of pFA are located at 596 cm-1 (C-H out-of-plane), 730 cm-1 (furan 

rings), 788 cm-1 (C-H in-of-ring), 1014, 1150, and 1505 cm-1 (furan rings), 1559 cm-1 (C=C 

stretching in furanic ring), 1711 cm-1 (carbonylic furan ring opening). An increase in peak intensity 

is observed for the 24 hour reaction for ring formation at 1350 cm-1 (aromatic ring), and C-O 

stretching peak at 1100 cm-1 and C=C stretching in the rings at 1559 cm-1. Little to no change was 

observed between the 8, 12, and 16 hour reactions for pFA, except for a slight decrease in the peak 

intensity between the 8 and 12 hour reaction at 788 cm-1 and 1711 cm-1 which are associated with 

carbonyl groups. These same peaks increased in intensity between the 12 hour and 24 hour 

reactions. 

 

Figure 24. Fourier transform-infrared spectroscopy results for different reaction time 

8 hours (a), 12 hours (b), 16 hours (c), and 24 hours (d) 
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4.3.2. Characterization of graphene oxide  

Figure 25 shows AFM images of the graphene oxide (GO) sheets produced after spin coating a 

film from the ethanol dispersion on an atomically flat muscovite mica. This method results in the 

identification of GO sheet thickness and size. Based on AFM measurements, the sheets are 

approximately 1 nm in thickness indicating successful exfoliation of the material into single sheets. 

A few overlapping double and triple layer sheets apparent in AFM images are likely caused by the 

spin coating process. The average lateral size of the GO sheets ranged between 1-2 m, while 

outliers reached up to 7 µm. This indicates that the GO sheets are only slightly larger in diameter 

than the PFA spheres discussed above. It is well known that GO contains a significant number of 

functional groups in the form of epoxy, hydroxyl and carboxylic acid groups with an overall C/O 

~ 1.7. Unless the material is thermally or chemically reduced to remove this oxygen and partially 

reform graphene domains, GO acts as an electrical insulator.  
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Figure 25. Atomic force microscopy images of exfoaliated graphene oxide sheet in 0.5 mg/ mL 

ethanol dispersion and their sheets sizes are listed below AFM images 

4.3.3. Film formation  

Figure 26 illustrates the two different routes to create PFA films. In one case, a powder resulting 

from the emulsion polymerized material is cast onto PET while in the other case the FA is 

polymerized directly on the PET as a dense, monolithic resin. The pFA resin deposited on PET 

produced a film that was somewhat brittle and dark brown as shown in Figure 26a. After testing 

its flexibility, it was immediately apparent that it was too brittle to be used as a flexible micro-

supercapacitor. As will be discussed later, it also did not carbonize effectively under laser 

irradiation. Figure 26b is the polymer powder produced from the two-step synthesis described in 
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4.3.1. A thin film could be produced from the dispersed powder through casting (solvent 

evaporation) or via spray coating onto PET. However, without the presence of a binding molecule, 

the resulting film was also brittle and did not dry evenly using the film casting procedure used. To 

aid in the film formation, graphene oxide (GO) was added to the PFA dispersion which was found 

to significantly enhance the uniformity and mechanical integrity of the films. This is likely due to 

several reasons. It’s incorporation modifies the viscosity and drying rate of the cast solution while 

the flexible sheets can wrap around and bridge adjacent PFA particles. This is demonstrated in the 

cross-sectional SEM image shown in Figure 26e.  Figure 26c shows several solution ratios of GO 

in pFA. Upon drop-casting all solution ratios on PET as shown in Figure 26d, the film uniformity 

varied greatly depending on the ratio. Under the conditions tested, the most uniform films of 

intermediate composition (20 to 80% pFA to GO) were used in subsequent testing. 
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Figure 26. (a) Illustration of resin film after one-step polymerization of pFA (b) Powder product 

of two-step emulsion polymerization of pFA (c) Different ratio dispersion of pFA and GO (d) 

Different ratio of pFA and GO films deposited on PET substrates (e) SEM images of pFA and GO 

dispersed film on PET surface. 
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4.3.4. Laser-induced carbonization of PFA and GO  

Figure 27 demonstrates several attempts to form conductive electrodes on the surface of bulk pFA. 

Pure films were formed from the two-step emulsion powder and pFA resin. Laser irradiation using 

a CO2 laser at varying power (1-15 W) and scan rates (10-50 mm/s was unsuccessful in carbonizing 

either surface. As demonstrated by PI in Chapter 3, normally a conductive, black line of material 

forms upon laser exposure. As shown in Figure 27a, the films deposited from the emulsion-based 

PFA were ablated or cut through by the laser, possibly oxidizing further under the atmospheric 

conditions. However, the edges of the cut areas showed evidence of some carbonization, possibly 

indicating that multiple passes at a lower power would reproduce this effect without cut through. 

Figure 27b shows the results obtained when laser processing the monolithic films formed by bulk 

resinification of FA. Instead of forming black, carbonized lines, laser irradiation formed light 

brown lines. Testing showed this to be non-conducting material suggesting the material formed is 

a further oxidized product. Since these films were not flexible nor capable of carbonizing, the bulk 

resin was discontinued as a candidate. On the other hand, the coating originating from the emulsion 

polymerization route also did not initially carbonize but could be made to do so with several passes 

of the laser. The laser power resulting in this partial carbonization was between 4 and 5 W which 

is lower compared to PI to carbonize (5-6W). 
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Figure 27. Illustration of laser irradiation of emulsion polymerized pFA (a)  and pFA through bulk 

resinification (b) 

Figure 28 demonstrates laser irradiation of flexible films formed from a mixture of GO and pFA. 

Unlike the bulk product, uniform and continuous lines of carbonized material were present 

following a single laser pass. PFA to GO ratios of 1:4, 2:3, 1:1, 3:2, 4:1 and 1:0 of PFA to GO are 

shown with only one laser pass. The carbonization of poly (furfuryl alcohol) has been achieve by 

the addition of graphene oxide. Based on the hypothesis in this experiment, graphene oxide serves 

as a catalyst in the carbonization process. This behavior is recently observed on carbon nanotubes 

which improves the pyrolysis of carbon precursors. The decrease in the pyrolysis rate and the 

temperature is observed due to the presence of the carbon nanoparticles in the composite20.  This 

claim has been proved by successful carbonization of resinified pFA in the integration of only 1% 

of graphene oxide shown in Figure 29.   
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Figure 28.  Illustration of laser irradiated graphene oxide and emulsion polymerized pFA samples 

with electrolyte deposition on electrodes for different the ratio of pFA  

 

 

Figure 29.  Illustration of laser irradiated polymerized furfuryl alcohol through resinification with 

and with 1% of graphene oxide addition into polymerization step; 0.81 cm2 area is laser irradiated 

with 4.75 W power at 30 mm/s speed using scan mode.  



77 
 

4.3.3.2. The effect of film thickness via drop casting techniques  

The typical amount of carbon precursors tested for each electrode surface sample is 1.61 mg/cm2. 

To further investigate thickness verses performance, multiple layers of carbon precursors were 

tested at each ratio. Figure 30 shows the most negative effect of multiple layers, where successive 

evaporation and deposition resulted in brittle, cracked or peeling coatings on PET. Each layer of 

deposition consisted of the same amount of material (1.61 mg/cm2), and were tested for pFAGO 

samples at 1:4, 2:3, 3:2 and 4:1 pFAGO respectively. Following each deposition, the current layer 

was fully dried and then the next layer was deposited via drop casting. The amount of tearing on 

the film surface depended on the ratio of pFA and GO of the composite. The 1:4 pFAGO sample 

started to tear after a second deposition of composite on the first layer of the film as shown in 

Figure 26 (top right). This same behaviour was observed on other ratios of composite at 3 or more 

depositions, likely due to evaporation of ethanol. Untorn, or successful surface coating of pFAGO 

composite on PET for 1, 2, and 3 layers were tested by laser irradiation and then electrochemically 

analyzed (see section 4.3.4). Irrespective of performance, multilayered pFAGO on PET 

demonstrated a clear loss in flexibility, and higher likelihood to crack following repetitive bend 

tests. Therefore future optimization experiments were carried out on single-layer depositions of 

pFAGO composites. 
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Figure 30. Illustration of film quality as a function of coating number for 2:3 ratio emulsion 

polymerized (F127, 24 hours, 9M H2SO4) pFA and graphene oxide; 1, 2 and 3 times respectively. 

4.3.4. Summary and electrochemical characterization of poly (furfuryl alcohol) synthesis 

Figure 31 demonstrates a comparison of areal capacitance at 5 mV/s of micro-supercapacitors 

produced from different batches of emulsion pFA synthesis. PVA/H3PO4 was used as a gel 

electrolyte to test micro-supercapacitors’ electrochemical performance at multiple scan rates from 

5 mV/s to 500 mV/s in a random order to prevent experimental bias. From this bar chart, micro-

supercapacitors reached a maximum capacitance (87.2 mF/cm2) when emulsion polymerization of 

pFA was synthesized with a 24 hour reaction time, with Pluronic F127 surfactant assisted emulsion 

polymerization and crosslinking with 9M H2SO4. Other observations were that only small 

capacitance increases were observed between 8 to 16 hours reaction time while a fourfold (4x) 

increase was observed between 12 hours and 24 hours reaction time, from 22.28 mFcm-2 to 87.2 

mFcm-2 respectively. 
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The emulsion polymerization synthesis procedure also allowed us to eliminate washing pFA after 

synthesis compared to other synthesis procedures tested in this study. Producing the highest 

specific capacitance, good columbic efficiency and simplistic synthesis conditions make this 

procedure the most favorable to use for further development of the micro-supercapacitor based 

pFAGO nanocomposites.  

 

Figure 31. Comparison of specific areal capacitance at 5 mV/s in terms of the synthesis parameters 

are tested in this study, each sample are fabricated by using PVA/H3PO4 as electrolyte and titanium 

as current collector and tested after 1 day of the preparation 

 

As mentioned earlier in section 4.3.3.2, multi-layer depositions of the composite material were 

laser irradiated and carbonized to test their electrochemical performance. Figure 32 shows a 

comparison between the double-layer behavior of a combination of single and triple layers and 

laser scans. The left graph is a cyclic voltammogram (CV) scan while the right compares their 

electrochemical impedance spectroscopy (EIS). These results show a correlation between a 

8h, F127, 9M, emulsion

12h, F127, 9M, emulsion

16h, F127, 9M, emulsion

24h, F127, 9M, emulsion

24h, 9M, bulk-anhydrous

24h, 9M, bulk-hydrous

12h, F127, 5M, emulsion

12h, P123, 5M, emulsion

0 20 40 60 80

Specific Areal Capacitance, mF/cm2

p
F

A
 s

y
n

th
e
s
is

 



80 
 

thickness and increased areal capacitance. On the other hand, increased passes of laser exposure 

had a negative effect on capacitance and the double-layer behavior of micro-supercapacitors for 

the lower thickness of the material. This phenomenon can be explained by the effect of laser 

penetration through base material of pFAGO composite on a flexible substrate surface. The 

thickness of a single layer of composite material is around 20 μm whereas PI samples used in 

chapter 3 demonstrate 125 μm thickness, therefore the effect of the laser exposure relative to the 

thickness of the base material is more pronounced in pFAGO micro-supercapacitors.  

The best result for capacitance was found in the 3-layer deposition of the composite utilizing 3 

laser scan passes. However, our earlier decision to focus on more flexible, single-layer coatings of 

pFAGO prevents continuing with this sample due to its inflexible nature. Based on CV and EIS 

results, the second-best sample was 1 layer at 1 laser scan exposure. It has lower electrolytic 

resistance (shorter hemi-sphere) and electrical resistance (initial resistance value started at 

approximately 170 Ohms). Thus, optimization of the flexible micro-supercapacitor synthesis 

utilized a single layer deposition of pFAGO composite and a single laser pass to perform 

carbonization.  
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Figure 32. Cyclic voltammogram showing effect of layer number coated on flexible substrate and 

number of laser exposure (right) and EIS for number of layers coated on flexible substrate and 

number of laser exposure (left) for 24h, F127, 9M emulsion synthesis conditions 

One of the biggest challenges during electrochemical testing of micro-supercapacitors for different 

parameters was result inconsistency due to observed pseudo-capacitive behavior that we believe 

comes from degradation of the copper current collector as a function of time due to exposure to 

the H3PO4-based electrolyte. Expected CV curves of ideal double-layer is shaped in rectangular 

form; therefore, any elongation from rectangular shaped in the voltammogram interprets as the 

contribution of pseudo-capacitance. Oxidation on the copper surface due to the presence of strong 

acid can cause to the pseudo-capacitance that has been observed in electrochemical testing. To 

better understand these results, we analyzed the role of current collector and time-dependent 

degradation of the current collectors. Figure 33 demonstrates the CV scan results for 3 different 

types of current collectors over time. The selected current collector alternatives were titanium foil, 

carbon fiber and copper foil. Copper demonstrated low coulombic efficiency and severe corrosion 

over the time when in the presence of aqueous acid-based electrolyte, therefore the test focused on 
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titanium and carbon fiber as possible corrosion resistant alternatives. Ideal double-layer CV plots 

appear as a perfect rectangle when there is no reaction contributing to the capacitance. The left 

figure shows the electrochemical behaviour of carbon, titanium and copper current collectors at 

day 1. Even in day 1, copper provides poor coulombic efficiency due to its asymmetric curve at 

zero current, while titanium and carbon fiber exhibited more rectangular and symmetric shaped 

curves. The specific capacitance maximum differed 18 % between titanium, carbon fiber and 

copper; 61.1, 55.5 and 66.14 mF/cm2 respectively. On the 3rd day of testing EDLC cell, presented 

in the graph on the right, the capacitance had roughly doubled which can be explained with further 

diffusion of ions into pores improving the capacitance in the micro-supercapacitor. Fortunately, 

both carbon fiber and titanium current collectors retained the characteristic rectangular shape. 

However, the carbon fiber samples exhibited time-dependent changes while titanium showed a 

more stable rectangular shape in both the 7th and 3rd day. The specific capacitance reached its 

maximum value (146. 28 mF/cm2) on the 7th day with a titanium current collector.  
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Figure 33. Cyclic voltammogram for microsupercapacitors using different current collectors: 

titanium, carbon fiber, copper and their electrochemical stability by time at 5 mV/s for 2:3 pFAGO, 

1 layer, 1 scan, pFA synthesized by 24 h, F127, 9 M, emulsion synthesis procedure 

The next section, we demonstrated the results and the changes with the amount of pFA increased 

in the composite content.  

4.3.5. Optimization of the amount of pFA in composite of pFAGO  

Figure 34 shows the electrochemical performance of laser-scribed supercapacitors created using 

varied ratios of pFA to GO. Ratios varied between 20 to 80%, where each sample was fabricated 

using the optimized emulsion polymerization with a F127 surfactant for 24 hours, followed by 

crosslinking with 9M H2SO4 for 1 hours at 90C. A titanium current collector and PVA/H3PO4 gel 

electrolyte were used to fabricate micro-supercapacitors after a single laser irradiation onto a 20 

m single layer of pFAGO film. Figure 34a demonstrated a symmetrical rectangular CV plot with 

twofold increase in capacitance relative to all other ratios. Galvanostatic charge/discharge curves 

supported the CV analysis, with 2:3 pFAGO providing a voltage drop of 85mV after 100 cycles in 



84 
 

Figure 34b. EIS also proved that the 2:3 pFAGO micro-supercapacitor had the minimum electrical 

resistance and second-lowest electrolytic resistance in Figure 34c. The minimum electrolytic 

resistance was in the 4:1 pFAGO composition. However, this composition was showed 5 times 

lower specific capacitance compared to 2:3 pFAGO. The 2:3 pFAGO composition appeared to 

provide the best electrochemical performance compared to other compositions of pFA content in 

the composite as shown in Figure 34d.  Figure 34e shows the retention of 2:3 pFAGO micro-

supercapacitor that has been irradiated using 4.75 W power, 30 mm/s speed at scan mode. As can 

be seen from the figure, it has protected the performance over 15,000 cycles; however, the increase 

in the retention can be addressed to the increase ion diffusion at the interface of the electrode and 

the electrolyte as mentioned above discussion of the current collector.  

Figure 34. Electrochemical performance of composites. a. Cyclic voltammograms of pFAGO-

010 (9M H2SO4, 24 hours, F127) for different ratio of pFA and GO; b. Galvanostatic 

charge/discharge curves of pFAGO (9M H2SO4, 24 hours, F127) for different ratio of pFA and 

GO after 100 cycles; c. Electrochemical impedance spectrum of pFAGO (9M H2SO4, 24 hours, 

F127) for different ratio of pFA and GO; d. Comparison of the specific areal capacitance of 
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pFAGO (9M H2SO4, 24 hours, F127) for different ratio of pFA and GO; e. The cycling retention 

of laser irradiated 2:3 pFAGO micro-supercapacitor at 0.6 mA/cm2 current density (9M H2SO4, 

24 hours, F127 at 4.75 W power, 30 mm/s speed san mode laser irradiation).  

4.3.6. Comparison of other carbon precursors 

Figure 35 provides information about laser exposure effects on 2:3 and 3:2 pFAGO electrodes 

and their differences from laser irradiated polyimide electrodes. The optimized pFAGO sample is 

selected in order to examine and compare with other carbon precursors; polyimide and graphene 

oxide.  The spectrum of polyimide and graphene oxide is analyzed in more detail in section 3.3.3. 

In the spectrum of 2:3 pFAGO composite, there is significant decrease in D and G peak due to 

increase number of the laser exposure onto film surface. FWHM of D peak shows decreases as 

well as the intensity of the peak with increase number of exposure. However, there is no increase 

observed in the FWHM of G peak.  Similar behavior observed in the spectrum of 3:2 pFAGO films 

at various laser exposures as shown in Figure 35c. In Figure 35d, the IG/ID ratio of all carbon 

precursors shows drastically decrease after triple laser exposures. There is consistent increase in 

the peak position of D peak with increase number of the exposure; G peak position stayed 

consistent. Increase in D peak position. 
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Figure 35. Raman spectra were sampled 15 times for 45 seconds with a 533 nm incident 

wavelength a. Raman spectrum of 2:3 ratio of pFAGO composite for different laser exposures; 

0,1,2,3 b. Comparison of Raman spectrum of 2:3 ratio of pFAGO composite and PI for different 

laser exposures;3,2,1 c. Comparison of Raman spectrum of 2:3  and 3:2 ratio of pFAGO composite 

for different laser exposures; no laser  (a), 1 laser scan (d), 2 laser scan (c), 3 laser scan (b) d. The 

ratio of G to D peaks (IG/ID) for 4 different carbon precursors.  

 Figure 36 shows the elemental analysis of both laser irradiated polyimide and 2:3 pFAGO 

composites’ electrodes through X-ray photoelectron spectroscopy technique. The C/O ratios in 

laser irradiated PI and pFAGO composite were found to be ~17 and 11.2 respectively. Both of the 

ratios of C/O are in the average range of thermally, and chemically reduced graphene oxides, above 
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10 respectively68. Polyimide is observed to be higher carbon ratio than pFAGO composite. The 

high-resolution spectrums of C1 and O1 of laser irradiated PI and pFAGO composites are carried 

out after binding energy correction considering the binding energy of C1s as 284.5 eV. During the 

peak fitting, the minimum full width at half maximum (FWHM) was considered as 1. The high 

resolution C1s spectra of laser irradiated PI can be deconvoluted into 3 major peaks with the 

binding energies of 284.6, 285.2, and 288.7 eV corresponding to the sp2 carbon (C=C) (40%), 

carbon atoms to oxygen cyclization (C-O) (37%), and C atoms directly bonded to nitrogen 

configurations (C-N) (23%), respectively. These assignments are in agreement with the 

literature35. The deconvolution of the C1S of the laser irradiated pFAGO showed three different 

binding energy peaks at 284.6, 288, and 285.3 eV, corresponding to the sp2 carbon (C=C) (40%), 

carbonyl groups (C=O) (23 %) and carbon atoms to oxygen cyclization (C-O) (37%), respectively. 

The high resolution C1 spectra of these two carbon materials demonstrated very similar results 

based on the ratios of specific functional groups.  

The high resolution O1 spectra of laser irradiated polyimide can be deconvoluted into two peaks 

with binding energies of 532.2 and 533.3 eV corresponding to the carbonyl groups (50%) and 

carbon atoms to oxygen cyclization (50%), respectively. On the other hand, the high resolution 

spectra O1 of laser irradiated pFAGO demonstrated two major peaks with binding energies at 

532.8 and 533.7 eV, corresponding to ether bond (C-O-C) (90%) and ester (O=C-O) (10%), 

respectively.  The clear difference in the oxygen rich functional groups of these two laser irradiated 

polymer materials is expected. The nature of poly (furfuryl alcohol) has repeated furan ring 

domains that are connected by methyl ether bridges as shown in Figure 8 in Section 2.2.2.1.  
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Figure 36.  X-ray photoelectron spectroscopy (XPS) results for laser irradiated 125 µm thick 

Kapton™ polyimide film,3 times laser exposures at 5.5 W power with 30 mm/s scan rate, and laser 

irradiated 2:3 pFAGO film, 3 times laser exposures at 4.8 W power with 30 mm/s scan rate. 

Figure 37 summarizes the specific areal capacitance of micro-supercapacitors that are fabricated 

through laser irradiation from carbon precursors such as polyimide, graphene oxide and 2:3 

pFAGO composites. The results that marked with star (*) represents the micro-supercapacitors 

fabricated in this study.  All the micro-supercapacitor performed in this study shows significantly 

higher specific areal capacitance compared the ones studied in the literature. The higher specific 

capacitance can be explained due to differences in the design of electrodes and the type of laser. 

Moreover, 2:3 pFAGO microsupercapacitors are also shown higher specific areal capacitance than 

polyimide samples. The progress in the maximization of the specific areal capacitance can be seen 

between 2:3 pFAGO samples that are marked a, b c and d. Initial samples before optimization of 

the synthesis procedure shows 50 mF/cm2 specific capacitance. After increase in the synthesis time 
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from 12 hours (2:3 pFAGO a) to 24 hours (2:3 pFAGO c); 75% of increase in the specific 

capacitance is observed. There is also slight increase in the capacitance and the consistency of the 

results after switching the copper current collectors with titanium ones. The specific capacitance 

reaches 87.2 mF/cm2 at first day (2:3 pFAGO c) and the same sample is tested after 7 days of 

charging and discharging; the specific capacitance improves due to increase diffusion of ions at 

the interface and reaches up to 147 mF/cm2. This value is highest reported value for laser irradiated 

carbon precursors in the literature.  

On the other hand, the higher specific capacitance of polyimide based microsupercapacitors are 

observed in this study compared to the literature studies. In the initial test of polyimide samples, 

we observed closer value to the literature. These samples are prepared by using cut mode of the 

CO2 laser (PI a and b). When the operational mode of the laser change from cut mode to scan 

mode, 50% increase in the specific capacitance observed (PI c). 

 

Figure 37.  Comparison of specific areal capacitance of the studies published on micro-

supercapacitors by laser irradiated carbon precursors and micro-supercapacitors fabricated in this 

work; 2:3 pFAGO a. 9M H2SO4, 12 hours, F127 synthesis route adopted and the samples are 
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irradiated at 4.75 W, 30 mm/s with scan mode, and PVA/H3PO4 as a gel electrolyte and titanium 

as a current collector (day 1) b. 9M H2SO4, 24 hours, F127 synthesis route adopted and the samples 

are irradiated at 4.75 W, 30 mm/s with scan mode, and PVA/H3PO4 as a gel electrolyte and copper 

as a current collector (day 1) c. 9M H2SO4, 24 hours, F127 synthesis route adopted and the samples 

are irradiated at 4.75 W, 30 mm/s with scan mode, and PVA/H3PO4 as a gel electrolyte and 

titanium as a current collector (day 1) d. 9M H2SO4, 24 hours, F127 synthesis route adopted and 

the samples are irradiated at 4.75 W, 30 mm/s with scan mode, and PVA/H3PO4 as a gel electrolyte 

and titanium as a current collector (day 7)  polyimide a. laser irradiated  at 6W power, 30 mm/s 

speed at cut mode and PVA/H2SO4 as a gel electrolyte and titanium as a current collector b. laser 

irradiated at 6W power, 30 mm/s speed at cut mode and PVA/H3PO4 as a gel electrolyte and 

titanium as a current collector c. laser irradiated  at 6W power, 30 mm/s speed at scan mode and 

PVA/H2SO4 as a gel electrolyte and titanium as a current collector 

4.4. Conclusion 

The carbonization of insulated polymeric nanocomposite through laser irradiation is demonstrated 

and the capabilities of the fabricated microsupercapacitor based on this polymeric nanocomposite 

is shown in the study. Poly (furfuryl alcohol) is an alternative carbon precursor that can be 

converted into conductive arrays and exhibits remarkable electrochemical performance as a 

miniaturized energy storage device. To the best of our knowledge, this is the highest specific areal 

capacitance reported in the literature using a carbon precursor without the contribution of pseudo-

capacitance. The device fabricated during the study is showed over 15,000 cycles with full 

retention. This study shows a promising opportunity for the recycling of a bio-waste material into 

a source of a storage device with a simple, inexpensive fabrication route.   
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Chapter 5. Conclusion 

5.1. Summary 

This thesis presents new findings in the field of renewable energy and material science and 

chemical engineering. Beginning with the literature review on fabrication techniques and possible 

carbon sources to develop a miniaturized energy storage device, a micro-supercapacitor and the 

parameters that are effective on the electrochemical performance of the device were established. 

With this knowledge, a novel polymer material, pFA and its composites (pFAGO) were developed 

as a micro-supercapacitor using laser irradiation technique. The device fabricated based on new 

composite material showed high specific capacitance compared to other carbon precursor materials 

studied in this study and the literature studies. Thus, this thesis provides promising results for 

micro-supercapacitor and for their commercialization and integration into miniaturized electronic 

technologies.   

5.2. Conclusion 

The creation of the perfect micro-supercapacitor would be worthless if the cost of raw material 

and device fabrication is prohibitive. The first part of the thesis work was to identify and optimize 

a suitable fabrication technique for micro-supercapacitors. Based on literature work, laser 

irradiation was selected as the most suitable method. Commercial and well-studied carbon 

samples, respectively Kapton™ polyimide and a synthesized graphene oxide, were irradiated 

under various environmental and parametric conditions. At this stage, the goal was to identify the 

effect of changed parameters on the base material so that changes in new materials can be tuned 

similarly. From this work, the laser was operated at 10% power or less, aiming for high 

conductivity at a 30 mm/s scan rate. The mode was chosen to be scan mode to improve electrode 

trace consistency and conductivity. A Raman spectrum closely identified specific laser exposures 
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on GO with thermally exfoliated GO spectra, indicating that the laser irradiation is inducing 

thermal carbonization. Finally, micro-supercapacitors tested with the optimized settings on 

polyimide films resulted in higher specific areal capacitance (49 mF/cm2) than literature on the 

same material (31 mF/cm2). Optimized laser irradiation is demonstrated as a quick, effective and 

cheap methodology in the fabrication of micro-supercapacitors. 

Moving away from expensive polyimide as a carbon pre-cursor would drive down the fabrication 

cost further. To improve the energy density requires higher density of energy storing material, 

namely conductive carbon. Poly (furfuryl alcohol) (pFA) is chosen due to several key 

characteristics; cheap and available, renewable, carbon heavy and able to be thermally induced to 

form dense nano-porous carbon. Multiple variations of pFA synthesis were employed in order to 

ensure micro-supercapacitor performance. SEM and FTIR characterization ensured that the 

synthesis parameters chosen would provide consistent spherical pFA particles. However, pure pFA 

cast into a film was lacking an ability to effectively carbonize and was both brittle and un-evenly 

agglomerated as a thin layer (1.6 mg/cm2). The integration of GO sheets (2 mm and larger) into 

pFA acted as a thermal catalyst and binding agent for pFA particles, greatly improving uniformity 

and flexibility of a pFAGO composite film. Single-film single-pass carbonization proved to be the 

most effective in supercapacitor performance, providing a record areal capacitance of (87.2 

mF/cm2). 

Having selected a cheap and high performing material, some more experiments were performed 

to improve long-term usability. It was noted that the common current collector, a copper trace, was 

degrading due to the presence of the electrolytic solution. Copper is well known to oxidize over 

time as well. Carbon and Titanium were investigated as replacement materials as they are 

chemically resistant, biologically inert and highly conductive. A pFAGO film supported by PET 
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and using titanium current collectors demonstrated reliable and increasing power storage at more 

than 100 mF/cm2. After more than 15,000 cycles of charge and discharge, the film was providing 

147 mF/cm2. This represents greater than four times (4x) an improvement in specific areal 

capacitance versus the highest reported carbon precursor for micro-supercapacitors. 

Integrated and self-sufficient electronics will require reliable power sources, more critical when 

evaluating or measuring health or remote system variables. Micro-supercapacitors are poised as 

the most effective long-term solution in providing that power. Overcoming energy density 

requirements and ensuring stable and safe performance is no easy feat. The research demonstrated 

here is a massive improvement in energy density while simultaneously reducing cost and 

complexity. Further advances in micro-supercapacitors will ensure their integration into every 

modern device. Choosing materials that are ecologically responsible and achieves power 

requirements is the golden rule in tomorrow’s portable power market. 

5.3. Recommendation for Future Work 

Based on the results of this research, the following avenues are recommended for future work; 

1. Test and investigation on operational mode of the laser to further improvement for the 

electrochemical performance and to gain better understanding on the mechanism of the 

carbonization. In general, the mechanism of the laser irradiation is not well understood. It 

is recommended to test the effect of x and y swing settings in scan mode and to proceed 

the complete study on understanding the relation between depth and the material thickness 

for polyimide, graphene oxide as carbon precursors.  

2. The investigation and improvement of the electrochemical performance of micro-

supercapacitors can be expanded by exploring different electrode’s dimension and patterns. 
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This would provide broader understanding on the mechanism of double-layer charging and 

design parameters of a micro-supercapacitor. 

3. The effect of graphene oxide in this study is briefly demonstrated mainly in the samples 

synthesized through emulsion polymerization. However, the exploration the effect of 

graphene oxide is recommended in order to increase flexibility and simplicity of the 

fabrication method for pFA based microsupercapacitors.  

4. Extended cycle life test and flexibility test is recommended to prove the use of this devices 

in commercial application for miniaturized technologies.  
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