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Supercapacitors are promising energy storage devices because of their 

high power density and cycling stability, but their low energy density 

limits practical application. Therefore, significant efforts have been 

made to design hybrid electrode materials based on metal 

oxides/hydroxides with a carbon matrix to improve energy density. 



 

 

 

This thesis is mainly focused on the synthesis, characterization, and 

application of asymmetric supercapacitors composed of various carbon 

matrix/nickel cobalt derivative composites. In the following chapters, we 

will introduce different carbon matrices for nickel cobalt derivatives and 

investigate their electrochemical performance.  

First, electrochemically exfoliated graphene (EEG)/Ni-Co oxide 

nanocomposites (NC-EEG) were synthesized using a simple and low 

temperature solution method combined with thermal annealing. The 

graphene sheets were directly obtained by electrochemical exfoliation 

with graphene foil, which was simple and environmentally friendly. The 

EEG improves the electrical conductivity of the Ni-Co oxide and the 

nanostructured Ni-Co oxide provides a large surface area and shortens 

the electron diffusion pathways. The electrochemical properties of the 

prepared materials were examined using cyclic voltammetry (CV) and 

galvanostatic charge/discharge (GCD) in 6 M KOH as an electrolyte. The 

NC-EEG nanocomposites exhibited a high capacity of 649 C g-1 at a 

current density of 1 A g-1. The asymmetric supercapacitors manufactured 

with NC-EEG nanocomposites as a positive electrode and activated 

carbon (AC) as a negative electrode, exhibited a maximum energy and 

power densities of 57.7 Wh kg-1 and 536.9 W kg-1, respectively.  



 

 

 

Ni-Co hydroxide nanoneedles embedded in the graphene hydrogel 

were fabricated using an efficient two-step method and were further 

explored as binder-free electrodes for use in high-performance 

asymmetric supercapacitors. A freestanding graphene hydrogel was 

prepared via reduction under mild conditions and Ni-Co hydroxide 

nanoneedles embedded in the graphene hydrogel were obtained using a 

simple hydrothermal method. The presence of many hydrophilic 

functional groups in the graphene hydrogel facilitated the uniform 

dispersion of Ni-Co hydroxide nanoneedles throughout the graphene 

nanosheet. Moreover, the freestanding property of the graphene hydrogel 

facilitated its use as a binder-free electrode, which improved the energy 

density of the asymmetric supercapacitor without reducing its power 

capability. The composite exhibited excellent capacity of 650 C g-1 at 1 

A g-1 in a three-electrode system and the binder-free asymmetric 

supercapacitor achieved excellent performance with energy and power 

densities of 76.45 Wh kg-1 and 407 W kg-1, respectively. Good cycling 

stability was also achieved with 85% capacitance retention at a current 

density of 10 mA cm-2 after 5000 cycles. 
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Chapter 1. Introduction 

 

1.1. Research background 

 

The excessive power consumption and a diminishing supply of fossil 

fuels are significant worldwide environmental issues. These problems 

have resulted in an urgent need for efficient, clean, and renewable energy 

sources such as wind, solar, and biofuels as well as technologies 

including pollution prevention and smart grids (Figure 1.1). The 

transportation of sustainable energy from the generation point to the end 

user remains a challenging problem that involves power grids to 

transport electricity over long-distance and high-performance energy-

storage devices for mobile and small-scale applications[1ï8]. Because of 

the intermittent nature of renewable energy sources, energy storage 

devices are required to store excess energy produced during peak times 

and release it when the energy demand rises. Therefore, energy storage 

technology with long-term stability, high energy density, and high power 

density are required.  

Ragone plots have been developed for comparing the energy and 

power densities of various energy storage devices, as shown in Figure 



 

 

 

1.2. Recently, rechargeable batteries have been increasingly incorporated 

into many portable electronics and automobiles due to their high energy 

density and light weight. However, they remain limited by poor cycling 

stability, relatively long charging/discharging time, low power density, 

and physical/chemical changes in the crystal structure of their electrode 

materials during reaction [9]. On the other hand, traditional capacitors 

are known for their high power density but are flawed in terms of their 

low energy density [10]. By combining the figure of merit of these two 

systems, supercapacitors, also referred to as electrochemical capacitors 

or ultracapacitors, have relatively high power density, energy density, 

superior rate capability, rapid charging/discharging rates, long cycling 

stability, and high power density. In particular, their long cycle life and 

high power density are considered to be especially important for future 

energy storage technology. 

 

 

 

 

 

 



 

 

 

 

 

 

 

Figure 1.1. Global generation capacity for sustainable energy. (source 

from Bloomberg new energy finance 2017) 

 

 

 

 

 

 

 



 

 

 

 

 

 

Figure 1.2. Comparison of power density and energy density with 

energy storage systems. 

 

 

 

 



 

 

 

1.1.1. The development of supercapacitors 

 

Before the development of capacitors, it was noticed that rubbing 

amber with a cloth induced tiny particles to attract each other. The 

phenomenon was then developed into the first capacitor called a Leyden 

jar in 1745 by a German scientist [11]. The Leyden jar consists of a 

narrow-neck jar partially filled with water with an electrical lead brought 

through a cork. Subsequently, Fitzgerald invented a wax-impregnated 

paper dielectric capacitor in 1876. William Dubilier invented mica 

dielectric capacitors in 1909 which were used in the field of radio 

transmission. The first electrolytic capacitor was developed in 1897, but 

only became reliable during World War II. The first practical use of 

supercapacitors containing porous carbon electrodes based on 

electrochemical double layer charge storage (EDLC) was demonstrated 

in 1957 when Howard Becker of the General Electric Company patented 

the first supercapacitor[12]. The Sohio Corporation in Cleveland 

invented another EDLC capacitor containing high surface area carbon 

materials in a non-aqueous solvent with a dissolved tetraalkylammonium 

salt electrolyte. The device was composed of two Al foils covered with 

activated carbon and a thin porous insulator was used as a separator 



 

 

 

[13,14]. Since then, high surface area carbon has become a more 

common material for electrochemical capacitors compared to 

conventional capacitors owing to its much higher capacitance. The first 

theory of pseudocapacitance was developed by Conway and Trasatti in 

1975, using RuO2 in a H2SO4 electrolyte [15]. Panasonic began 

marketing the óGoldcapô double-layer capacitor in 1978. Capacitors 

become a successful energy source for memory backup applications and 

eventually replaced the unreliable coin cell batteries [16]. In the early 

1990s, the United States Department of Energy provided significant 

funding for battery and supercapacitor research, attracting international 

awareness of the potential of supercapacitors. Since then, significant 

efforts have been made in the development of supercapacitors, electrode 

materials, electrolytes, as well as composites for improving performance 

and reducing cost [17]. 

 

 

 

 

 

 



 

 

 

1.2. Energy storage mechanism 

 

Supercapacitors or electrochemical capacitors can be classified as 

electrochemical double layer capacitors (EDLCs) or redox-active 

capacitors depending on their charge storage mechanism and electrode 

materials. Supercapacitors consist of two electrodes fabricated on 

conductive current collectors separated in an electrolyte by an insulating 

membrane. When a voltage is applied between the electrodes, each 

electrode attracts the oppositely charged ions. The negative electrode 

attracts positive ions and the positive electrode attracts the negative ions 

from the electrolyte as a counter-reaction.  

 

 

1.2.1. Electrochemical double layer capacitors  

 

In conventional capacitors without electrolytes or active materials, the 

capacitors are composed of two metal plates separated by dielectrics such 

as air, paper, or glass. The capacitors can store more energy with the 

larger plate area or smaller distances between the plates. EDLCs can 

store charge by the electrostatic accumulation of ions at the 



 

 

 

electrochemical double layer of the electrode/electrolyte interface using 

non-Faradaic active materials, as shown in Figure 1.3 [18]. Von 

Helmholtz first proposed this model, which states that under polarization, 

ions of opposite charge diffuse via the electrolyte to form a condensed 

layer parallel to the electrode [15]. This charge accumulation on the 

electrode surface forms an electrochemical double layer (EDL). 

However, the Helmholtz double layer model overlooks the diffusion 

limitation of ions in the electrolyte solution and interaction between the 

solvent dipole moment and the electrode. Gouy and Chapman proposed 

a modified diffuse layer model in which the potential decreases 

exponentially from the electrode to the bulk fluid. This model also 

insufficiently explained the highly charged double layers. Stern proposed 

a hybrid model combining the Helmholtz and Gouy-Chapman models. 

This hydrib model considers the hydrodynamic motion of ionic species 

in the diffuse layer, the ionic species in the diffusion layer, and the 

accumulation of ions close to the electrode surface, as shown in Figure 

1.4 [19]. 

 

 

 



 

 

 

 

 

 

Figure 1.3. Basic schematics for an EDLC. (from Ref. [20]) 

 

 

  



 

 

 

 

 

 

 

Figure 1.4. Schematic illustration of (a) Helmholtz, (b) Gouy-

Chapman, and (c) Stern model of the electrical double-layer formed at a 

positively charged electrode in an aqueous electrolyte. (from Ref. [19])  



 

 

 

1.2.2. Redox-active capacitors  

 

Redox-active capacitors operate via Faradaic processes. Three 

mechanisms have been demonstrated that lead to a Faradaic reactions, as 

shown in Figure 1.5: (1) underpotential deposition, (2) redox 

pseudocapacitance, and (3) intercalation pseudocapacitance, as 

identified by Conway [15]. Underpotential deposition occurs when metal 

ions adsorb on the surface of a different metal to form a monolayer above 

their redox potential. A good example of this process is Pb ions on the 

surface of a gold substrate. Faradaic charge-transfer occurs when 

electrolyte ions are adsorbed on the surface of electrode materials and 

the crystallographic phase is unchanged during this reaction. Another 

type of redox-capacitance occurs on the layered electro-active materials 

when electrolyte ions intercalate in the tunnels of the host redox-active 

electrode material followed by Faradaic charge transfer without crystal 

structure phase changes.  

 

 

 



 

 

 

 

 

 

 

 

Figure 1.5. Schematic illustrations of energy storage mechanisms of 

redox-active materials. (a) Underpotential deposition, (b) Redox 

pseudocapacitance, (c) Intercalation pseudocapacitance. (from Ref. [15]) 

 

 

 

 



 

 

 

1.2.3. Asymmetric supercapacitor  

 

Two main parameters are used for evaluating the electrochemical 

performance of supercapacitors: the maximum energy density (E) and 

power density (P), which can be obtained from the following equations 

[1]:  
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Where C is the capacitance, V is the operating voltage, and R is the 

equivalent series resistance. The energy density of supercapacitors 

should be further improved to satisfy continuously increasing market 

demands [21]. As shown in the above equations, the energy density is 

mainly defined by the operating voltage window (V) and to a lesser 

extent by the capacitance (C). Organic electrolytes with high operating 

voltages ranging from 3 to 4 V are promising candidates for realizing 

high energy density but suffer high toxicity and low ionic conductivity 



 

 

 

[19,22,23]. Alternatively, aqueous electrolytes are cheaper, non-

flammable, highly conductive, small, eco-friendly, and feature an easy 

assembly process. However, their narrow operating voltage window 

(<1.2 V) is a major disadvantage. To resolve this problem, a special type 

of capacitor has been proposed, called asymmetric supercapacitors or 

hybrid supercapacitors[24ï26]. These devices feature a combination of 

both redox-active and EDLC materials, as shown in Figure 1.6(a) 

[27,28]. In these devices, the Faradaic reaction occurs on one of the 

electrodes and non-Faradaic EDLC charge storage occurs on the 

opposite electrode in a single device. During charging, the potential of 

the redox-active electrode remains constant due to the redox reaction on 

the surface of the redox-active materials. Therefore, higher working 

potentials must be used with EDLC electrodes during the initial stages 

of charging, as shown in Figure 1.6(b), resulting in increased energy 

compared to asymmetric capacitor systems. 

 

 

 

 

 



 

 

 

 

 

 

 

 

Figure 1.6. (a) Schematic illustration of the fabricated asymmetric 

supercapacitor. (b) CV curves in the potential window of 0.0 to 1.2 and 

1.7 V. (from Ref. [10]) 

 

 

 

 

 



 

 

 

1.3. Electrode materials for supercapacitors 

 

The performance of supercapacitors depends on electrode materials 

and working potential range, as shown in Figure 1.7. The electrode 

materials must possess the following characteristics: (1) high electrical 

conductivity as electrode materials with good conductivity enable 

electron transport, enhancing rate capability; (2) outstanding stability 

since electrode materials with good stability can buffer stress due to 

shrinkage and expansion during the charging/discharging process, 

providing a long cycling life; (3) large specific surface area (SSA) since 

electrode materials with high SSA facilitate ion adsorption and provide 

active sites for electrochemical reactions. Pore size is another critical 

factor for electrode materials. Generally, electrode materials can be 

divided into two types; (1) carbonaceous or (2) redox-active materials. 

 

 

 

 

 

 



 

 

 

 

 

 

Figure 1.7. Schematic illustration of different approaches to improve 

the energy density of a supercapacitor. 

 

 

 

 

 

 



 

 

 

1.3.1. Carbonaceous materials  

 

Carbonaceous materials are widely used as electrode materials in 

EDLCs and are inexpensive, abundant, and non-toxic while exhibiting 

good electrical conductivity, high SSA, and a wide temperature stability 

[29ï35]. In addition, these materials are chemically stable in a number 

of electrolytes (acidic and basic media as well as organic and inorganic 

media) [36]. To date, various forms of carbonaceous materials such as 

activated, templated, carbide-derived onion-like, fabrics, fibers, 

nanotubes, and graphene carbons have been proposed for use in EDLCs 

electrodes. Carbonaceous materials are ideal for supercapacitors with 

respect to their power density and cycling stability, but their relatively 

low energy density inhibits practical application. 

 

 

1.3.1.1. Graphene-based materials  

 

Graphene is a common carbon-based electrode material with a high 

theoretical SSA of 2630 m2/g and very high intrinsic electrical 

conductivity in plane, while exhibiting both mechanical and chemical 



 

 

 

stability [37,38]. Graphene is a monolayer of graphite that can be 

prepared using various techniques [39]. Graphene was first prepared in 

a single-layer, two-dimensional crystal from graphite using the peel-off 

method, which was first introduced by Novoselov, Geim, and co-workers 

in 2004. Since then, a significant amount of research has been conducted 

regarding the properties and structural characterization of graphene [40]. 

The peel-off technique allowed for the production of high-quality defect-

free graphene, but with very low yields. To facilitate the large-scale 

production of high-quality graphene, chemical exfoliation methods were 

developed [41].  

Chemical exfoliation is a commonly used a low-cost method to 

produce graphene oxide, which is a highly defective form of graphene 

with a disrupted sp2-bonding network, in a large quantities. First, the 

graphite is oxidized in the presence of strong acids and oxidants to 

produce graphite oxide. Second, the graphene oxide is reduced by 

thermal, chemical, or electrochemical processes to restore the -́bonding 

network, which gives rise to the characteristic conductivity of graphene. 

Figure 1.8 illustrates the preparation of chemically exfoliated graphene 

via graphite oxidation [42]. 



 

 

 

High-quality large area graphene has also been prepared by chemical 

vapor deposition (CVD) of gaseous carbon sources such as methane and 

acetylene on copper and nickel substrates [42ï44]. Single-layered 

graphene can be prepared via low-pressure CVD of methane. The 

formation of bilayer or multi-layer graphene can be achieved by using 

high molecular weight and partial pressure of the carbon precursors. The 

graphene produced by CVD is easily removed from the substrates and 

transferred to alternative substrates to fabricate high-quality graphene-

based electrodes for energy storage devices. Figure 1.9 shows a 

comparison of different synthetic methods for graphene. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Figure 1.8. Schematic diagram of preparation of chemically converted 

graphene by oxidation from graphite. (from Ref. [21]) 

 

 

 

 

 



 

 

 

 

 

 

 

Figure 1.9. Comparison of the quality and cost of graphene products 

manufactured by different methods. (from Ref. [45]) 

 

 

 

 

 


