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Abstract 

 

Although great efforts have been made on development of high performance Li-ion 

batteries and fuel cells in the past, the slow power capability and high maintenance cost 

have kept them away from many applications. Recently, supercapacitors have drawn 

great attention because of their high charge/discharge rate, long life cycle, outstanding 

power density and no short circuit concern. However, supercapacitors generally exhibit 

low energy density. The objective of this thesis research is to develop graphene-based 

supercapacitors with simultaneously high power density and energy density at low 

production cost. Supercapacitors, also known as ultracapacitors or electrochemical 

capacitors, store energy as electrical charge on highly porous materials. Currently one 

major challenge that keeps supercapacitors from their promising applications is their low 

energy density. One promising electrode material candidate for electric double-layer 

(EDL) supercapacitors is graphene. Graphene, due to its unique lattice structure, exhibits 

appealing electrical properties, chemical stability and high surface area. Ideally a 

monolayer of sp
2
 bonded carbon atoms can reach a specific capacitance up to ~550 F/g as 

well as a high surface area of 2675 m
2
/g. So far, a variety of methods have been 

developed to synthesis graphene starting from graphite, but the cost, graphene quality and 

productivity remain main obstacles for their industrial application. The porous graphene 
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material reported in this thesis was synthesized by a scalable oxidation-reduction method 

involving a rapid annealing process. The scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) images revealed the morphology and successful 

exfoliation of reduced graphene oxide (rGO). The interlayer distance characterized by X-

ray diffraction (XRD) is 3.64 Å (24.44⁰) suggesting the removal of oxygen-containing 

functional groups, such as carbonyl, hydroxyl and carboxyl groups. In the X-ray 

photoelectron spectroscopy (XPS), the C/O ratio increases from ~2 to ~5 with O1s peak 

reduced significantly from graphite oxide (GO) to reduced graphene oxide. Furthermore, 

the successful reduction was verified by the low intensities of oxygen-related peaks in 

Fourier transform infrared spectroscopy (FTIR). In addition, the high Brunauer-Emmett-

Teller (BET) specific surface area of 410 m
2
/g and mesoporous structure of the 

synthesized material would be beneficial to the improvement of charge-storage capability 

and thus energy density in supercapacitors. To evaluate the electrochemical performance 

of graphene electrodes, supercapacitors were assembled in symmetrical cell geometry. 

The near rectangular cyclic voltammetry (CV) curves with EMIMBF4 and LiPF6 at scan 

rate of 100mV/s suggest very efficient charge transfer within the porous graphene 

electrodes. The triangle charge-discharge responses with a small voltage drop and vertical 

spike in the low frequency region of a Nyquist plot indicates an ideal capacitor 

performance. The specific capacitance of 306.03 F/g and energy density of 148.75 Wh/kg 

at 1A/g were realized with highly porous graphene electrodes. Meanwhile, the power 

density extracted at 8A/g reaches ~10 kW/kg, thus, making it suitable for high power 

applications. Compared with previously investigated carbon-based EDL capacitors, the 
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supercapacitor based on the annealed graphene electrode is a milestone in terms of 

capacitance and energy density. Moreover, the supercapacitors assembled with graphene 

electrodes shows excellent stability for 10,000 charge-discharge cycles.  



v 

 

 

 

 

 

 

 

 

 

Dedicated with much love and affection to my beloved family,  

my mentors and all of my friends. 

 

  



vi 

 

 

 

Acknowledgments 

 

Here, I would like to convey my deepest appreciation to my advisor, Dr. Wu Lu, for 

his expertise, patience and understanding throughout the whole period of my Master 

study at The Ohio State University. Without his guidance and encouragement, I would 

not have been able to complete this research and the thesis. It is my honor to have the 

chance to learn from him. 

I would also like to express my sincerest gratitude to the other members of my 

committee, Dr. Marvin H. White and Dr. Siddharth Rajan, for their encouragement, 

thoughtful criticism, and assistance offered during my defense. 

Special acknowledgement goes to Dr. Kannappan Santhakumar for his assistance in 

experiments and measurements during my research work in Gwangju Institute of Science 

and Technology (GIST), Gwangju, South Korea. 

During this work, I got generous help from many lovely and warmhearted people. I 

am grateful to Dr. Jae-Hyung Jang for supporting my research in GIST, to Dr. Won Bae 

Kim, Dr. Jong Guk Kim, Dr. Yun Sung Lee, and Dr. S. Amaresh for the help in electrode 

preparation and supercapacitor cell assembly, and to Ms. So Hyun Choi, Ms. Ryu Ji Na 

and Ms. Park Min Joo for the registration work in GIST. 



vii 

 

In addition, I appreciate the funding support from The Ohio State University and 

the World Class University (WCU) program of the Ministry of Education, Science and 

Technology (MEST) of Korea (Project No. R31-10026). 

Many friends have offered their support and friendship which helped me maintain 

an optimistic attitude toward life and stay focused on my graduate study. I am grateful to 

Mr. Craig Gladwell and Mrs. Mary Beth Gladwell who helped me to get used to a new 

nation. 

Most importantly, I wish to thank my parents and Ms. Rongqing Zhao for their love 

and encouragement throughout my master study.  

  



viii 

 

 

 

Vita 

 

2007-2011 ................................................... B.S. Physics, Southeast University, Nanjing, 

P. R. China 

2011 to 2013  ............................................... M.S. Electrical and Computer Engineering, 

The Ohio State University, Columbus, OH, 

USA 

 

 

 

Fields of Study 

 

Major Field:  Electrical and Computer Engineering 

 

  



ix 

 

 

 

Table of Contents 

 

Abstract .......................................................................................................................... ii 

Acknowledgments ......................................................................................................... vi 

Vita ............................................................................................................................. viii 

Fields of Study ............................................................................................................ viii 

Table of Contents .......................................................................................................... ix 

List of Tables................................................................................................................ xii 

List of Figures ............................................................................................................. xiii 

Chapter 1 Introduction to Energy Storage Devices ...........................................................1 

1.1 Capacitors ..............................................................................................................2 

1.2 Batteries .................................................................................................................5 

1.3 Fuel cells ................................................................................................................7 

1.4 Supercapacitors ......................................................................................................9 

1.5 Comparison of Energy Storage Devices................................................................ 11 

1.6 Research Motivations and Objectives ................................................................... 14 

1.7 Organization of Thesis ......................................................................................... 15 



x 

 

 

Chapter 2 Graphene-based Supercapacitor ..................................................................... 16 

2.1 Types of Supercapacitors...................................................................................... 17 

2.2 Electrode Materials .............................................................................................. 18 

2.2.1 Electric double layer capacitance ................................................................... 18 

2.2.2 Pseudocapacitance ......................................................................................... 30 

2.2 Electrolytes .......................................................................................................... 32 

2.3 Separators ............................................................................................................ 34 

2.4 Summary .............................................................................................................. 34 

Chapter 3 Synthesis of Graphene and Material Characterization Results ........................ 36 

3.1 Synthesis Process ................................................................................................. 37 

3.1.1 Preparation of graphene oxide (GO) ............................................................... 37 

3.1.2 Preparation of reduced graphene oxide (rGO) ................................................ 38 

3.2 Material Characterization ..................................................................................... 39 

3.2.1 Scanning electron microscopy ........................................................................ 39 

3.2.2 Transmission electron microscopy ................................................................. 40 

3.2.3 Nitrogen isothermal adsorption measurement ................................................. 41 

3.2.3 X-ray diffraction ............................................................................................ 43 

3.2.3 Raman spectrum ............................................................................................ 44 



xi 

 

 

3.2.3 X-ray photoelectron spectra ........................................................................... 45 

3.2.3 Fourier transform infrared spectrum ............................................................... 46 

3.3 Conclusion ........................................................................................................... 47 

Chapter 4 Supercapacitor Assembly and Electrochemical Measurements ....................... 49 

4.1 Supercapacitor assembly ...................................................................................... 49 

4.2 Electrochemical performance of the graphene electrodes ...................................... 50 

4.2.1 Cyclic Voltammetry ....................................................................................... 50 

4.2.2 Galvanostatic charge-discharge ...................................................................... 51 

4.2.3 Electrochemical impedance spectroscopy....................................................... 54 

4.2.4 Energy density and power density .................................................................. 55 

4.3 Conclusion ........................................................................................................... 57 

Chapter 5 Conclusions and Future Work ........................................................................ 59 

References ..................................................................................................................... 61 

Appendix A: List of abbreviations ................................................................................. 72 

  



xii 

 

 

 

List of Tables 

 

Table 1.1 Comparison of capacitors, batteries, fuel cells and supercapacitors [11-20]. ... 13 

Table 2.1 Comparison of different carbon materials for supercapacitors [66]. ................ 29 

Table 4.1 Performance comparison of reported graphene-based supercapacitors ............ 57 

 

 

  



xiii 

 

 

 

List of Figures 

 

Figure 1.1 Schematic of an electrostatic capacitor. ...........................................................3 

Figure 1.2 Schematic of a Li-ion battery. .........................................................................7 

Figure 1.3 Schematic of a proton exchange membrane fuel cell [13]. ...............................8 

Figure 1.4 Schematic of a supercapacitor. ...................................................................... 10 

Figure 1.5 Ragone plot for various energy storage devices [14]. .................................... 11 

Figure 2.1 Classification of supercapacitors and related electrode materials [8].............. 18 

Figure 2.2 Models of electric double layer at positively charged surface: (a) the 

Helmholtz model, (b) the Gouy-Chapman model, (c) the Stern model [30]. ................... 19 

Figure 2.3 Three-dimension view of ideal graphene crystalline structure. ...................... 26 

Figure 3.1 Schematic of synthesis process. .................................................................... 36 

Figure 3.2 (a) and (b) are scanning electron microscopy images at low and high 

magnification, (c) and (d) are field emission scanning electron microscopy images of 

HAG sample. ................................................................................................................. 39 

Figure 3.3 Transmission electron microscopy images of HAG sample. .......................... 40 

Figure 3.4 (a) Nitrogen adsorption/desorption analysis of HAG sample, (b) Pore size 

distribution versus the pore width. ................................................................................. 41 

Figure 3.5 X-ray diffraction patterns of GO and HAG. .................................................. 43 

Figure 3.6 Raman spectrum of HAG. ............................................................................. 44 



xiv 

 

Figure 3.7 X-ray photoelectron spectra of GO and HAG. ............................................... 45 

Figure 3.8 Fourier transform infrared spectrum of HAG. ............................................... 47 

Figure 4.1 Schematic of the symmetrical supercapacitor structure and image of the 

assembled device. .......................................................................................................... 49 

Figure 4.2 Cyclic voltammetry curves for HAG supercapacitors with (a) ionic liquid and 

(b) LiPF6 electrolyte at different scan rates. ................................................................... 50 

Figure 4.3 galvanostatic charge-discharge curves of HAG supercapacitors with (a) ionic 

liquid and (b) LiPF6 electrolyte at different current densities. ......................................... 51 

Figure 4.4 Specific capacitances of HAG supercapacitors calculated from GCD curves at 

various current densities. ............................................................................................... 52 

Figure 4.5 Cycling stability of the HAG supercapacitors after 10000 cycles. ................. 53 

Figure 4.6 Nyquist plot for HAG supercapacitors. ......................................................... 55 

Figure 4.7 Ragone plot of the HAG supercapacitors....................................................... 56 



1 

 

 

 

Chapter 1 Introduction to Energy Storage Devices 

 

Due to climate change and fast development of the global economy, energy has 

become a primary focus in the scientific and industrial communities. With concerns of 

the environment pollution, increasing mining cost and the depletion of fossil fuel, there is 

an urgent need for an efficient, clean and renewable energy source, and energy storage 

technique [1].  

Although great efforts have been made on the development of high performance 

Li-ion batteries and fuel cells [2-4], the poor power capability and high maintenance cost 

have kept them away from many applications. Recently, supercapacitors have drawn 

great attention because of their high charge discharge rate, long life cycle, outstanding 

power density and no short circuit concern that are of concern with current batteries or 

fuel cells. Supercapacitors, also known as ultracapacitors or electrochemical capacitors, 

store energy with an electric double layer (EDL) capacitance achieved by ion adsorption 

or pseudocapacitance dominated by surface redox reaction. Pseudocapacitors with 

conducting polymers or metal oxides as electrode material, although demonstrate a high 

capacitive performance, but cannot maintain this performance after prolonged cycling. 

On the other hand, EDL capacitors can be charged and discharged as many as one million 
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cycles without performance degradation [5]. Furthermore, ion transportation is faster than 

a redox reaction, resulting in a high charge-discharge rate and power density in EDL 

capacitors. Currently, the energy density of EDL capacitors is generally 3-5 Wh/kg, 

which is one order of magnitude below commercialized lithium-ion batteries (100-275 

Wh/kg) [6, 7]. Thus, increasing the energy capacity with minimum sacrifice of power 

density is now a major topic in supercapacitor research. 

Currently, the three major commercialized energy storage devices are capacitors, 

batteries and fuel cells. To illustrate the advantage of supercapacitors, the structure, 

mechanism and performance comparison of those devices are discussed in the following 

sections of this chapter.  

 

1.1 Capacitors 

A capacitor, which is a passive electrical device, stores energy as charge in the 

electrical field between two conducting plates called electrodes. Capacitors generally can 

release the stored charge quite fast resulting in a high power, but cannot store much 

energy.  

Conventional capacitors, also known as electrostatic capacitors, consist of two 

conducting electrodes separated by an insulating layer called a dielectric, as shown in 

Figure 1.1. When applying an external voltage, charges accumulated on the surfaces of 

the two electrodes which are isolated by an insulating dielectric layer, thus, generating an 

electric field. The resulting electric field allows the device to store energy. 
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Figure 1.1 Schematic of an electrostatic capacitor. 

 

 

The capacitor can be characterized by a parameter called the capacitance  , which 

is defined as the ratio of the charge   to the applied voltage  :  

  
 

 
                                                           (1-1) 

where the capacitance may vary with the applied voltage in some circumstances. In this 

case, the capacitance can be written as the derivative of charge with respect to the applied 

voltage: 

  
  

  
                                                         (1-2) 
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For a capacitor consisting of two parallel plates with surface area of   separated by a 

dielectric with permittivity of   and a thickness of  , the voltage is defined as the integral 

of the electric field   with respect to the spacing: 

   ∫     ∬
 

 

 

 
   ∫

 

  
   

  

  

 

 

 

 
                (1-3) 

So, the capacitance can be extracted as: 

  
  

 
                                                          (1-4) 

In order to achieve high capacitance, one needs to find dielectric materials with 

high permittivity, to shorten the distance between electrodes, and more importantly to 

discover novel electrode materials with highly developed surface area. As reported [8-11], 

potential candidates of the electrode material are carbon related materials with 

outstanding conductivity and porous structure, like activated carbon, carbon aerogel, 

carbon nanotube and graphene. The porous surface offers a high charge storage capability 

in a limit size of a packaged device. 

For an energy storage device, two primary characteristics of the performance are 

energy density (or specific energy) and power density (or specific power). Those values 

are defined as the energy or power per unit mass. The energy   stored in a capacitor is: 

  
 

 
    

  

  
                                                     (1-5) 

To determine power density  , the time    required to discharge the capacitor is 

needed. 
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                                                            (1-6) 

Generally, conventional capacitors have very high power density higher than 5000 

W/kg, but low energy density in the range of 0.01-0.05 Wh/kg. Compared with batteries 

and fuel cells, capacitors can be charged or discharged rapidly, but cannot store a large 

amount of energy.  

 

1.2 Batteries 

So far, batteries have become the most common power source for various 

applications in industrial and consumer electronics. A battery is a device that converts 

stored chemical energy into electrical energy through a redox reaction. A typical battery 

contains one or more electrochemical cells. Each electrochemical cell consists of two 

electrodes which are electrically connected by a conductive electrolyte with anions 

(negative charge ions) and cations (positive charge ions). The polarity of a cell is 

identified by the transport of the anions and cations. In the charging process, the electrode 

with anions transport is called the anode or negative electrode, while the other electrode 

with cations transport is called the cathode or positive electrode. Generally, batteries are 

powered by a redox reaction with a reduction of cations at the cathode and an oxidation 

of anions at the anode.  

Based on their charging capability, batteries can be divided into two types: 

disposable batteries and rechargeable batteries. Disposable batteries, for example the 

zinc-carbon batteries and alkaline batteries, are designed to irreversibly convert the 
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chemical energy into electric energy. On the other hand, the rechargeable batteries can 

restore the original composition with charging process (e.g. lead-acid, nickel metal 

hydride (NiMH), nickel-zinc (NiZn), nickel-cadmium (NiCd), and lithium-ion cells). As 

a consequence, disposable batteries have higher energy density than rechargeable 

batteries.  

Currently lithium-ion batteries (Figure 1.2) represent the best electrochemical cells 

with a high energy density of 120-170 Wh/kg, moderate weight and no memory effect as 

well [11]. In spite of their high specific energy, the lithium-ion batteries and their 

substitutes are suffering from a low charge-discharge rates or low power density. 

Generally, the anode of a commercial lithium-ion cell is made of graphite or other carbon 

materials. Typically, the cathode material is lithium intercalated compounds like iron 

phosphate, cobalt oxide, manganese oxide, and nickel oxides. The lithium ions can 

migrate into and away from both electrodes. During the charging process, the lithium 

ions move into the graphite anode. In the discharge process, when connected to an 

external load, the ions migrate back to the cathode. The lithium ion is highly reactive and 

can react with water in the electrolyte forming hydrogen gas and lithium hydroxide. Thus, 

the organic electrolyte and a well-sealed packaging method are employed in lithium ion 

batteries to minimize the possibility of dangerous reactions. 
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Figure 1.2 Schematic of a Li-ion battery. 

 

 

1.3 Fuel cells 

Similar to batteries, fuel cells convert the chemical energy of a fuel into electric 

energy, shown in Figure 1.3. However, fuel cells require no recharging and the byproduct 

of the reaction generally is environmentally friendly like water and heat. As long as the 

fuel supply is adequate and consistent, the cell can work ideally without replacement with 

outstanding reliability. Compared with thermomechanical methods, fuel cells do not have 

combustion as an intermediate step, which results in a higher energy conversion 

efficiency of 40%-60% [12]. For these reasons, fuel cell technology has became a clean, 

economical and reliable solution for power sources. Among all the commercialized 

energy storage alternatives, fuel cells hold one of the highest energy densities above 500 

Cathode Anode 
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Wh/kg, although their low power density remains an obstacle for use in high power 

applications. 

 

 

Figure 1.3 Schematic of a proton exchange membrane fuel cell [13]. 

 

 

Generally, a fuel cell consists of a cathode, an anode and an electrolyte in its 

construction. The major difference among various types of fuel cells is the electrolyte. 

Common electrolytes in both research and commercial devices are aqueous alkaline 

solution, polymer membrane and ceramic oxide. The most popular fuel cell design is the 

hydrogen proton exchange membrane (PEM) fuel cell. With hydrogen introduced to the 

anode, a catalyst oxidizes hydrogen turning them into protons (hydrogen ions) and 

electrons. The PEM is designed to allow positively charged ions to pass through to the 

other side, thus electrons accumulate on the anode side. When connecting with a load, 
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electrons will migrate along the external circuit to the cathode, and combine with protons 

from the anode under the presence of oxygen.  

 

1.4 Supercapacitors 

Because of slow power delivery of batteries and fuel cells and the urgent needs for 

high power energy storage systems, more and more attention has been given to 

supercapacitors. A typical schematic of supercapacitor is shown in Figure 1.4. Similar to 

the sandwiched structure of capacitors, supercapacitors are constructed from two highly 

porous electrodes. Those two electrodes are immersed into an electrolyte, and separated 

by a dielectric membrane which allows ions to pass through. When applying an external 

electric field to the device, positive and negative charges accumulate on surfaces of both 

electrodes. Because of the natural attraction law of opposite charges, ions in the 

electrolyte solution diffuse across the separator and get into the pores of the electrodes. 

And the electrodes are engineered to prevent the recombination of ions. Hence, a double 

layer of charges is formed at each electrode. To achieve higher energy density and 

capacitance, porous materials with larger surface area and thinner distance between 

electrodes are desired in supercapacitors’ electrodes based on their energy storage 

mechanism.  
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Figure 1.4 Schematic of a supercapacitor. 

 

 

Governed by the same basic principles as capacitors, supercapacitors utilize 

electrodes with high surface area and thin membrane as a dielectric layer. As a result, the 

capacitance and energy would be improved dramatically. In addition, with a low 

equivalent series resistance (ESR) value that is comparable to conventional capacitors, 

they can maintain a very high power density. More detailed discussions of each 

component of supercapacitor will be given in Chapter 2. 
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1.5 Comparison of Energy Storage Devices  

 

 

Figure 1.5 Ragone plot for various energy storage devices [14]. 

 

 

The Ragone chart (Figure 1.5) is a standard method to visualize the energy storage 

performance of various devices [14]. The dash lines indicate the time required to charge 

or discharge the device. From the chart, we can see that compared with batteries or fuel 

cells, conventional capacitors have very high power density, but relatively low energy 

density. It means that a conventional capacitor can be charged or discharged very quickly 
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and generate a high power, but it cannot storage much energy in unit mass or volume. On 

the other hand, batteries and fuel cells can storage more energy, but have a poor dynamic 

performance. Supercapacitors store more power than a battery and more energy than a 

capacitor. It means that supercapacitor can be charged or discharged very fast and 

maintain a reasonable energy stored per unit mass. For this reason, it brings significant 

benefits in peak-power delivery applications, like regenerative braking, electric vehicle 

acceleration and uninterruptible power supply.  

Besides bridging the power gap between capacitors and batteries, supercapacitors 

also hold many other desirable properties that make them a promising candidate for the 

next generation energy storage device. The charge storing mechanism is a physical 

process without any chemical or phase change, so that it is highly reversible and can be 

repeated for a large number of charge-discharge cycles, up to 1 million times [15,16]. 

Also, they can be operated over a wide temperature range.  

Table 1.1 reveals the detailed performance differences for those devices. Despite of 

the technical advantages like fast charge-discharge rate, longer cycle life, high power 

density, low weight and low toxicity, one critical obstacle of supercapacitors’ application 

is the high cost.  To achieve a higher performance, researchers are exploring new 

electrolyte that can improve the operating voltage range, novel dielectric layer with better 

porosity, thinner thickness and higher permittivity, and conducting material with larger 

surface area that requires simple or even one-step synthesis method. All of those 

improvements involve high cost processes or materials that push the systematical cost of 

supercapacitors to a value of 10-20 dollars per watt hour [18]. For comparison, the unit 



13 

 

cost for batteries is only 1-2 dollars per watt hour which is nearly one tenth of 

supercapacitors’. 

 

 

Parameters Capacitors Batteries Fuel cells Supercapacitors 

Charge/discharge 

time 
1 ps-1 ms 1-10 hours Not applicable 1 ms-1 s 

Cycle life 

（cycles） 

More than 1 

million 
150-2,000 Not applicable Up to 1 million 

Energy density 

(Wh/kg) 
0.01-0.3 30-265 500-2,000 0.5-20 

Power density 

(W/kg) 
>5,000  100-3,000 1-1,000 5,000-10,000 

Cost per Wh 0.10-1.00 1-2  0.035-0.05 10-20  

Operating 

voltage range 

(V) 

6-800 1.2-4.2 0.6-0.7 1.0-4.5 

Operating 

temperature 

range 

(⁰C) 

-20 to +100 -20 to +65 +50 to +1000 -40 to +85 

Table 1.1 Comparison of capacitors, batteries, fuel cells and supercapacitors [11-20]. 
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1.6 Research Motivations and Objectives 

To overcome the major obstacles of supercapacitor research: the low energy density 

and high cost, improvement of current technologies are needed in the studies of scalable 

synthesis approach of graphene that provides better exfoliation and morphology at low 

cost, electrode preparation method which can retain the porous structure and electrical 

properties of active material, and the cell architecture for better electrochemical 

performance. To realize that goal, an effective synthesis routine of 2D material, a new 

electrolyte with high voltage tolerance and better cell assembly method to minimize the 

ESR value are critical aspects of the research.   

The general purpose of the research is to enhance the performance of 

supercapacitors, to reduce the cost and to miniaturize the size. The performance 

enhancement can be characterized as parameters such as voltage limit, specific 

capacitance, energy density, power density and life time.    

Herein, this thesis presents a one-step synthesis route of few-layered graphene 

sheets that achieves high EDL capacitance of 306.3 F/g at 1 A/g. This process is based on 

the reduction reaction of graphite oxide with the assistance of hydrogen gas at a relatively 

low temperature. Ionic liquid electrolyte can improve the operation voltage to 4V 

providing significant benefits for energy storage performance. In addition, the 

electrochemical measurement results of cell assembled in lithium salt electrolyte were 

given as comparison. Both of the high capacitance and the wider operating voltage 

contribute to the increasing of energy density to an exceptionally high value 148.75 
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Wh/kg at a current density of 1 A/g measured at room temperature. Meantime, the power 

density at 8 A/g reaches ~10k W/kg which makes it suitable for high power applications. 

 

1.7 Organization of Thesis 

The rest of this thesis is structured as the following. 

In Chapter 2, each component of graphene-based supercapacitors will be discussed 

to illustrate their necessity, advantages and possible improvements. The components to 

be discussed are electrode material, electrolyte and separator. 

In Chapter 3, material synthesis details and characterization results will be provided. 

Characterization involves multiple techniques like scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), nitrogen isothermal adsorption, X-ray 

diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron 

spectroscopy (XPS) and Raman spectroscopy to reveal the reduction and exfoliation of 

graphene by the modified synthesis method. 

Chapter 4 discusses the assembly and testing of supercapacitor cells using 

synthesized reduced graphene oxide with ionic liquid and lithium salt electrolyte. 

Electrochemical measurements are used to extract the specific capacitance, energy 

density and power density, and the Ragone plot will be compared to show the 

performance differences between electrolytes. 

Chapter 5 summarizes the research work and results of this master thesis. Some 

future work to improve the performance will be suggested.  
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Chapter 2 Graphene-based Supercapacitor 

 

To improve the energy density, a porous electrode material with highly developed 

surface area and high electric conductivity is desired. Carbon materials, due to their low 

cost, various microtexture and processability, are more attractive than other materials [8]. 

Activated carbons, carbon aerogels and carbon nanotubes have been widely researched 

before. Activated carbon materials are commonly used in EDL supercapacitors. The 

reported specific surface area of activated carbon ranges from 500 to 2000 m
2
/g [9, 10], 

but only a fraction of it can contribute to the capacitance. This is believed to be caused by 

the presence of inaccessible micropores (< 2 nm) for electrolyte [11], preventing those 

surface from storing charge leading to a low specific capacitance of 160 F/g in aqueous 

electrolyte and 100 F/g in organic electrolyte [21]. Carbon nanotubes have a moderate 

surface area as well as a good conductivity. Supercapacitors based on carbon nanotubes 

don’t demonstrate good capacitive performance until a pseudocapacitive component is 

added [22], and the manufacturing difficulties plus cost further limit their possibility of 

implementation in actual devices.  

This chapter will present the overview of electrodes, electrolyte, and dielectric of 

supercapacitors. It will help to understand the necessity of graphene-based 
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supercapacitors and how to enhance the electrochemical properties by altering the 

components. To start with, the types of supercapacitors will be discussed. 

 

2.1 Types of Supercapacitors 

According to the energy storing principles, supercapacitors can be divided in to 

three types: electric double layer capacitors, pseudocapacitors and hybrid capacitors, as 

shown in Figure 2.1. EDL capacitors store electric energy electrostatically into Helmholtz 

double layer at the interface between electrode and electrolyte. The typical electrode 

materials for EDL capacitors are carbon-based, like activated carbon (AC), carbon 

aerogel, carbon nanotube (CNT) and newly introduced graphene. Pseudocapacitors, by 

contrast, achieve energy storage with redox reaction with the charge transfer between 

electrode and electrolyte. The typical electrode materials for pseudocapacitors are 

conducting polymers (e.g. polyaniline, polypyrrole, polythiophene and derivatives of 

polythiophene) [23] and metal oxides (e.g. ruthenium oxide, manganese oxide, tin oxide, 

cobalt oxide) [24-27]. But both EDL capacitors and pseudocapacitors are not perfect for 

practical applications due to the disadvantages like low capacitance in EDL capacitors 

and stability problem in pseudocapacitors. Thus, hybrid devices with composites of 

carbon material and pseudocapacitive additive were investigated to combine the two 

energy storage mechanisms [28, 29]. The devices can be easily distinguished from each 

other by the electrode material.  

It is convenient to discuss the electrode materials in terms of EDL capacitance and 

pseudocapacitance separately.  
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Figure 2.1 Classification of supercapacitors and related electrode materials [8]. 

 

 

2.2 Electrode Materials 

2.2.1 Electric double layer capacitance 

EDL capacitors utilize the electric double layer to storage charge, as described in 

section 1.4. Various models were developed to illustrate the EDL charge distribution, as 

shown in Figure 2.2 [30]. As a fact, polar aprotic solvents (e.g. acetonitrile) are good at 

solvating cations, but not anions, while polar protic solvents (e.g. water and alcohols) are 

much better at solvating anions. Since typical electrolyte solvents used in supercapacitors 

are polar protic solvents, so the cations are highly solvated but the anions are not. The 

earliest model was reported by von Helmholtz in the 19
th

 century in his research  



19 

 

 

Figure 2.2 Models of electric double layer at positively charged surface: (a) the 

Helmholtz model, (b) the Gouy-Chapman model, (c) the Stern model [30]. 

 

 

regarding the distribution of opposite charges at the interface of colloidal particles [31]. 

The Helmholtz model treats the EDL as a simple capacitor that two layers of opposite 

charges form at the interface of electrode and electrolyte separated with a distance. So at 

the positively charged side, a layer of anions is adsorbed at the surface forming a linear 

electric potential profile. The capacitance of the Helmholtz layer is given by: 

   
 

  
                                                        (2-1) 

where    is the thickness of the Helmholtz layer and   is the permittivity of the 

electrolyte solutions. The thickness    can be approximated as the radius of solvated ions. 
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Helmholtz model while providing the simplest approximation hypothesizes ideal layers 

of opposite charges which do not exist in nature. And it does not account for factors like 

diffusion of ions, the possibility of absorption on the surface and the interaction between 

solvent dipole moments and electrode. 

In order to explain the continuous charge distribution (cations and anions in 

electrolyte) driven by thermal motion of ions, Luois Georges Gouy and David Chapman 

introduced the diffuse double layer model [32, 33]. It assumes that the concentration of 

the ions near a charged surface follows the Boltzmann distribution: 

          
      

   
                                            (2-2) 

where    is the bulk concentration of the ion,   is ionic valence,   is electron charge,   is 

the potential,    is Boltzmann constant, and    is the temperature. Thus, the charge 

density of the electrolyte can be written as: 

      ∑            
       

   
                               (2-3) 

For symmetrical electrolyte with                       , we have: 

                
      

   
        

      

   
               (2-4) 

According to Poisson equation, for a planar surface: 

   

     
 

 
                                                    (2-5) 

where   is the permittivity of the electrolyte solutions.  

By combining the Boltzmann and Poisson equations, we can get: 
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By introducing substitution: 

  
      

   
    [

    

    
   

]

  ⁄

 

Equation 2-5 can be rewritten as: 
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Considering boundary conditions       
  

  
       and the identity 
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   , we can obtain: 
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After integration, 
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And after another integration with boundary condition         , 

∫
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The solution of the above equation is [34]: 

      
    ⁄         ⁄         ⁄

    ⁄         ⁄         ⁄                           (2-11) 

Therefore, the potential distribution is given by [35]: 
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    ⁄         ⁄         ⁄

    ⁄         ⁄         ⁄ )                         (2-12) 

where    is the value of   at    . The above equation is similar to a simple 

exponential equation. Therefore, the potential decreases exponentially from the metal 

surface to the electrolyte. 

Then, the capacitance of the diffusion layer can be written as: 

      
     

  
 

         ⁄

    
 

     

      
      

    

    
                  (2-13) 

If         ⁄  is satisfied, the capacitance is approximated as: 

      
 

  
                                                             (2-14) 

The Gouy-Chapman model overestimates the EDL capacitance. It assumes that ions 

act like point charges and there is no physical limitation for ions’ approach to the surface, 

which is not true [30]. The capacitance of two separated arrays of charges is inversely 

proportional to the separation distance, so an extremely high capacitance would occur 

when point charge ions are close to the surface which does not meet with the actual case.  
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To resolve this problem, Stern combined the Helmholtz model and Gouy-Chapman 

model introducing an internal Stern layer and an outer diffuse layer (Gouy-Chapman 

diffuse layer) [36]. In the Stern layer or called compact layer, ions are adsorbed tightly 

and can be divided into two regions depending on the charge polarity of ions. The inner 

region consists of specifically adsorbed ions; the outer region consists of not specifically 

adsorbed ions, as shown in Figure 2.2. Those two regions are distinguished by two planes. 

The inner Helmholtz plane (IHP) locates at the distance of closest specifically adsorbed 

anions, and the outer Helmholtz plane (OHP) locates at that of non-specifically adsorbed 

cations. The diffuse layer begins after OHP.  

According to the structure shown in Figure 2.2(c), the EDL capacitance     is 

composed of the Stern layer capacitance    and diffuse layer capacitance      . 

 

   
 

 

  
 

 

     
                                                 (2-15) 

 

2.2.1.1 Activated Carbons 

ACs are widely used in commercial supercapacitors because of the low cost and 

feasible and scalable synthesis. Porous ACs possess a large specific surface area larger 

than 2000 m
2
/g and a widely distributed pore sizes ranging from the microproes to 

macropores. The micropores are generally considered to be not accessible to electrolyte 

solutions (especially organic electrolytes), which prevent or slow down the ion 

transportation and limit the capacitance and energy density of supercapacitors [37]. This 

phenomenon can be explained by the unsuited micropore size that is too small to 
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accommodate electrolyte ions. To solve this drawback in ACs, controlled generation of 

pores with narrow distribution in mesopores range was investigated [38]. As a 

consequence, the pore size distribution of AC is one of the major focuses of research in 

EDL capacitor design. The energy density of AC-based supercapacitors is about 4-5 

Wh/kg as reported [39], while the specific capacitance reaches 100-120 F/g in organic 

electrolytes and 150-300 F/g in aqueous electrolytes [6]. 

 

2.2.1.2 Carbon Aerogels 

Compared with ACs, carbon aerogels are composed of covalently bonded carbon 

nanoparticles with continuous mesopores. They own surface area ranging from 400-1000 

m
2
/g and specific capacitance from 20 to 100 F/g [40]. So there is also interest in 

applying carbon aerogels as the electrode material in EDL capacitor design. In addition, 

carbon aerogel is in a self-binded form, so there is no need to use a binder to prepare 

electrode. As described, carbon aerogels showed much lower ESR values than ACs. The 

reduced ESR leads to a high power which is the advantage of the carbon aerogel-based 

supercapacitors. 

 

2.2.1.3 Carbon Nanotubes 

Previously, great interest has been drawn by applying CNT as EDL electrode 

material. Carbon nanotube can be treated as a graphene sheet rolled up into a form, so 

called single-walled CNT. Single-walled CNTs have a moderate surface area up to 1300 

m
2
/g as well as an excellent electrical conductivity up to 5000 S/cm [39]. Besides the 
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large surface area and electrical conductivity, the mesopores of CNT are interconnected, 

so that charges can distribute on almost the entire surface. Therefore, CNT-based 

supercapacitor can achieve a comparable capacitance, even though the CNT electrodes 

have a lower surface area than AC electrodes.  Since ions can easily diffuse into CNT’s 

mesopores, electrochemical cells with CNT electrodes exhibit lower ESR and higher 

power density than those with AC electrodes.  

Enhancement on the energy density of CNT electrodes was investigated by increase 

the surface area through KOH activation. However, CNT-based supercapacitors are 

facing trade-off between high capacitance and power performance. Some efforts were 

taken by balancing the porosity and electrical conductivity, but they are still under further 

study. On the other hand, the cost of high quality single-walled CNT remains a challenge 

for commercialization of CNT-based supercapacitors.  

 

2.2.1.4 Graphene 

One promising candidate of the EDL supercapacitor electrode material is graphene. 

Graphene, due to its unique hexagonal lattice structure (shown in Figure 2.3), exhibits 

appealing electrical properties, chemical stability and high surface area. Experimental 

synthesis, firstly claimed by Andre Geim and Kostya Novoselov et al. in 2004 [41], has 

aroused wide interest because of its unique two dimension (2D) material structure and 
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Figure 2.3 Three-dimension view of ideal graphene crystalline structure. 

 

 

excellent mechanical, chemical and electrical properties, such as high thermal and 

electrical conductivity, quantum hall effect,  large specific surface area, high carrier 

mobility, tunable work function, mechanical strength and chemical stability. As more and 

more prospect applications of graphene or graphene-based structures have been 

discovered and developed based on its superior mechanical, chemical and electrical 

properties, it is quite promising that in the near future it would draw a revolution in the 

electrical, semiconductor, and biochemical research and industry.  

So far, a variety of methods have been developed to synthesis graphene. Among 

them, the impressive approaches include mechanical exfoliation of graphite [41], 

chemical vapor deposition of monolayer graphene [42], epitaxial growth on SiC substrate 

[43], unzipping of CNT [44] and so on. Generally, those methods can be classified into 
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two routes: growth or exfoliation. Growth methods can produce high-quality monolayer 

graphene, while chemical exfoliation methods are described to give the highest 

throughput of graphene with trade-off like layer restacking and conductivity degradation. 

For supercapacitors, the oxidation-reduction method can produce large-scale graphene at 

low cost with a large amount of exfoliated layers. In this method, graphite is heavily 

oxidized in presence of strong acids and oxidants with one of the Staudenmaier [45], 

Brodie [46] or Hummers [47] method to form a layered structure with covalently attached 

oxygen-containing groups (epoxide, hydroxyl, carboxyl groups). The most commonly 

used method is the modified Hummers method, firstly reported by Nina I. Kovtyukhova 

et al. in 1999 [48] which can offer high level of oxidation. The oxidation plays an 

important role in the whole process, and depends a lot on the selected method, reaction 

condition and graphite power to start with.  The prepared GO powders are hydrophilic so 

that the intercalation of water molecules already exits [49]. One significant benefit is that 

GO can be easily dispersed in many solutions like water, ethanol, ethylene glycol, 

dimethylformamide (DMF), n-methyl-2-pyrrolidone (NMP), tetrahydrofuran (THF) at 

around 0.5 mg/ml [50], making it possible to process GO in liquid phase. The 

processability of GO colloidal suspensions is much better than graphite, and can be 

exfoliated into monolayer GO sheet, which can be confirmed by thickness measurements 

of monolayer graphene (~1nm) with atomic force microscopy (AFM) [44].  

However, the resulting GO sheets generally illustrate a poor electrical conductivity 

owing to the effect of high disorder [52] and remaining oxygen-containing groups. A 

typical solution to increase the conductivity is chemical reduction, for instance, hydrazine 
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[53-55], dimethylhydrazine [56], hydroquinone [57], and NaBH4 [58]. The elemental 

analysis with an atomic C/O ratio of 10.3 for hydrazine reduction was reported, 

suggesting the existence of a significant amount of retained oxygen [53] and the fact that 

chemically reduced graphene oxide is not the same as pristine graphene [51]. 

Furthermore, theoretical modeling (with a model of graphene functionalized by epoxide 

and hydroxyl groups) of the GO system proved that it may be difficult to reduce to below 

6.25% (C:O ratio 16:1) coverage of GO in terms of removing hydroxyl groups [59]. It is 

consistent with most of the experimental results, and explains why it is so difficult to 

reduce GO to pristine graphene.  

Thus, a series of methods were developed to improve both the exfoliation and 

reduction results. Guoxiu Wang et al. presented the graphene nanosheets achieved by 

unltrasonication combined with hydroquinone reduction [60]. Sungjin Park and Rodney S. 

Ruoff reported the tip sonication in 2009 [51], after which the exfoliated GO sheets were 

chemically reduced to remove the oxygen-containing groups. Hannes C. Schniepp et al. 

and Meihua Jin et al. published the high temperature thermal annealing above 1000 ⁰C to 

achieve highly crystalline graphene [61, 62]. In 2010, Yanwu Zhu et al. claimed the 

microwave assisted exfoliation and reduction of GO [63]. Recently, Maher F. El-Kady et 

al. introduced the laser scribing methods with microfabrication capability [64]. 

Ideally, a monolayer of sp
2
 bonded carbon atoms can reach specific capacitance up 

to ~550 F/g, large surface area of 2675 m
2
/g, high intrinsic mobility of 200,000 cm

2
/(V•s), 

and optical transmittance around 97.7% [65], which basically set the upper limit for all 
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carbon materials. The superb properties of graphene can be found by comparing with 

other carbon materials, as shown in Table 2.1 [66].  

 

 

Materials 

Specific 

surface 

area (m
2
/g) 

Density 

(g/cm
3
) 

Conductivity 

(S/cm) 

Cost 

(H/M/L) 

Aqueous 

electrolyte 

Organic 

electrolyte 

F/g F/cm
-3

 F/g F/cm
-3

 

Graphite 10 2.26 10
4
 L 

N/

A 
N/A N/A N/A 

ACs 1000-3500 0.4-0.7 0.1-1 L 

150

-

300 

< 80 

100

-

120 

< 50 

Carbon 

aerogels 
400-1000 0.5-0.7 1-10 L 

100

-

125 

< 80 
< 

80 
< 40 

CNTs 120-500 0.6 10
4
-10

5
 H 

50-

100 
< 60 

< 

60 
< 30 

Graphene 2675 1-2 10
6
 H 

100

-

205 

> 100 
80-

110 
> 80 

Activated 

carbon fibers 
1000-3000 0.3-0.8 5-10 M 

120

-

370 

< 150 
80-

200 
< 120 

Functionalized 

porous carbon 
300-2200 0.5-0.9 > 300 M 

150

-

300 

< 180 

100

-

150 

< 90 

Table 2.1 Comparison of different carbon materials for supercapacitors [66]. 

 

 

Grapgene synthesized with hydrazine reduction achieved an energy density of 85.6 

Wh/kg as well as a specific capacitance of 154.1 F/g [11]. Yanwu Zhu et al. exfoliate GO 

under microwave irradiation followed by a KOH activation to generate higher surface 
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area (3100 m
2
/g). A relatively high energy density (70 Wh/kg) and good specific 

capacitance (166 F/g) were observed [39]. GO was scribed by laser treatment showing a 

high electric conductivity (1738 S/m) and specific surface area (1520 m
2
/g). The 

electrochemical capacitors assembled with laser scribed graphene exhibited energy 

densities up to 1.36 mWh/cm
3
 and a specific capacitance as high as 276F/g [64]. 

Previously, our group investigated graphene material prepared by tip sonication 

combined with chemical reduction, with which an energy density value of 84.36 Wh/kg 

and specific capacitance of 195 F/g were observed in ionic liquid at an operating voltage 

of 3.5V and a current density of 2.5 A/g. The values are comparable to most of the 

described research, but still can’t meet the practical needs. Therefore, of special interest 

has been the development of more effective synthesis approaches of graphene for better 

electrochemical performance. 

 

2.2.2 Pseudocapacitance 

In contrast with EDL supercapacitors, pseudocapacitors store energy through a 

faradaic reaction at the interface between electrode and electrolyte. These faradaic 

reactions include electrosorption, redox reactions and intercalation processes [67, 68]. To 

further improve the specific capacitance of the electrode, pseudocapacitive electrode 

materials like conducting polymers or metal oxides were utilized to make 

pseudocapacitors or added to the carbon-based materials to generate hybrid 

supercapacitors.  
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2.2.2.1 Conducting Polymers 

Conducting polymers, such as polyaniline (PANI), polypyrrole (PPy), poly-(3,4-

ethylenedioxythiophene) (PEDOT) and derivatives of polythiophene, have a relatively 

higher capacitance and conductivity than carbon-based materials. Conducting polymers 

can store energy with not only EDL but also rapid faradic charge transfer. In general, 

conducting polymers are more conductive than the inorganic battery materials leading to 

a larger power capability. Moreover, the low ESR and manufacturing cost attracted a lot 

of interest into related research. However, conducting polymers are experiencing much 

lower cycle life than carbon electrodes because the redox sites in conducting polymer 

backbone are not sufficiently stable. The structure of polymer has a critical impact on the 

electrochemical performance by affecting the ion mobility and accessibility of pores. 

Thus, the design of polymer structure is important to get high charge storage efficiency 

and stability. Poly(Tri(4-(Thiophen-2-yl)Phenyl)Amine) (pTTPA) deposited into highly 

porous films or template nanotube structures yielded a remarkably high capacitance of 

950 F/g in 100 mM tetrabutylammonium tetrafluoroborate in acetonitrile [69]. 

Graphene/CNT/PANI composites prepared via in situ polymerization exhibited the 

specific capacitance of 1035 F/g in 6M of KOH much higher than pure PANI capacitance 

[70]. Also improved cycle stability was observed in those composites, because graphene 

and CNT play a great role of backbone to generate a homogenous polymer distribution. It 

is known that conducting polymers are mechanically weak, so the composites can 

preserve the polymer from mechanical breaking in the long cycling [71].  
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2.2.2.2 Metal Oxides 

Many transition metal oxides thin film including ruthenium oxide, iridium oxide, 

manganese oxide, cobalt oxide, nickel oxide, tin oxide, iron oxide, perovskites, ferrites 

etc. have been investigated as electrode material for pseudocapacitors. Because of the 

cost consideration, inexpensive metal oxides with good capacitive values attracted 

considerable attention. Unlike the asymmetric cyclic voltammetry curves of conducting 

polymers with current peaks at the respective redox potentials, the CV curves of metal 

oxides like RuO2 and IrO2 electrodes have a near rectangular shape, as is expected for 

ideal capacitors. Hydrous forms of RuO2 have been studied intensively for 

supercapacitors because of the high theoretical specific capacitance limit of 1358 F/g and 

electrical conductivity 300 S/cm [72]. Experimental specific capacitance up to 750 F/g 

and 800-1200 F/g were reported for electrodeposited RuO2 and hydrous RuO2 /carbon 

composites [72, 73]. The major disadvantage of metal oxides is the low operating voltage. 

Materials like RuO2 and IrO2 can only be applied with aqueous electrolytes which set the 

voltage around 1V. Previously, RuO2 electrode in H2SO4 electrolyte showed a maximum 

potential range of 1.4V [74].  

 

2.2 Electrolytes 

The key to reach high capacitance is using electrodes with high surface area and 

electrical conductivity. However, further researches reveal that even with high surface 

area materials, the device performance depends on the electrolyte as well. The 

performance of supercapacitors can be adjusted apparently by applying suitable 
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electrolytes. There are three types of electrolytes used in the supercapacitor research: 

aqueous electrolyte, organic electrolyte and ionic liquid. Aqueous electrolytes such as 

KOH, NaOH and H2SO4 have smaller ion size that can utilize more surface area. The 

conductivities of acid and alkaline solutions are advantageously high owing to the proton 

transport resulting in a low ESR and high power capability. However, the decomposition 

voltage of aqueous electrolyte is theoretically 1.23V or practically 1.3-1.4 V in kinetic 

terms [75]. Another concern of aqueous electrolyte is the corrosion nature of the acid or 

alkaline solution that may damage the electrode or other components of the device, 

leaving problems like reliability and self-discharge. Then, non-aqueous electrolytes were 

employed to break through the potential limit. Organic electrolytes, such as 

tetraethylammonium tetrafluoroborate and triethylme-thylammonium tetrafluoroborate in 

acetonitrile, have been studied in supercapacitor with a relatively high potential window 

around 2-2.5 V. But the large organic solvent molecules set higher requirement of pore 

size of electrodes. And the drawbacks like electrolyte depletion upon charge and low 

safety also limit the use of organic electrolytes [76]. Ionic liquids, on the other hand, have 

an maximum operating voltage about 4-4.5V as well as a moderate ion size. AC 

supercapacitor cells filled with N-butyl-N-methylpyrrolidinium 

bis(trifluoromethanesulfonyl)imide (PYR14TFSI) ionic liquid demonstrated a high 

cycling stability for 40000 cycles and a high stable specific capacitance of 60 F/g [77]. 

Hence, the choice of electrolyte depends on reliability and performance requirements of 

each application of supercapacitors. To choose between aqueous electrolyte, organic 



34 

 

electrolyte and ionic liquid, we need to consider the tradeoffs between operating voltage 

range, specific capacitance and ESR or power density.  

Conventional supercapacitors with liquid electrolytes consist of a separator as 

isolation between electrodes. But there is also a trend of using solid electrolytes like 

poly(vinyl alcohol) (PVA)-H3PO4 polymer gelled electrolyte. The use of those solid 

electrolytes results in a simplified fabrication process with no need for separator and no 

possible leakage of dangerous electrolyte. 

 

2.3 Separators 

A separator works as isolation for the two electrodes to prevent the combination of 

ions of opposite charge. For this purpose, the separators should be ideal insulator like 

with high resistance. The thickness of separator would determine the capacitance value 

the device can achieve. Ideally, it should be very thin in range of tens of microns. To 

maintain a low ESR, the separator should be very porous and the pore size should be 

adjusted properly, so that the ions could be capable to diffuse across separator freely. 

Furthermore, they should be mechanically strong and chemically inert to protect the 

stability and conductivity of the electrolyte. The common separators used in research 

devices are nonwoven polypropylene (PP) membrane with a porosity of 40-60%.  

 

2.4 Summary 

This chapter has discussed the types of supercapacitors, the energy storage 

mechanisms and functions of each component of supercapacitors. The possible 
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candidates of electrodes material, electrolyte and separator are described as well as the 

advantages and disadvantages of them. To achieve a supercapacitor with high specific 

capacitance, outstanding energy density, low ESR value, long cycle life, light weight and 

low toxicity, graphene materials combined with ionic liquid electrolyte and PP membrane 

separator are the most promising approach.  
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Chapter 3 Synthesis of Graphene and Material 

Characterization Results 

 

 

Figure 3.1 Schematic of synthesis process. 
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With improvements in the exfoliation and reduction techniques of graphite oxide, 

graphene-based materials can be produced in large-scale at low cost. A variety of 

oxidation-exfoliation methods have been employed to minimize the restacking effect 

between the graphene sheets by breaking the van der Waals force, such as chemical 

treatment, irradiation, thermal annealing and  powerful sonication. Each of these methods 

has advantages and disadvantages. Several chemical treatments have been developed, but 

involve harmful reducing agents and are not suitable for mass production; Thermal 

annealing can produce high quality graphene sheets but a very high temperature of 

~1050⁰C is required; the irradiation and sonication serve as a pure exfoliation techniques 

and always require the help of chemical reduction. 

 

3.1 Synthesis Process 

3.1.1 Preparation of graphene oxide (GO) 

The schematic of synthesis process is shown in Figure 3.1. GO was prepared by 

oxidizing the graphite powder with modified Hummer’s method. The GO is heavily 

oxygenated with a basal plane mainly occupied by C=O, C-OH and COOH groups. 

20 g of graphite powder, 10 g of K2S2O8 and 10 g of P2O5 were mixed into a 

solution of 30 mL concentrated H2SO4 at 80 ⁰C, and the mixture was allowed to react for 

6 h. The product then was washed with distilled water until the pH value become neutral 

followed by filtration. The oxidized graphite was put into 460 mL of H2SO4 at 0 ⁰C using 

an ice bath. 60 g of KMnO4 was added gradually with continuous stirring and cooling to 

keep temperature below 35 ⁰C. 920 mL of distilled water was added after 2 h. In another 
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2 h, 2.8 L of distilled water and 50 mL of 30% H2O2 stopped the reaction and the color of 

the solution turned into yellow. To remove metal ions, the solution was centrifuged and 

washed with 10% HCl and then distilled water. A two weeks dialysis was performed to 

completely get rid of metal ions.  

 

3.1.2 Preparation of reduced graphene oxide (rGO) 

After vacuum-drying, GO powder was put into a quartz furnace under flowing 

argon and heated at 200 ⁰C. When reaching the temperature, argon was evacuated 

followed by introducing hydrogen gas at a pressure of 110 torr for 3 minutes. With the 

presence of heat, oxygen containing group would be reduced by hydrogen to form water 

vapor between the GO layers. When water vapor accumulates, a high pressure was 

generated to break the attractive forces, where the reduced GO was converted into 

hydrogen-annealed graphene (HAG). The process can be visually observed with the color 

change from brown to black (related to reduction) and large volume expansion (related to 

exfoliation). It is worth to mention that the reduction and exfoliation happen 

simultaneously in this approach avoiding separate treatment for each of them.  
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3.2 Material Characterization 

3.2.1 Scanning electron microscopy 

 

 

 

Figure 3.2 (a) and (b) are scanning electron microscopy images at low and high 

magnification, (c) and (d) are field emission scanning electron microscopy images of 

HAG sample. 

 

 

(a) (b) 

(c) (d) 
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Scanning electron microscopy (SEM) utilizes a condensed and focused electron 

beam to scan a sample generating detectable signal to produce image. The SEM and field 

emission scanning electron microscopy (FESEM) images show the typical cross section 

of HAG surface. As seen in Figure 3.2, the graphene sheets have been homogeneously 

exfoliated. The wrinkled structure is the result of fast removal of oxygen containing 

groups. It reveals the successful exfoliation under which a large area of restacking layers 

has been peeled off so that it shows obvious gaps between them. Thus, HAG maintains a 

mesoporous structure with pore size around 4 nm obtained from low-temperature 

nitrogen isothermal adsorption.  

 

3.2.2 Transmission electron microscopy 

 

 

Figure 3.3 Transmission electron microscopy images of HAG sample. 
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The transmission electron microscopy (TEM) images (Figure 3.3) again show the 

morphology of HAG powder, where the agglomeration is very limited. To prepare 

sample for TEM, a very limited amount of HAG powder was dispersed into ethanol. 

After 2 h’s sediment, the suspension was drop-casted on a copper grid. Then TEM 

analysis can be performed on the dried copper grid. The edge of the sheet showed much 

less restacked structure, although overlapped area of graphene sheet was observed in 

some region. It suggests that the graphene has been recovered to some extent after 

hydrogen annealing. The winkled surface would be beneficial for electrolyte ions to 

access. Hence, a device can be made with lightweight and highly porous HAG electrodes.  

 

3.2.3 Nitrogen isothermal adsorption measurement 

 

 

Figure 3.4 (a) Nitrogen adsorption/desorption analysis of HAG sample, (b) Pore size 

distribution versus the pore width. 

(a) (b) 
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For powders and porous solid materials, the study of nitrogen isothermal adsorption 

experiment would reveal the surface area and porosity. Figure 3.4(a) displays a type IV 

adsorption isothermal curve with a hysteresis loop generally exhibited by mesoporous 

solids, based on which the Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda 

(BJH) methods are applied. The hysteresis loop between adsorption and desorption along 

with a sharp fall at high relative pressure implies the near cylindrical or slit geometry of 

major mesopores, which appears to be in good agreement with the electron microscopy 

images. The HAG demonstrates a BET specific surface area of 410 m
2
/g, which is 

extracted from the linear region of 1/[Va(p0/p-1)] versus p/p0 in the classical BET range 

of 0.05-0.3 (inset of Figure 3.4 (a)). Figure 3.4(b) shows differential pore volume per unit 

mass as a function of pore size, extracted with BJH method. A peak corresponding to a 

pore volume of 2.46 cm
3
/g occurs at pore size of 4.27 nm. It is desired to adapt the pores 

size to electrolyte ions size for optimizing the capacitance and the energy density. Special 

consideration regarding the size difference between anion and cation adsorbed at positive 

and negative electrodes is also necessary. As a support to it, the damage extent of the two 

electrodes after long charge-discharge cycles varies a lot, where one electrode would 

remain a whole piece and the other becomes fragmentary with loosen pieces. Since most 

of the pores exhibit larger size than the electrolyte ions, ions can accommodate inside the 

HAG electrodes leading to better electrolyte accessibility. This porous surface would 

allow electrolyte to access the interior region even when compressed to electrode. 
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3.2.3 X-ray diffraction 

 

 

Figure 3.5 X-ray diffraction patterns of GO and HAG. 

 

 

The X-ray diffraction (XRD) features of GO and HAG are presented in Figure 3.5. 

The intense (002) peak of GO occurs at 12.06⁰ with a d-spacing of 7.31 Å. Upon the 

hydrogen treatment, GO diffraction peak disappears and a new peak with reduced 

intensity and broadened width appears around 24.44⁰. The interlayer spacing of the 

reduced product decreases to a much smaller value of 3.64 Å which suggests the removal 

of oxygen containing groups by reaction with hydrogen molecules under heat. Compared 

with the interlayer distance of graphite ~ 3.35 Å [78], the shift implies that there are some 
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residual functional groups left. And the appearance of broad peak is an indication of a 

loss of order in HAG.  

 

3.2.3 Raman spectrum 

 

 

Figure 3.6 Raman spectrum of HAG. 

 

 

The typical Raman features of graphene are the D-band around 1350 cm
-1

 and the 

G-band around 1580 cm
-1 

[79]. For a monolayer or less stacked graphene, an intense 2D-

band caused by second order of zone-boundary phonons is expected to be observed at 

about 2700 cm
-1

 [79]. Figure 3.6 shows the Raman spectrum of HAG sample. After 

Lorentzian fitting, the D-band caused by disordered structure can be found approximately 
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at 1350.96 cm
-1

. It is pretty common that the oxidation approaches generate a certain 

amount of defects in graphene sheets. The G-band corresponding to E2g mode at the 

center of Brillouin zone locates at ~1582.85 cm
-1

. The intensity ratio of D/G bands is 

often used as prediction of defects in samples. The ratio of HAG D-band and G-band, 

ID/IG, is around 0.86 less than 1.0, indicating the partial restoring of the π-conjugated 

structure. 

 

3.2.3 X-ray photoelectron spectra 

 

 

Figure 3.7 X-ray photoelectron spectra of GO and HAG. 
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The reduction result was characterized by X-ray photoelectron spectroscopy (XPS) 

and Fourier transform infrared spectroscopy (FTIR) measurement. In the XPS spectrum 

(Figure 3.7), the C/O ratio increases from ~2 to ~5 with O1s peak reduced significantly 

from GO to HAG. By performing Gaussian-Lorentzian fitting, the intense C-C peak is 

observed at binding energy of 284.6 eV showing the sp
2
 bonding. The broad tail towards 

higher binding energy up to 296 eV is because of the contributions of various carbon 

bonding configurations. Those multiple peaks at 285.99, 287.37, 288.93 eV are typically 

assigned for oxygen containing groups C-OH (or C-O-C), C=O and O=C-OH (COOH) 

respectively [80]. The existence of C-O-C which is widely seen in the graphene oxide 

system has a similar C1s binding energy to C-OH [81].  

 

3.2.3 Fourier transform infrared spectrum 

Another confirmation of the reduction mechanism is obtained by the FTIR 

spectrum. In HAG, the broad and intense peak at 3433 cm
-1

 and 1637 cm
-1

 [82] 

correspond to the OH stretching in water molecules indicating that there are lots of H2O 

generated after reduction. This phenomenon is consistent with our hypothesis of 

hydrogen reduction with water vapor as reaction product. Moreover, the C=C stretching 
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Figure 3.8 Fourier transform infrared spectrum of HAG. 

 

 

is observed at 1560 cm
-1

. Other than the two peaks, the peaks at 1719 cm
-1

, 1383 cm
-1

 and 

1190 cm
-1

 related to the C=O, C-O and -OH of O=C-OH (COOH) [83] show small 

intensities which suggest removal of those function groups. The asymmetric and 

symmetric stretching peaks of –CH2 at 2918 cm
-1

 and 2851 cm
-1

 imply the restoration of 

carbon basal planes owing to hydrogen reduction [82, 84]. 

 

3.3 Conclusion 

In this chapter, the reduced graphene oxide was synthesized by an oxidation-

reduction technique in which the hydrogen annealing works as a combination of 

exfoliation and reduction process. It is a rapid synthesis which provides mass-production 
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capability. The material was characterized by SEM, TEM, nitrogen isothermal adsorption, 

XRD, Raman spectroscopy, XPS and FTIR. These characterization results reveal two 

facts: 1. after hydrogen annealing the restacking of graphene layers is limited which 

suggest a successful exfoliation; 2. most of the oxygen-containing groups (epoxide, 

hydroxyl and carboxyl groups) have been considerably removed during the reduction 

reaction with hydrogen gas forming water vapor. Reasonable quality graphene sheets 

were obtained by using a simple method that can be easily scaled up to meet the 

industrial requirements. 
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Chapter 4 Supercapacitor Assembly and Electrochemical 

Measurements 

 

4.1 Supercapacitor assembly 

 

 

Figure 4.1 Schematic of the symmetrical supercapacitor structure and image of the 

assembled device. 

 

 

To evaluate the electrochemical performance of HAG electrodes, supercapacitors 

were assembled in symmetrical cell geometry with two electrodes (Figure 4.1). To 
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prepare the electrode, graphene material was mixed with binder and conducting additive 

and pressed to a nickel mesh as current collector. The coin-cell type devices were 

assembled with two HAG electrodes in a glovebox. The devices were measured with 

ionic liquid 1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4) and LiPF6 

electrolytes respectively.  

 

4.2 Electrochemical performance of the graphene electrodes 

4.2.1 Cyclic Voltammetry 

 

 

Figure 4.2 Cyclic voltammetry curves for HAG supercapacitors with (a) ionic liquid and 

(b) LiPF6 electrolyte at different scan rates. 

 

 

When capacitance C is fixed with swept voltage, current will retain constant value 

because of the relation I(t)=C(dV/dt)=C*s [75]. Therefore, the resulted cyclic 

(a) (b) 
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voltammetry curves of ideal capacitors are expected to display rectangular current 

response, if the same scan rate dV/dt is applied in forward and reverse directions of the 

sweep. The CV curves of HAG electrodes in EMIMBF4 and LiPF6 are nearly rectangular 

shape from scan rate 10 mV/s to 100 mV/s indicating capacitive behavior (Figure 4.2(a) 

and (b)). The electrochemical performance of supercapacitors also depends on the nature 

of electrolyte. Aqueous electrolytes, like KOH and H2SO4, generally have smaller ion 

size and lower equivalent series resistance (ESR) compared with ionic liquid, but lower 

breakdown voltage. The ionic liquid EMIMBF4 can work under high voltage up to 4.3 - 

4.5 V [11, 85], which will bring significant benefits in improvement of energy density.   

 

4.2.2 Galvanostatic charge-discharge 

 

 

Figure 4.3 galvanostatic charge-discharge curves of HAG supercapacitors with (a) ionic 

liquid and (b) LiPF6 electrolyte at different current densities. 

 

(a) (b) 



52 

 

 

The galvanostatic charge-discharge (GCD) measurements were taken at various 

current densities, shown in Figure 4.3. The nearly linear discharging curves illustrate an 

ideal EDL capacitor performance which can be found in dV/dt=I/C. The abrupt voltage 

drop at the beginning of discharging is due to the voltage loss across the ESR. GCD 

resembles the way how a load is connected with a supercapacitor in most of the 

applications, so that it is widely accepted as a reliable method to determine the 

capacitance and energy density of supercapacitors. The equation 4-1 is used to extract the 

specific gravimetric capacitance [39]. 

 

 

Figure 4.4 Specific capacitances of HAG supercapacitors calculated from GCD curves at 

various current densities. 
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Figure 4.5 Cycling stability of the HAG supercapacitors after 10000 cycles. 

 

 

   
  

 
 

    

   
                                                   (4-1) 

where   is the measured capacitance of the two-electrode cell,   is the constant current, 

   is the discharging time (except the donation of ESR),   is the total weight of electrode 
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materials and    is the voltage drop during discharging process (except the voltage drop 

on ESR). The typical specific capacitance of graphene supercapacitors in ionic liquid is in 

the range of 100-250 F/g. The specific capacitance values of ionic liquid extracted from 

discharge curves are 306.03, 256.19, 239.47, 216.99, 180.30, and 146.77 F/g at current 

densities of 1, 2, 2.5, 4, 5, and 8 A/g. 

As seen in Figure 4.4, the capacitances of LiPF6 at the same current densities are 

much smaller as a result of the natural properties and different breakdown voltage limits 

of electrolytes. After charging and discharging for 10,000 cycles (Figure 4.5), 88% of the 

specific capacitance is retained which confirms the stability of HAG supercapacitor. 

 

4.2.3 Electrochemical impedance spectroscopy 

The electrochemical impedance studies are shown in Figure 4.6. Nyquist plots show 

a semicircle in high frequency region and a straight line in the low frequency region. 

Compared with LiPF6, the more vertical line of ionic liquid proves a nearly ideal 

capacitive response. The ESR obtained from the x-intercept of Nyquist plot is 4.26 ohm. 

The low value means that the mesoporous graphene can deliver a high power density 

despite of the viscosity of ion liquid.  
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Figure 4.6 Nyquist plot for HAG supercapacitors. 

 

 

4.2.4 Energy density and power density 

Based on equation 1-5, the energy densities at different current densities were 

obtained using the following formula [11, 39]: 

  
 

 
   ⁄     

 

 
   

                                    (4-2) 

The corresponding power density was calculated according to [11]: 

  
 

  
                                                            (4-3) 
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Figure 4.7 Ragone plot of the HAG supercapacitors. 

 

 

To verify the relationship between energy and power density, the Ragone plot is 

given in Figure 4.7. An ultra-high energy density of 148.75 Wh/kg at 1 A/g was achieved 

with ionic liquid at room temperature. For comparison, previous reported values of 

graphene supercapacitor are between 10-90 Wh/kg at 1A/g, and the energy density of 

lithium-ion batteries is in the range of 100-160 Wh/kg. In addition, the highest power 

density of 9854.49 W/kg was obtained at 8A/g suggesting that the HAG supercapacitor is 

suitable for peak-power applications. The outstanding performance of ionic liquid 

electrolyte is further proved with comparison to LiPF6 in Ragone plot. 
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Material Electrolyte 
Current 

density 

Specific 

capacitance 

Energy 

density 
Reference 

Curved 

graphene 
Ionic liquid 1A/g 154.1F/g 85.6Wh/kg 11 

a-MEGO 
Organic 

electrolyte 
5.7A/g 166F/g ~70Wh/kg 39 

LSG 
Organic 

electrolyte 
5A/g 276F/g 1.36Wh/L 64 

EM-CCG 

film 

Organic 

electrolyte 
1A/g 167.1F/g 110.3Wh/L  86 

HAG  

(This work) 
Ionic liquid 1A/g 306.03F/g 148.75Wh/kg  

Table 4.1 Performance comparison of reported graphene-based supercapacitors 

 

 

4.3 Conclusion  

In this chapter, CV, GCD and electrochemical impedance results were 

demonstrated. The near rectangular CV curves with ionic liquid and LiPF6 at scan rate of 

100mV/s suggested very efficient charge transfer within the porous graphene electrodes. 

The triangle charge-discharge responses with a little voltage drop indicated an ideal 

capacitor performance. And the vertical spike in low frequency region of Nyquist plot 

verified the capacitive behavior again. The values of specific capacitance, energy density 

and power density were extracted from the charge-discharge curves. Utilizing ionic liquid, 

the device achieved a high specific capacitance which is 56% of the theoretical upper 

limit (550 F/g). A high power density of 9854 W/kg was achieved with a reasonable 

energy density of 30 Wh/kg. The excellent electrochemical performance of HAG 

electrodes is due to the good compatibility between the hydrogen annealed graphene 

material and the applied electrolyte. 
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Previously, graphene-based supercapacitors have been researched with various 

electrolytes to improve the energy density. However, to the best of our knowledge, there 

has been no report on a graphene-based EDL supercapacitor illustrating an energy density 

comparable to the commercialized lithium-ion batteries at room temperature. Chenguang 

Liu et al. prepared the supercapacitor with chemically reduced graphene in EMIMBF4 

electrolyte resulting in an energy density of 85.9 Wh/kg at 1 A/g [11]. Yanwu Zhu et al. 

used chemical activation of microwave exfoliated graphite oxide to synthesize a porous 

graphene material with high surface area and electric conductivity, with which a 

supercapacitor in BMIMBF4/AN electrolyte achieved a specific capacitance of 166 F/g 

and an energy density of ~70 Wh/kg at 5.7 A/g [39]. Maher F. El-Kady et al. presented 

laser scribing method with which the graphene-based supercapacitor encapsulated in 

ionic liquid offered specific capacitance of 276 F/g (5.02 mF/cm
2
) and an energy density 

of 1.36 mWh/cm
2
 [64].  
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Chapter 5 Conclusions and Future Work 

 

To conclude, the porous graphene material was synthesized by a scalable annealing 

method involving a rapid and efficient annealing process. The resulted HAG is proved by 

multiple characterization results to offer prescribed surface morphology, specific surface 

area, pore size, limited restacking and highly reduced structure. Due to its outstanding 

physical and chemical properties, HAG plays a good role as electrode material, and 

makes it possible to produce high-performance supercapacitor with energy density and 

EDL capacitance.  

The supercapacitor device is assembled and measured in a symmetrical structure 

with two HAG electrodes. The specific capacitance of 306.03 F/g and energy density of 

148.75 Wh/kg at 1A/g were realized with HAG supercapacitor at the current density of 1 

A/g. Meantime, the power density extracted at 8A/g reaches ~10k W/kg. Compared with 

previously investigated carbon-based EDL capacitors, the HAG supercapacitor is a 

milestone in terms of capacitance and energy density. Moreover, the HAG 

supercapacitors show excellent stability for more than 10,000 charge-discharge cycles.  

Although this template approach has been confirmed to be very effective, the 

quality of produced graphene still needs to be improved. To achieve this, novel synthesis 
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methods will be explored such as irradiation, plasma treatment, chemical activation, 

thermal annealing and so on. Some biological carbon materials also deserve attention 

because of their natural porous structure and easy access. It is critical to find the balance 

point between cost and performance. As to the supercapacitor research, alternations or 

improvements in the electrode preparation, device structure, electrolyte selection and 

packaging method are under research.  

In the near future, it is quite possible that a supercapacitor device with comparable 

energy density to lithium ion battery would be introduced into market. This energy 

storage device will bring a technical revolution for the century with their superb features.  
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Appendix A: List of abbreviations 

 

The following table includes the abbreviations and acronyms used throughout the 

thesis. The page where each acronym is defined or first used is given. 

 

 

Acronym Meaning Page 

GO Graphite oxide iii 

HAG Hydrogen annealed graphene 38 

rGO Reduced graphene oxide iii 

AC Activated carbon 17 

CNT Carbon nanotube 17 

PEM Proton exchange membrane 8 

EDL Electric double-layer ii 

DMF Dimethylformamide  27 

NMP N-methyl-2-pyrrolidone  27 

THF Tetrahydrofuran  27 

AFM Atomic force microscopy 27 

PANI Polyaniline  31 

PPy Polypyrrole  31 

PEDOT Poly-(3,4-ethylenedioxythiophene)  31 

pTTPA Poly(Tri(4-(Thiophen-2-yl)Phenyl)Amine) 31 

PYR14TFSI 
N-butyl-N-methylpyrrolidinium 

bis(trifluoromethanesulfonyl)imide 
33 
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PP Polypropylene 34 

SEM Scanning electron microscopy iii 

FESEM Field emission scanning electron microscopy 40 

TEM Transmission electron microscopy iii 

BET Brunauer-Emmett-Teller iii 

BJH Barrett-Joyner-Halenda 42 

XRD X-ray diffraction iii 

XPS X-ray photoelectron spectroscopy iii 

FTIR Fourier transform infrared spectroscopy iii 

CV Cyclic voltammetry iii 

GCD Galvanostatic charge-discharge 52 

ESR Equivalent series resistance 10 

 


