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ABSTRACT 

The search for alternative energy generation methods requires development for new 

energy storage methods as well. The ability to use nanotechnology to achieve high surface area, 

which is correlated to increased energy storage, brought advancements in supercapacitor 

applications. Supercapacitors have the potential to charge and discharge quickly and hold as 

much energy as batteries and other chemical storage devices. By having a completely solid-state 

supercapacitor, problems with leakage and decay could be avoided. Supercapacitors were 

assembled from electrodes made by reducing graphene oxide in a computer disc drive and 

adhering two electrodes with composite electrolytes having various concentrations of PVA/CNT. 

Tests were performed on the completed supercapacitors, as well as the individual components. 

The analysis of the different concentrations of carbon nanotubes in PVA electrolytes showed the 

lowest resistivity for 0.5wt% CNT (294 Ωcm) and the highest specific capacitance for 1.0wt% 

CNT (123.5 F/g). This specific capacitance is a 27% improvement on an electrolyte without 

CNT. The electrolyte with pure PVA has similar capacitance to other solid-state supercapacitors 

in the literature. Electrolytes with higher percentages of CNT (0.5%) show higher resistivity 

because of the decreased carbon solubility or agglomerations. The final product supercapacitors, 

thin, flexible, and environmentally friendly, can be used in wide temperature ranges, and have a 

theoretically long lifespan. They can charge more quickly than batteries, and hold more energy 

than capacitors. This study shows promising enhancements in solid-state supercapacitors, 

making them an even more plausible replacement for batteries in the near future. The 

improvements made on the specific capacitance with the different electrolytes could lead to 

greater efficiency and lower cost in many unique applications requiring absence of liquid 

components. 
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CHAPTER 1 

INTRODUCTION 

1.1. Motivation 

The earth’s resources are dwindling, and the burning of the fossil fuels is a main source 

of carbon dioxide emissions. Not only does the scarcity of the fossil fuels drive prices higher, but 

greenhouse gases and carbon dioxide emissions also cause climate change. There are major 

developments in renewable energy methods. Whether it is hybrid cars or solar panels, an 

electrical energy storage device should be developed to keep up with the newly invented 

electricity generation methods. 

Batteries and capacitors are two of the most widely used energy storage devices. Batteries 

possess high energy densities, but low power densities. They can provide energy for a long 

period of time, but cannot deliver high power in a shorter period of time. Batteries also have long 

charging times. Capacitors can deliver pulses of energy and can be charged and discharged 

easily. However, the amount of energy delivered is so small, the applications that can utilize 

capacitors are limited. 

A recent device called a supercapacitor could possibly achieve best of both worlds. By 

having high power density and high energy density, supercapacitors are able to deliver high 

power electricity over a longer period of time compared to conventional capacitors. Although 

they cannot yet store as much energy as batteries, the hope is that this will change in the future, 

given the infancy of the technology. Also, supercapacitors already exhibit higher life cycles and 

wider operating temperature ranges compared to batteries. 
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Figure 1.1 – Ragone plot of energy storage systems [1]. 

 

Figure 1.1 is a Ragone plot of electrochemical storage systems. Ragone plots are used to 

demonstrate the performance of energy storage systems on a log chart of power vs. energy [2]. 

As illustrated in the figure above, supercapacitors fill a gap where other energy storage devices 

do not fall. Instead of replacing a current storage method, supercapacitors fill a new niche with 

their unique properties. 

Supercapacitors operate on the same principle as conventional electrostatic capacitors; 

therefore, it is worth describing how a conventional capacitor works. Capacitors are formed by 

two conductive materials separated by a dielectric material. When an electric potential is applied, 

the conductors accumulate charge. The reason supercapacitors have conductive properties is 
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because of the use of nanotechnology.  Being able to design materials on a nanoscale allows for 

properties that are crucial to the improvement of capacitance values.  Higher surface area and 

thinner materials both contribute to their performance. 

Although the first supercapacitor was constructed decades ago, the demand from the 

emerging alternative energy market is the main reason supercapacitors are recently becoming 

more studied. As mentioned above, nanomaterials made supercapacitors more feasible compared 

to other storage devices. 

1.2. General Background 

The first patent of supercapacitors dates back to 1957 by General Electric [3]. The first 

commercially available product that utilized the supercapacitor name was by Nippon Electric 

Company (NEC) in the 1970s. Another company, Pinnacle Research Institute (PRI) called their 

product an ultracapacitor. Both of these names are still used, but they refer to the same device, a 

capacitor that stores energy in the interface between an electrolyte and an electrode [1]. Finally, 

after years, the research and the prevalence of supercapacitors increased significantly in the 

1990s since new applications required quick surges of energy with great reliability [4]. 

Supercapacitors still only occupy less than 1% of the market for electrical energy storage. In 

2007, the supercapacitor market generated a revenue of $99.6 million, and with an annual 

compound revenue growth of 10.9%, the revenue generated will be up to $205.9 million in 2014 

[5]. Supercapacitors have had important roles in energy storage fields as a back-up power supply 

for some time now. The application variety of this technology is growing by the day. 

Supercapacitors were used in the emergency doors of the Airbus A380 to provide the surge of 

power needed to utilize them [6]. A report by the US Department of Energy puts supercapacitors 

in the same importance category as batteries for future energy storage methods [6]. 



  4 
 

1.3. Research Objectives 

The goal of this thesis was to study properties of solid-state supercapacitors because of 

the simplistic construction, unique scope of applications, and significant room for improvement. 

Synthesizing and analyzing different compositions and concentration of electrolytes was a main 

focus in the supercapacitor construction. Improving the properties of the electrolyte would lead 

to a significant improvement on the properties of the supercapacitor. 

There are several names for supercapacitors, such as ultracapacitor, supercap, dynacap 

etc. but they all appeared from branding and mean the same thing. For consistency throughout 

this thesis the term supercapacitor was used. Also, the supercapacitor samples in the experiments 

are referred to by the weight percentage of CNT they contain. In the first part of the thesis, 

background information about supercapacitors was provided. In the second part of the thesis, the 

experimental section, the trials and procedures used to achieve better electrical properties in 

solid-state graphene supercapacitors were explained. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1. Principles of Supercapacitors 

As in every energy storage device, power and energy values determine the characteristics 

of supercapacitors. Power and energy in supercapacitors can be mathematically explained. The 

maximum energy storage of a supercapacitor E can be found using the following equation [7]:  

                                                    
 

 
                                               (1) 

In Equation 1, C is the specific capacitance, and U is the maximum cell voltage. The maximum 

power of a supercapacitor P can be found with the following equation [7]: 

  
  

   
                                               (2) 

U is the maximum cell voltage in this equation as well, and Rs is the equivalent series resistance. 

Therefore, the energy and the power of the supercapacitor are greatly affected by the maximum 

voltage that can be applied on it. The maximum power is also affected by the equivalent series 

resistance, which is related to the electrode conductivity, electrolyte resistance, contact resistance 

between the electrodes and the current collector, and the ionic resistance of the separator.  

2.2. Advantages of Supercapacitors Compared to Batteries 

Supercapacitors have several strengths compared to batteries. First of all, they exhibit 

higher power density. According to Figure 1, supercapacitors can exhibit power densities up to 

10kW/kg, whereas batteries only reach 150W/kg. Supercapacitors possess higher power densities 
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than batteries because they can be charged within seconds while it takes batteries a few hours to 

charge [8]. 

Supercapacitors have longer life expectancies because, unlike batteries, there is no 

faradaic reaction that takes place, with the exclusion of faradaic supercapacitors. Though they 

still exhibit longer life cycles than batteries, they are not the focus of this study. Supercapacitors 

do not need to be maintained and can withstand up to 1,000,000 charge and discharge cycles and 

have an estimated life expectancy of 30 years compared to batteries, withstanding only 10,000 

cycles with a life expectancy of 5 to 10 years [8, 9]. Longer shelf life is another advantage of 

supercapacitors. Batteries that are not used for extended periods of time will corrode and 

degrade. On the other hand, supercapacitors will retain their original condition for several years 

[8]. 

Supercapacitors have reversible charge and discharge cycles with little heat loss, getting 

around 95% efficiency [8, 9]. Supercapacitors can also operate in a wide range of temperatures, 

ranging from -40oC to 70oC. This allows for a wide variety of locations where supercapacitors 

can be utilized [8]. Supercapacitors are also environmentally friendlier than batteries. They do 

not contain hazardous materials like lead and are generally easy to dispose of [8]. 

2.3. Supercapacitor Models 

Our understanding of what is occurring in supercapacitors with electrical charges and 

discharges, as with many things in science, took many years and different models to uncover. 

There are three main models that were detrimental in the current understanding of how a 

supercapacitor works. Figure 2.1 visualizes the current model and particle potentials, which 

encompasses the three models talked about in this section. 
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Figure 2.1: The surface charges and potential of a particle immersed in a liquid [10]. 

 

2.3.1. Helmholtz 

Helmholtz was the first person to model the reaction between a conductor and an 

electrolyte in relation to capacitance properties. He also was the first person to use the term 

“double layer” [11]. The model considers the electrode as a solid plate, therefore, causing the 

interface to have parallel plate capacitor behavior [4]. The electrode would acquire positive 

charge on its surface, and a negative charge would form on the surface of the electrolyte, 

countering the positive charge. Figure 2.2 shows the parallel plate behavior and the charge 

formation associated with it. 
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Figure 2.2 - Helmholtz double layer model [11]. 

 

This would happen the same way on the other electrode, but with opposite charges, hence 

why the term double layer came about. This equation calculates the capacitance in the Helmholtz 

model [11]: 

                                                                 
 

 
                                                         (3) 

Where C is the capacitance determined solely by the dielectric constant ε of the 

electrolyte, and d is the double layer thickness. What this model fails to take into account is the 

voltage dependence of the capacitance, thus not only considering capacitance a constant, but also 

giving higher theoretical results [11].   

2.3.2. Gouy-Chapman 

Gouy acknowledged that capacitance is not constant, and that it is dependent on the 

voltage applied. In 1910, he described random thermal motion, which would create a space 

distribution of the ions in the electrolyte. Today, this phenomenon is called the diffuse layer, 

which is demonstrated in Figure 2.3 [11]. 
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Figure 2.3 - Gouy-Chapman double layer model [11]. 

 

In 1913, Chapman formulated the diffuse layer mathematically by combining the 

Poission equation and the Boltzman distribution function. He came up with the following 

equation [11]: 

   √
     

  
   

   

   
                                  (4) 

                                                                         
  

 
                                            (5) 

In this equation, the capacitance C is dependent on the surface potential ψ0, the valence of 

electrolytic ions z, the anion and cation concentration at thermodynamic equilibrium n0, the 

Boltzmann constant k, and the temperature T. This model considers ions to be point charges, 

which means, in theory, that they could be infinitely close to the interface, causing an increased 

theoretical capacitance. 

2.3.3. Stern 

Stern’s model combines the Helmholtz and the Gouy-Chapman models [4]. It separates 

the charge into the Helmholtz compact layer and the Gouy-Chapman diffused layer. Figure 2.4 

shows the combination of the compact layer and the diffused layer on the electrode-electrolyte 

interface. 
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Figure 2.4 - Stern double layer model [11]. 

 

The Stern model uses an equation that combines the two previous models [11]: 

 

 
 

 

  
 

 

  
                                        (6) 

Capacitance is determined by two main components, where Cc is the Helmholtz compact 

layer, and Cd is the Gouy-Chapman diffuse layer with the exception that the surface potential ψd 

is used instead of ψ0 [11]. 

2.4. Types of Supercapacitors 

Supercapacitors can be divided into two groups depending on the means by which the 

charge is stored. The type of electrode materials used in the supercapacitor determines the type 

of supercapacitor. 

2.4.1. Electric Double Layer Supercapacitor 

Electric double layer supercapacitors (EDLS) use materials that are not electrochemically 

active; therefore, the charging and discharging is an entirely physical reaction [5]. Surface 

dissociation and ion adsorption allow the charge to be stored on the electrodes [6]. This happens 

only on the surface, rather than the whole electrode. When an external electrical charge is 
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applied, the electrons in the negative electrode move to the positive electrode. At the same time 

positive ions move to the negative electrode from the positive electrode. This exchange takes 

place through the electrolyte. Since there are no chemical reactions taking place, the process 

happens fast and does not create degradation on the cell, increasing the life of the supercapacitor 

way beyond the lifespan any other chemical storage device could achieve. 

2.4.2. Faradaic Supercapacitors 

Faradaic supercapacitors (FS), also called pseudocapacitors, utilize fast, reversible redox 

reactions to store energy, a process that resembles a lithium-ion battery [12]. Unlike EDLS, the 

charge and discharge process happens throughout the electrode, instead of only the surface. This 

allows for higher capacitance values, and as a result, comparatively higher energy density. This 

comes at the price of lower power density than EDLS because the faradaic redox reactions occur 

more slowly than electrostatic processes [13]. 

2.5. Electrodes 

2.5.1. Background 

Electrodes are often considered the most important component of supercapacitors, since 

the electrical properties heavily depend on the electrode materials and construction. Whether a 

supercapacitor is electrochemical double layer or faradaic is also determined by the electrode 

material used. 

Surface area of the electrode has a huge influence on capacitance values of 

supercapacitors. However, the capacitance does not increase linearly with the surface area 

because not all of the surface area is accessible during the charge and discharge process. Hence, 
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the term “electrochemically accessible surface area” is used to define the area that is in direct 

relation to capacitance [5]. 

 

 Figure 2.5 – Cyclic Voltammetry diagram of different capacitors [14]. 

 

In order to inspect and measure capacitance behavior of electrodes, cyclic voltammetry is 

a reliable and often used method. Figure 2.5 compares the curves different electrode materials 

create on a cyclic voltammetry graph. An ideal capacitor will plot a perfect rectangular shape, 

but under real world conditions, the shape will become a parallelogram because of resistances. In 

the case of electrodes that undergo a faradaic reaction during charge and discharge, such as 

transition metal oxides and conductive polymers, the curve will gain deviate further from the 

rectangle and causing peaks because of the redox reactions that occur. 
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Figure 2.6 - Comparison of specific capacitance values of different electrode types [15]. 

 

Figure 2.6 compares the capacitance values of different electrode materials.  Faradaic 

materials clearly achieve higher capacitance values, but a number of other things must be taken 

into consideration while choosing an electrode material. For example, faradaic materials suffer 

from shorter life cycles, and ruthenium oxide, which shows the highest capacitance value in the 

chart, is too expensive to ever be in a commercial supercapacitor. 

2.5.2. Transition Metal Oxides 

Transition metal oxides (TMOs) are popular electrode materials for supercapacitors 

because they can achieve high capacitance values because of the way they collect charge. Metal 

oxides do not only collect electrostatic charge on the electrode, but they also undergo fast redox 

reactions on the electrode material in order to achieve extra charge. A good electrode will have 

an electrically conductive oxide, as well as a metal that can exist in two or more oxidation states 

possessing the ability to co-occur through a continuous range without undergoing irreversible 
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phase changes [16]. Also, the protons need to be able to enter and exit oxide lattice during the 

redox reaction [5]. Most notable metal oxides used as electrode materials are: RuO2, MnO2, 

PbO2, NiOx, V2O5 and Fe3O [4]. 

 

Figure 2.7 – Specific Capacitance Values of TMOs investigated with various scan rates [16]. 

 

As seen in Figure 2.7 above, TMOs can achieve extremely high specific capacitance 

values. However, the high cost of the metals used limit viable commercial applications, 

especially in the cases of Ruthenium Oxide and Vanadium Oxide, where the capacitance values 

are amongst the highest [17]. 

2.5.3. Conductive Polymers 

Conductive polymers (CPs) are also viable materials for supercapacitor electrodes. They 

have lower cost and impact on the environment than TMOs [18]. They have high conductivity, a 
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high voltage window, and a high storage capacity [18, 19].  CPs achieve capacitance via highly 

reversible redox reactions. Oxidation and reduction reactions cause the ions to enter and exit the 

backbone of the polymers. This occurs throughout the entire electrode instead of just the surface, 

hence high specific capacitance values can be achieved [20]. However, since the ions enter and 

exit the conductive polymer electrodes with a redox reaction, it causes them to swell and shrink, 

eventually leading to cracks and damage. This severely affects the capacitance, therefore, 

limiting the cycle life of capacitors made by conductive polymers [21].  

CPs need to be either positively or negatively “doped” with ions in order to reach the 

conductivity levels suitable for an electrode material. This is done by an oxidation or reduction 

process. Polymers become positively charged after the oxidation process, and are then called “p-

doped.” When reduction happens, they become negatively charged hence the name “n-doped” 

[5]. There are three types of supercapacitors that can be constructed entirely with conductive 

polymer electrodes, classified as Type I, Type II, and Type III. Type I is a symmetric 

supercapacitor that uses identical p-dopable polymer electrodes, Type II is an asymmetric 

supercapacitor that utilizes different p-dopable polymers, and finally Type III is a symmetric 

supercapacitor that uses the same polymer but with a p-doped positive and an n-doped negative 

electrode [15, 22-24]. The most common conductive polymer electrodes are constructed with 

polypyrrole, polyaniline, and polythiophene variants [25]. 

2.5.4. Carbons 

Since the prehistoric era, humans have always used carbon materials to generate or store 

energy. Whether it was burning charcoal to generate heat using graphite in construction of 

lithium ion batteries, carbon has been a necessary part of human life [26]. In the field of 

supercapacitors, the significance of carbon materials can be observed or as well. Carbon is the 
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most popular electrode material used in supercapacitors and assumed to have a bright 

commercial future. The advantages include, but are not limited to, abundance, low cost, high 

specific surface area, non-toxicity, good conductivity, high chemical stability, and wide 

operating temperatures [7, 27]. Carbon compounds are used in electrochemical double layer 

supercapacitors, storing the charge in the electrode surface-electrolyte interface. Consequently, 

surface area and pore size distribution are extremely important, as well as electrical conductivity. 

Pore size of carbon materials is directly related to the capacitance of the supercapacitors, 

since it is one of the key components that make surface area electrochemically active. Studies 

done by Largeot et al. [28] show that the capacitance value is highest when the pore size is close 

to the size of the ions in the electrolyte. As the pore size gets larger or smaller, the capacitance 

drops considerably. 

 

Figure 2.8 – Capacitance vs Frequency plot for carbon electrodes with differing pore sizes [29]. 
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Figure 2.8 illustrates the relation of pore size to capacitance. With pore sizes too small 

compared to electrolyte ions, there is virtually no capacitance, especially in higher frequencies. 

However, the increase of the pore size diameter, while keeping the electrolyte pore number 

constant leads to an increase in capacitance, as well as an increase in the higher operational 

frequency window [29]. The pore size of the carbon electrodes are controllable with the types of 

precursor materials used as well as the type of activation/functionalization method. The 

temperature, time, and chemical agents used are all factors affecting the porosity of carbons [7]. 

A wide variety of carbons can be used as electrodes including, but not limited to, activated 

carbons, templated carbons, graphene, carbon nanotubes, carbon black, carbon aerogels, and 

carbon nanoparticle composites [1, 5-8]. 

2.5.5. Graphene Electrodes for Supercapacitors 

With a theoretical specific surface area of 2675 m2/g [30], and controllable pore size, 

graphene is an ideal electrode material. However, the theoretical value has yet to be attained 

experimentally. During the synthesis of graphene and related devices, the individual sheets of 

graphene start aggregating and severely reducing the surface area [31]. There are a variety of 

different methods that researchers utilized in order to increase surface area and capacitance 

values. The preferred method is the reduction of graphene oxide to graphene. Graphene oxide is 

a popular choice since its precursor is graphite, which is readily available and inexpensive. In 

1957, Hummers et al. [32] treated graphite with sulfuric acid, sodium nitrate, and potassium 

permanganate in order to achieve graphitic oxide, which is the same thing as graphene oxide. 

This process is named the Hummers Method, and it was later modified by adding another 

oxidization stage and improving its outcomes [33]. After graphene oxide is obtained, there are a 

number of different ways to go about the reduction to graphene. 
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Chemical Reduction of Graphene Oxide 

Graphene oxide flakes can be suspended in water, and the resulting suspension can be 

reduced with chemical methods. Stankovich et al. [34] reduced graphene oxide into graphene by 

reacting it with hydrazine hydrate. This simple and inexpensive method resulted in thin 

graphene sheets with some agglomeration and a surface area of 466 m2/g, which is promising, 

but nowhere near the theoretical value of graphene. Chen et al. [35] used a weaker reductant, 

hydrobromic acid, which resulted in an impressive specific capacitance of 348 F/g in an 

aqueous electrolyte. This is attributed to the weaker reducing agent leaving more stable oxygen 

groups intact, increasing wettability; therefore, the surface area the electrolyte could reach was 

increased substantially. 

 

Thermal Reduction of Graphene Oxide 

Graphene oxide can also be reduced by heat. Under normal conditions, temperatures of 

550oC and higher will exfoliate graphene oxide sheets and cause reduction [36, 37].  Vivekchand 

et al. [38] created graphene electrodes by thermally reducing graphene oxide at 1050oC. 

Acquired graphene sheets had a specific surface area of 925m2/g and capacitance up to 117 F/g  

in an aqueous medium. Nevertheless, this process uses a lot of energy, and it is not efficient 

compared to the alternatives. 

 

Graphene Nanoparticle Composites 

Since the biggest reason for surface area loss is attributed to stacking of the graphene 

sheets, attaching nano-particles in between the layers as spacers could diminish agglomeration 

greatly [31, 39-41]. Because of its great electrical properties, platinum is used as a spacer in 
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between graphene sheets. This is done by adding chloroplatinic acid with a surfactant and 

reductants into a graphene oxide suspension in water. The chemical reaction taking place reduces 

both graphene oxide and platinum by attaching the particles onto the sheets [39-41]. Figure 2.9 

compares the graphene sheets with and without the nanoparticle spacers. It can be seen that the 

spacers prevent the graphene sheets from sticking to each other. 

 

 

Figure 2.9 – Dispersed and dried graphene with and without nanoparticle spacers [31]. 

 

Laser Irradiation of Graphene Oxide 

An interesting method that was invented recently is the reduction of graphene oxide by 

infrared lasers. El-Kady et al. [42] used an inexpensive LightScribe CD burner in order to reduce 

graphene oxide. Graphene oxide suspension is dried on a PET sheet which is attached to a disc 

and put through the burning process. The resulting film has a conductivity of 1738 S/m and a 

specific surface area of 1520 m2/g. 
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2.6. Electrolytes 

Electrolytes occupy the space in between the electrodes and allow ions to move through 

them. It is a notably important component in constructing a supercapacitor because the highest 

operational voltage depends on the breakdown voltage of the electrolyte, which is squarely 

proportional to both the energy and the power densities of the supercapacitor [1]. Electrolyte also 

impacts the equivalent series resistance (ESR), which is a determinant of the power density. 

A suitable electrolyte should have a wide voltage window, high electrochemical stability, 

high ionic concentration, low solvated ionic radius, low resistivity, low viscosity, low volatility, 

low toxicity, low cost, and availability at high purity [5]. There are three types of commercially 

available electrolytes: Aqueous electrolytes, organic electrolytes, and ionic liquids. The fourth 

type of electrolyte, the solid electrolyte, is not common in the industry. 

2.6.1. Aqueous electrolytes 

Aqueous electrolytes are composed of aqueous solutions of acids. The common aqueous 

electrolytes are 1 mol L-1 H2SO4 and 6 mol L-1 KOH [11]. Aqueous electrolytes allow 

supercapacitors reach higher conductivity values compared to their non-aqueous counterparts. 

However, a significant drawback is the low voltage window; the thermodynamic window of 

water shows decomposition at only 1.23 V [23]. 

2.6.2. Organic Electrolytes 

Organic electrolytes can exhibit drastically higher operating voltages than their aqueous 

counterparts. Solvents in organic electrolytes can dissolve larger quantities of salt, which leads to 

a major advantage. Unfortunately, they fall short in terms of environmental friendliness. 

Commonly used organic solvents are acetonitrile and propylene carbonate. Supercapacitors 

containing organic electrolytes can theoretically operate at 3V [43]. 
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2.6.3. Ionic Liquids 

Ionic liquids are salts that are in liquid form under operating conditions. Unlike the 

aqueous and organic electrolytes, ionic liquids do not require a solvent. They have desirable 

characteristics like high ionic conductivity, low vapor pressure, a wide electrochemical window, 

and high thermal stability [15]. They are also non-flammable, making them safer for use. The 

paramount quality of ionic liquids is the electrochemical stability, allowing operating voltages of 

4V and beyond [44]. 

2.6.4. Solid Electrolyte 

Electrolytes play an important role in supercapacitors. However, the fact that they are the 

only liquid component of supercapacitors is an unfortunate drawback [45]. Since supercapacitors 

contain liquids, they need to be handled and packaged properly with strong encapsulation [45- 

47]. This limits the variety of applications for supercapacitors. Additionally, using liquids always 

causes a risk of leakage, one that increases as the life cycle comes to an end [45]. 

If a solid electrolyte is used, an all solid-state supercapacitor that is flexible and durable 

can be synthesized. Solid electrolytes also open a new window of applications, like wearable 

electronics. Solid-state supercapacitors are much safer and more suitable for portable 

applications than their liquid counterparts. An electrolyte in solid form can usually be achieved 

by using gelled or solid polymers [45]. The polymer gel is then mixed with a conducting acid, 

resulting in a polymer matrix filled with a conductor. To compare it with a liquid electrolyte, it 

can be said that the polymer works as the separator where the conductor works as an ionic liquid. 

2.7. Separator  

The separator is a thin film that is sandwiched between the electrodes in order to prevent 

contact between them. Choice of the separator depends on the electrolyte used; ceramic or glass 
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fiber separators are used for aqueous electrolytes, and polymer or paper separators are used for 

organic electrolytes [1]. Separators must prevent electrical contact between electrodes but also 

allow the ions to transfer during charge and discharge. Ideal separators for application with 

supercapacitors will have high electrical resistance, good ionic permeability, and low thickness 

[48]. Common materials used to construct separators are rubber, plastic, aquagel, nafion, 

polypropylene, and polyolefin films [49]. 

2.8. Applications 

Although supercapacitors are fairly new to the market and are currently in development 

stages, supercapacitors are already utilized or are in the process of being implemented in a 

number of applications. 

Supercapacitors are especially useful in applications that demand energy for short periods 

of time. Batteries and conventional capacitors fail to provide a favorable amount of power in a 

time frame that is limited to seconds or minutes. This results in the need to combining a lot of 

batteries or capacitors in packs to achieve the required power, causing a waste in materials and 

space. Applications that use short bursts of energy tend to utilize these bursts frequently. The 

large number of cycles would cause batteries to wear out and require frequent replacements, 

whereas supercapacitors could withstand many cycles without substitution. 

2.8.1. Backup Memory 

Supercapacitors are readily utilized in appliances that have digital memory storage. In the 

case of an interruption of the power supply, the supercapacitor acts as a backup power supply for 

the short period of time until power is restored [1]. An alarm clock functioning through a power 

outage is a good example.  
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2.8.2. Electric / Hybrid Vehicles 

An increase in research and development in alternative energy systems for motor vehicles 

has been seen because better fuel efficiency will not only be beneficial for the consumer, but also 

the environment. According to the Environmental Protection Agency, motor vehicles cause one 

half of smog-forming volatile organic compounds, more than half of the NOx emissions, about 

half of the toxic air pollutant emissions, and 75 percent of CO emissions in the United States  

[50]. 

Fuel cells are considered to be a suitable candidate for powering motor vehicles in the 

future.  As can be seen in Figure 1.1, fuel cells clearly possess the highest energy density 

amongst the energy storage devices. These properties would allow enough energy for long-

distance travel. On the other hand, fuel cells have low power density and lack the capabilities 

required for energy recuperation [51]. Coupling with another energy storage device would be 

needed in order to provide power to start the car, accelerate rapidly, and recoup energy from 

braking [51-53]. 

 

Figure 2.10 – Fuel cell-supercapacitor power system for vehicles [52]. 
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Figure 2.10 shows the electric power train studied by Kötz et al. [51, 52] which combines 

a 6.5kW fuel cell stack and a10kW supercapacitor stack. The system provides a smooth flow of 

power throughout the operation of the motor vehicle. When there is rapid acceleration, the 

supercapacitor releases the energy, and when braking occurs, the energy generated is directed to 

the supercapacitor. 

2.8.3. Power Quality 

Electromechanical oscillation is a problem that occurs in power plants, specifically in 

electric generation and distribution terminals that can cause partial or even complete power 

interruptions [54]. These oscillations are controlled by damping. STATCOM (Status 

Synchronous Compensators) is a system that is designed to control damping. STATCOM will 

take power from the system or give power to the system depending on the need. To control 

disturbances effectively, a storage device with high power density is needed; to compensate for 

longer lasting oscillations, a storage device with high energy density is needed. Supercapacitors 

are a great candidates for STATCOM because they have these necessary properites. Although 

they still have comparatively limited storage, the voltage disturbances generally do not exceed 10 

cycles and the speed of charging and discharging still makes supercapacitors better candidates 

than batteries [55]. 

2.8.4. Battery Monitoring 

Batteries are used every day in our laptops, cell phones, and other portable electronics. If 

a portable device is used long enough, noticeable decline in the battery performance will occur, 

and eventually a replacement will be needed. This occurs because batteries draw currents that 

can have short, high bursts. Combining batteries with supercapacitors will allow the 
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supercapacitor to shield the battery by taking in the burst loads [56]. This protective measure will 

extend the life of the battery. 

 

2.8.5. Portable Power Supplies 

Although it is not feasible today, ideally, supercapacitors will be able to power portable 

electronics by themselves. Replacing batteries with supercapacitors would lower charging times 

significantly and increase the operational temperature range. However, supercapacitors only have 

15-20% energy density of batteries which is required for long term energy supply [57]. Also, the 

current capital cost of a supercapacitor is 5-20 $/kJ, where the capital cost of batteries is 0.3-2 

$/kJ [57]. The cost will have to significantly decrease for the industry to implement 

supercapacitors in commercial products 

2.8.6. Electrochemical Actuators 

To be able to fit within the constraints of the current potential applications, it is beneficial 

for electrical actuation systems to be compact and lightweight; the smaller and lighter the power 

source, the better [58]. To be able to cut down on size without sacrificing performance, power 

and energy densities need to be as high as possible. The process in actuation systems usually 

involves high pulse peak power, but a moderate power for average use [59]. Creating a hybrid 

energy storage system with batteries and supercapacitors would not only allow us to meet the 

energy and power densities, but it also save on size and weight, up to approximately 60% in one 

case [57]. 
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2.8.7. Integrating in Renewable Energy 

Although there has been considerable advancement in the renewable energy field, the 

majority of the world’s energy demand is still satisfied by fossil fuels. Multiple reasons are 

preventing renewable energy methods like solar panels from completely taking over, like high 

cost and low efficiency. While the energy generation efficiency is increasing every day in such 

devices, the storage efficiency is failing to keep up with this increase. Incorporating 

supercapacitors, as opposed to batteries, into a photovoltaic energy system will increase 

efficiency; a battery may lose up to 30% of the energy during charging, but a supercapacitor will 

lose 10% or less [57]. The wider operating temperatures will also allow the use of photovoltaic 

panels in more locations with colder or warmer climates [1]. 

 

Figure 2.11 – Photovoltaic/Supercapacitor power system [59]. 
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In Figure 2.11, a system that powers telecommunications network units is shown [60]. In 

this system, a supercapacitor is connected to each photovoltaic cell, where both the 

supercapacitor and the photovoltaic cell share the same voltage rating. The string of the 

supercapacitors delivers a high voltage load to the dc-dc converter which then delivers the load 

in the required voltage. In order to provide energy to a larger application, like an entire building, 

a hybrid system consisting of photovoltaic, supercapacitor, and fuel cells can be used [61]. The 

fuel cells will provide the energy density needed for longer periods of energy usage, where the 

supercapacitor will be able to boost the power when necessary. 

2.9. Nanomaterials 

2.9.1. Graphene 

The 2010 Nobel Prize in Physics was awarded to Geim and  Novoselov for their work 

with graphene [62]. Graphene is a two-dimensional sp2 hybridized carbon material that is packed 

into a honeycomb lattice [63, 64]. Essentially, grapheme is a 2D form of graphite. In fact, 

graphene was prepared for the first time by peeling layers out of a graphite sheet until a single 

layer of atoms was left [65]. In contrast, if graphene sheets are manually stacked on top of each 

other, graphite will be formed. Graphene demonstrates impressive properties, like great 

mechanical strength, high electrical and thermal conductivity, and large surface area [30]. These 

properties make graphene a strong candidate for many applications, supercapacitors being one of 

them. 

2.9.2. Carbon Nanotubes 

Another member of the carbons with the sp2 hybridization that has drawn much attention 

is the carbon nanotube. It was discovered by Ijima in 1991while performing laser ablation [66].  
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Since then, more methods to produce carbon nanotubes have been established, such as chemical 

vapor deposition, the arc method, hyrdrocarbon catalytic decomposition, electrolysis, and 

pyrolysis [67, 68]. Carbon nanotubes possess outstanding physical properties with a Young’s 

modulus of 1200 GP, and a tensile strength of 150 GPa [69]. In addition to their favorable 

physical properties, CNT also demonstrates exceptional electrical properties, with a theoretical 

carrier mobility of 10,000 cm2/Vs and an electrical current density of 4 × 109 A/cm2 [70].  

2.9.3. Nanotechnology Safety and Concerns 

Nanomaterials improve the quality and the efficiency of many applications they are 

utilized in. Even though it is beneficial to use nanomaterials to construct electrochemical storage 

devices, there are risks associated to human health and environment that needs to be considered.  

As nanomaterials become more and more common, an effort to study the risks is required. Also, 

both the risks and benefits need to be known and accepted by society [71]. 
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CHAPTER 3 

EXPERIMENTAL 

3.1. Materials 

3.1.1. Electrode 

Figure 3.1 shows the materials that were used to construct the electrode. Single-Layer 

Graphene Oxide (GO) (99% Purity, 0.7-1.2 nm thickness) was purchased from 

GOOGRAPHENE in Alexandria, Virginia. Polyethylene terephthalate (PET) film was 

manufactured by MG Chemicals (416-T PET Transparency Film Sheet). The film thickness is 

0.1 mm and it is thermally rated up to 392oF, which does not create a barrier for high temperature 

applications. Bare conductive paint is a water based paint that becomes conductive as it dries.  

 

(a) (b) 

(c) 
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Figure 3.1 – a) Graphene Oxide by GOOGRAPHENE b) PET sheet by MG Chemicals cut in the 

shape of a LightScribe disc c) Bare conductive paint 

3.1.2. Electrolyte 

Polyvinyl alcohol (PVA) powder was purchased from Aldrich Chemistry (99+% 

hydrolyzed). Catalytic multi-wall carbon nanotubes (140nm diameter) were purchased from 

MER Corporation. Phosphoric acid (85% H3PO4) by Fisher Scientific was provided by the 

Wichita State University Department of Chemistry. Figure 3.2 shows the materials used. 

 

Figure 3.2 – (a) PVA by Aldrich (b) MWCNT by MER (c) Phosphoric Acid by Fisher Scientific. 
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3.2. Methods 

3.2.1. Graphene Oxide Reduction 

A PET sheet was cut into the shape of the area that can be labeled on a LightScribe disc. 

This shape is similar to a regular disc, but the only difference is the diameter of the hole in the 

center, which is slightly larger in order to fit the encoding strip for the driver to read. 

 

Figure 3.3 – a) Harrick Plasma Cleaner PDC-32G and b) Fisher Scientific FS60D Sonicator used 

in experiments. 

 

To help the GO adhere more completely, the PET sheet was processed with the Harrick 

Plasma Cleaner (Figure 3.3.a) for 3 minutes. Plasma cleaning the PET sheet removes 

contaminants, creates a hydrophilic surface, and enhances adhesion [72]. 50 mg of GO flakes 

were added into a 150ml beaker. 13.5 ml of de-ionized (DI) water was added into the beaker to 

achieve a 100mg GO/27 ml water ratio [42]. The beaker was put into a Fisher Scientific 

sonicator (Figure 3.3.b) for 2 hours to disperse the GO in water homogeneously. The top of the 
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beaker was covered with parafilm to prevent excess water from dripping into the flask, like the 

water that condenses under the lid of the sonicator after heat build-up. The water used in the 

sonicator was also replaced every 30 minutes to prevent overheating. The sonicated GO/water 

dispersion was dropcasted onto the PET film on level ground and dried overnight at room 

temperature. 

 

Figure 3.4 – Graphene oxide dispersion in water before and after sonication. 

The graphene oxide was reduced using a LightScribe system. LightScribe is an optical 

disc labeling technology created by Hewlett-Packard that utilizes discs coated with a special dye 

that changes color under infrared laser light [73].  When graphene oxide is subjected to the same 

infrared laser, reduction occurs by exfoliation. A LightScribe disc was coated with spray 

adhesive and the dried GO/PET film was applied to the disc. The disc was then inserted into the 

drive and underwent the burning process. 
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Figure 3.5 – The burning steps of graphene oxide nanofilm. 

Figure 3.5 displays the outcome of each step of the burning process. The CD goes 

through the LightScribe labeling process between 4 to 6 times, until the graphene oxide is fully 

reduced or until the reduced area ceases to increase in size. Each cycle in the LightScribe 

labeling process lasts 22 minutes, with the software programmed to burn the entire surface area 

of the disc. Afterwards, the PET/graphene film was carefully removed from the disc with a box 

cutter or an x-acto knife. 

3.2.2. Constructing the Polymer Electrolyte 

Deionized water was heated to 90oC. Under constant stirring, PVA powder with a 1:10 

weight ratio of powder to water was added extremely slowly. It was important to carefully 

execute this step because as the powder comes into contact with water, it will swell and become 

Before 

After 
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sticky, causing agglomeration if added too quickly. Therefore, very few PVA particles could be 

added at once in order for dissolution to occur. The solution was mixed with mechanical 

agitation under constant heat until all the PVA was mixed thoroughly. By visually inspection, the 

homogeneity of the solution can be determined. The color of the solution will change from white 

to clear, and there will be no visible PVA particles floating in the beaker. Next, an equal weight 

of phosphoric acid in respect to the PVA powder was added. The solution was stirred for an 

additional hour to ensure a homogenous mixture. 

3.2.3. Creating PVA/CNT Electrolytes 

In order to clean the particles, carbon nanotubes (CNT) were mixed with acetone and 

sonicated for 1 hour. Afterwards, the mixture was heated to 60oC and kept at that temperature 

until all of the acetone evaporated and only left carbon nanotubes in powder form [74]. In the 

meantime, the PVA mixture was being stirred on the hot plate at 60oC. 

In the next step, a pre-determined amount of the CNT powder was added to the mixture. 

The mixture was stirred for 1 hour. Following the stirring, the solution was sonicated for a 

predetermined amount of time. After sonication, the solution was stirred for 1 more hour on the 

hot plate at 60oC. During sonication, air bubbles will form in the solution, and the stirring 

afterwards ensures air bubbles escape, as well as giving extra time for dissolution. This step was 

repeated for every electrolyte with different amounts of CNT in solution and different sonication 

times listed in Table 3.1  
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Table 3.1 – Parameters for creating CNT/PVA composites 

CNT weight % in 

relation to PVA 

Total weight of CNT 

(g) 

Amount of CNT 

added since the step 

before (g) 

Sonication time 

(minutes) 

0.1% 0.003 0.003 120 

0.5% 0.015 0.012 150 

1% 0.03 0.015 180 

2% 0.06 0.03 240 

 

When each electrolyte mixture was prepared, a small amount of it was dropcasted onto a 

plasma cleaned PET sheet in order to obtain thin films for inspection and measurements. The 

films can be seen in Figure 3.6 with no CNT on the left, 2% CNT on the right, and increasing in 

weight percentages in between. 

 

Figure 3.6 – Photographs showing the electrolyte thin films. 

3.2.4. Assembly of Supercapacitors 

Two identical electrodes were built with Laser Scribed Graphene (LSG) for every 

supercapacitor.  PET film was used as a backing for the electrodes, doubling as the outside shell 

of the supercapacitor. The electrodes are created by cutting the film into a 2 x 2 cm square shape 

with a tab extending on one side of the square which was used to clamp alligator clips. For a 

0% CNT 

2% CNT 
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single capacitor, two identical electrodes are required, as illustrated in Figure 3.7. When the 

graphene side of the electrodes is facing upward, the tab for the clamps should be on the same 

side of each square. 

 

Figure 3.7 – Supercapacitor electrodes while they were drying, and the finished product. 

For every supercapacitor, the respective electrolyte mixture was carefully applied on the 

electrode surface with a brush, carefully avoiding the tab. The electrodes were then left in 25oC 

temperature for 2 hours. This accomplishes two important things: First of all, it allows the 

electrolyte to wet the electrode surface, achieving higher surface areas that are accessed by the 

electrolyte. Secondly, drying allows any water that might be left in the mixture to evaporate. This 

is crucial because any water left will decrease the maximum voltage that can be applied and 

increase the resistance of the capacitor. Finally, Bare Conductive Paint was applied to the tabs of 

the electrodes in order to prevent the alligator clips from damaging the graphene. The cross 

section of the finished supercapacitors is demonstrated in Figure 3.8. After the electrolyte was 

allowed to dry for 2 hours, one electrode was flipped over and pressed on the PVA side of 

another electrode, leaving the PET on the outside of the capacitor, and the electrolyte 

sandwiched between. This figure is not scaled. 
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Figure 3.8 – The cross sectional view of supercapacitor setup. 

3.3. Characterization 

3.3.1. Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) inspections were performed with a Carl Zeiss 

Sigma VP Field Emission Scanning Electron Microscope (Figure 3.9). GO/PET film was 

inspected with the microscope before and after the reduction process. The thin films coated 

exclusively in electrolyte were inspected as well.

 

Figure 3.9 – Scanning Electron Microscope used in the current study. 

 

PET Sheet 

Laser Reduced GO Electrode 

PVA +H3PO4+CNT Electrolyte 

Laser Reduced GO Electrode 

PET Sheet 
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3.3.2. Cyclic Voltammetry 

Cyclic voltammetry (CV) is a widely used electro-analytical method in electrochemistry. 

Cyclic voltammograms are obtained by introducing a potential excitation signal and measuring 

the response current at the working electrode [75]. Typically, in cyclic voltammograms, the y-

axis displays the current, while the x-axis displays potential. Since the potential changes over 

time, x-axis can also be assumed as the time axis. 

  

Figure 3.10 – (a) Gamry Reference 600 (b) Faraday cage (c) Two electrode setup for Gamry 

Reference 600 [76]. 

Cyclic Voltammetry was carried out with Gamry Reference 600 Potentiostat/Galvanostat 

/ZRA (Figure 3.10.a). Two-electrode setup demonstrated by Gamry [76, 77] was chosen for the 

measurements since it was the only viable option with an all solid system and a scan rate of 

100mV/s was used. One electrode was designated as the working electrode by connecting the 

(a) (b) 

(c) 
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working and the working sense probes to it. The remaining electrode was designated as the 

reference by connecting the reference and the counter probes to it (Figure 3.10.c). Since all the 

supercapacitors measured were symmetrical, designating which electrode was working and 

which one was the reference was not necessary. Additionally, the system was setup in a Faraday 

cage in order to block any outside interference (Figure 3.10.b) 

3.3.3. Resistivity Measurements  

Electrolyte resistance measurements were done with GWINSTEK GDM-8034 Digital 

Multimeter pictured in Figure 3.11. Each sample was measured three times to improve 

accuracy.  Resistivity values were obtained later with calculations demonstrated in Appendix D. 

 

Figure 3.11 - GWINSTEK GDM-8034 Digital Multimeter used in the resistance 
measurements. 

 

3.3.4. Charge/Discharge Behavior 

The charging and discharging behaviors of the supercapacitors were observed with the 

Tektronix TDS 2002C Oscilloscope. Voltage versus time plots were observed in order to see the 

effects of charging, discharging, and resistance. 
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Figure 3.12 - Tektronix TDS 2002C Oscilloscope used in observing charge and discharge. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1. SEM Analysis 

 Although the difference between the graphene oxide sheet before and after the 

LightScribe process can be visibly seen, the reduction can be further confirmed with Scanning 

Electron Microscopy (SEM). In Figure 4.1.a and 4.1.b, the GO resting on the PET film can be 

observed in differing magnification levels. It is worth noting that the GO is transparent enough 

for the PET to be observed in the pictures as well. In Figure 4.1.c and 4.1.d, the reduced GO can 

be observed at the same magnification levels. Before reduction, there was a relatively flat surface 

with limited surface area. However, after reduction the surface became exfoliated and the surface 

area greatly increased. During the inspection of the GO sheet with SEM, an interesting reaction 

occurred. When the magnification level increased further than the level in Figure 4.1.b, a 

reduction mechanism was initiated. The reduction of the GO sheet could be observed in real 

time; however, the magnification level was lowered in order to protect the device from damage. 

The full sized SEM images of the electrode samples can be found in Appendix A. 
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Figure 4.1 – SEM images of (a) Graphene oxide (b) Graphene oxide in higher magnification (c) 

Laser reduced GO and (d) Laser reduced GO in higher magnification. 

 In Figure 4.2, the PVA/CNT/H3PO4 composite electrolytes can be observed from 0.1% 

CNT to 2% CNT, in 4.2.a through 4.2.d respectively. SEM images of the electrolytes in full 

resolution can be found in Appendix A. Upon visual inspection of the images, the carbon 

particles can be observed. In smaller weight percentages, there was less agglomeration and more 

uniform dispersion. However, as the weight percentage of CNT increased, larger clumps of 

carbon nanotubes could be seen because of poor solubility. In Figure 4.2.d, which is the 2% 

CNT, larger particles can be seen like the clump of particles pointed at by the orange arrow.  

(a) (b) 

(c) (d) 
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Figure 4.2 – SEM images of (a) 0.1% CNT (b) 0.5% CNT (c) 1%CNT and (d) 2% CNT. 

4.2. Cyclic Voltammetry 

 Ideal capacitive behavior appears as a rectangular shape on a cyclic voltammogram [24]. 

However, under real conditions capacitors exhibit a parallelogram or a similar shape. Cyclic 

voltammograms for the baseline electrolyte with PVA and the electrolyte with 1% CNT addition 

can be seen in Figure 4.3. The graphs confirm capacitive behavior with rectangle-like shape. Full 

sized cyclic voltammogram graphs of every sample used in the experiment can be found in 

Appendix B. 

(a) (b) 

(c) (d) 
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Figure 4.3 – Cyclic Voltammograms of (a) PVA/H3PO4 and (b) PVA/1%CNT/H3PO4. 

Also, the capacitance can be obtained with cyclic voltammetry. Since the y-axis displays 

the current and the x-axis displays potential, the area underneath the curve will give the amount 

of charge stored. Therefore, capacitance can be calculated with the following equation [3]: 

  
  

  
 |

 

     
|                                              (7) 
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The charge acummulated, Q, can be measured by the area of the CV graph between a 

potential window. By dividing the area by the potential window it covers (E2-E1) capacitance C 

was calculated. In Figure 4.4, the charge stored in the samples used in Figure 4.3 was calculated 

with Gamry EChem Analyst software. 

 

Figure 4.4 – Calculating the charge accumulated in (a) PVA/H3PO4 and (b) 

PVA/1%CNT/H3PO4. 
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 The charge accumulated for each supercapacitor was calculated between the 0V and 0.8V 

window for consistency since higher results could be obtained in different voltage windows. 

Using the capacitance equation, the following capacitances were found: 
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However, capacitance value is not enough to determine performance since the size and 

weight of the capacitors greatly influence this value. Therefore, specific capacitance, which is the 

capacitance per unit mass of a material, was calculated by the following equation: 

        
      

 

 

 
 

      

 
 

      

      
           

       
     

 
 

      

      
            

 The calculations for each supercapacitor were done in detail and can be found in 

Appendix C.  Table 4.1 shows the results obtained for each supercapacitor and Figure 4.5 shows 

the relationship between the specific capacitance values. Since the PVA/H3PO4 electrolyte was 

the starting point to improve on, the percentage improvement of each supercapacitor in relation 

to it was also added to the table. 
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Table 4.1 – Specific capacitance results. 

Supercapacitor 

(Electrolyte) 

Specific Capacitance 

(F/g) 

% Improvement in Capacitance from 

PVA/H3PO4  

PVA +H3PO4 97.27 - 

PVA+0.1% CNT +H3PO4 101.65 4.50 

PVA+0.5% CNT +H3PO4 107.96 10.99 

PVA+1% CNT +H3PO4 123.52 26.99 

PVA+2% CNT +H3PO4 97.98 0.73 

 

 

Figure 4.5 – Specific capacitance as a function of CNT in electrolyte. 

The PVA/H3PO4 supercapacitor exhibited a specific capacitance of 97.27 Fg-1, which is a 

similar result for a supercapacitor of this type [47]. Addition of CNT between 0.1 % and 1% 
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capacitance up to 107.96 Fg-1, and addition of 1% CNT achieved 123.52 Fg-1, which is a 

staggering 27% increase in capacitance. Compared previously made solid-state supercapacitors 

with PVA electrolytes and their specific capacitance values between 90.83 Fg-1 and 105.78 Fg-1 

[47], 0.5% and 1% CNT supercapacitors definitely show an improvement. Although the 2% 

CNT exhibited a higher capacitance value, it is too small of an increase to show as a significant 

improvement. This could be attributed to the agglomerations occurring in the electrolyte, causing 

imperfections on the surface and gaps between the electrodes. 

4.3. Electrolyte Resistivity 

 Since the scope of the experiments revolved around electrolytes, it was beneficial to 

inspect the resistivity values. The extra electrolyte films constructed during the production of the 

supercapacitors were used to measure resistivity. The 2x2 cm electrolytes were used for 

measurements. Though an effort was made to make films with similar thickness, the values 

varied. The calculations can be found in Appendix D.  

Table 4.2 – The electrolyte resistivity values. 

Electrolytes Resistivity (Ωcm) Thickness (cm) 

PVA +H3PO4 3.97x102 0.0124 

PVA+0.1% CNT +H3PO4 3.87x102 0.0149 

PVA+0.5% CNT +H3PO4 2.94x102 0.0070 

PVA+1% CNT +H3PO4 3.06x102 0.0075 

PVA+2% CNT +H3PO4 3.31x102 0.0077 
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Predictably, a similar trend to capacitance values is exhibited in electrolyte resistivity. 

PVA/H3PO4 sheet exhibited the highest resistivity of 397 Ωcm, and the addition of CNT 

improved the measurements by reducing the resistivity.  The lowest resistivity was exhibited by 

0.5% CNT at 294 Ωcm. 1% CNT with the highest capacitance had the second best value at 306 

Ωcm. These values fall short of organic electrolytes, which exhibit resistivity values around 20-

60 Ωcm [9]. However, since supercapacitors with organic electrolytes cannot be used in certain 

applications that require no liquid components, the solid electrolytes still prove to be promising. 

4.4. Charge/Discharge Behavior 

The charging and discharging of the supercapacitors were observed with the oscilloscope, 

which plots the voltage potential of the cell versus time. The potential vs. time graph of PVA 

electrolyte with no CNT added is pictured in Figure 4.6, and the graph for 1% CNT is pictured in 

Figure 4.7. These two supercapacitors were used as the examples since PVA electrolyte was the 

baseline, and the 1% CNT because it showed the best performance in other categories. 

 

Figure 4.6 – Potential vs. time curve for supercapacitor with PVA electrolyte. 
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Figure 4.7 – Potential vs. time curve for supercapacitor with 1% CNT electrolyte. 

 

Both supercapacitors were charged for 30 seconds with 1 V direct current. After 30 

seconds, the power supply was cut off and the resulting discharge curve was observed. In both 

samples, an immediate voltage drop was observed. This drop was attributed to the internal 

resistance and the lower drop in 1% CNT confirmed that. The discharge rates were effectively in 

line with each other since the circuit setup was same for both experiments. Different discharge 

curve slopes could appear with the introduction of another resistor into the circuit. Overall, both 

samples exhibited typical supercapacitor charge/discharge behavior. 
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

5.1. Conclusion 

 In this thesis, improvement methods on solid-state supercapacitors were examined. This 

study focused on the electrolytes since it is the component that determines whether a 

supercapacitor is exclusively solid-state. PVA/H3PO4 electrolyte was chosen to construct the 

supercapacitor because of its environmental friendliness, simple production, relatively low cost, 

high safety, and other promising properties that could still be improved. CNT was added to the 

PVA in order to create a composite electrolyte matrix that demonstrates better electrical 

properties, while retaining the environmental and safety aspects of pure PVA. Carbon nanotubes 

were chosen for their good electrical and mechanical properties, as well as their ability to be 

dispersed in PVA solution. 

Scanning electron microscopy, cyclic voltammetry, and resistivity measurements were all 

performed on the electrodes and electrolytes. Also, charging and discharging behavior of the 

supercapacitors were inspected. Taking the results of these experiments into consideration, 

PVA/CNT nanocomposites could be used to improve solid electrolyte performance. 1wt% CNT 

yielded the best results with a specific capacitance of 123.52 Fg-1, a 27% improvement from no 

CNT present. 1wt% CNT also exhibited an electrolyte resistivity of 306 Ωcm, which greatly 

affects the power density of the supercapacitor. 0.5% CNT also exhibited impressive results with 

a specific capacitance of 107.96 Fg-1 and an electrolyte resistivity of 294 Ωcm, which was the 

lowest of all. The slight increased resistance in the 1% CNT is outweighed by the increase in 

specific capacitance, making the 1.0wt% CNT an overall better electrolyte than the 0.5wt%. 
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However, the 2wt% CNT barely showed any improvement at all on the 1% electrolyte. This was 

attributed to the lack of solubility of CNT past a 1wt% concentration. Therefore, it could be 

concluded that CNT addition to a solid PVA electrolyte improves electrical properties up to a 

point where excess CNT becomes insoluble. 

Although solid-state supercapacitors do not exhibit liquid supercapacitor performance, 

with their unique properties, they will prove useful in niche applications. They would be 

particularly useful in products where liquid storage is inconvenient or detrimental. In addition, 

the ultra-thin supercapacitors can be made in any shape and size, a valuable property for slim 

electronic devices. The flexibility and portability of the supercapacitors is unparalleled in energy 

storage, making them a front-runner in developing markets like wearable electronics. They are 

the safer, environmentally friendlier alternative to batteries and capacitors with liquid 

components. Their production could be easily scaled up without major cost increases or 

assembly challenges. These experiments have led to improvements in solid-state supercapacitors, 

increasing their promise in future applications. 

5.2. Future Work 

Supercapacitor technology is growing rapidly and opening doors for new applications. 

Solid-state supercapacitors have a lot of promising applications such as wearable electronics, but 

also a lot of room for improvement. A more detailed study should be done on CNT/PVA 

composite electrolytes, especially a study that focuses on the voltage factors. A test to determine 

the maximum operating voltage with a long life cycle will be beneficial in order to be able to 

improve the energy density. A variety of carbons, like carbon black and graphene, could be 

incorporated into polymer composites in order to create solid electrolytes with great electrical 

properties. The different carbon materials could be combined in the same electrolyte as well, 
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varying their relative concentrations. By combining PVA with two types of carbon, both with 

different electrical and mechanical properties, might yield impressive results. Experiments could 

also be conducted with CNT and polymers other than PVA. The different physical properties of 

the polymers could add additional strength or stiffness to the supercapacitor, if such properties 

are needed for a specific application. 

In addition to studying changes in the electrolyte, the properties of the electrodes could 

also be modified. For example, testing could be done after changing the carbon material or 

adding another conductive component to the graphene oxide before reduction. The electrodes 

could be synthesized with different binding surfaces, allowing for more or less flexibility. Even 

varying the thickness of the electrolyte between the electrodes could cause changes in resistance 

and specific capacitance, possibly leading to an ideal width and composition. 
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Appendix A – SEM Images 

Graphene Oxide 
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Graphene Oxide (+Magnification) 
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Laser Reduced Graphene 
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Laser Reduced Graphene (+Magnification) 
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0.1% CNT Electrolyte 
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0.5% CNT Electrolyte 
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1% CNT Electrolyte 
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2% CNT Electrolyte 
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Appendix B – Cyclic Voltammograms  
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Appendix C – CV Calculations 
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Appendix D – Electrolyte Resistivity Calculations 
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Electrolyte Type Resistance (Ω) 
PVA 32000±816 

0.1% CNT 26000±204 
0.5% CNT 42000±216 
1% CNT 41000±697 
2% CNT 43000±408 
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