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Abstract 

The goal of this research is to develop electrode materials using various nano-structure 

hybrids for improved energy storage devices.  Enhancing the performance of energy storage device 

has been gaining tremendous attention since it holds the key solution to advance renewable energy 

usage thus reduce the consumption of fossil fuels.  The application of energy storage devices such 

as super-capacitor and Li-ion-battery has seen significant growth; however, it is still limited mainly 

by charge/discharge rate and energy density.  One of the solutions is to use nano-structure 

materials, which offer higher power at high energy density and improved stability during the 

charge discharge cycling of ions in and out of the storage electrode material.  In this research, 

carbon-based materials (e.g. porous carbon, graphene) in conjunction with metal oxides such as 

CeO2 nanoparticles/TiO2 nanowires are synthesized utilizing low temperature hydrothermal 

method for the fabrication of advanced electrode materials.  Scanning Electron Microscopy 

(SEM), Transmission Electron Microscopy (TEM), X-ray Diffraction (XRD), Thermogravimetric 

Analysis (TGA), X-ray Photoelectron Spectroscopy (XPS), and Fourier Transformation Infrared 

Spectroscopy (FTIR) were used for materials characterization.  Poentio-galvanostat, battery 

analyzer, and Electrochemical Impedance Spectroscopy (EIS) were used for evaluating the 

electrochemical performance.  The testing results have shown that a maximum 500% higher 

specific capacitance could be obtained using porous carbon/CeO2 instead of porous carbon for 

super-capacitor application and microwave exfoliated graphene oxide/TiO2 nanowire hybrid 

provides up to 80% increment of specific capacity compared to porous carbon anode for Li-ion-

battery application. 
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Chapter 1: Introduction 

The present fossil fuel based economy is at a serious risk due to various factors, including 

the continuous demand of oil, the depletion of non-renewable resources and dependency on foreign 

oil and/or gas which creates national vulnerabilities that endanger social stability [1]. Another 

drawback for the fossil fuel usage is associated with the greenhouse gases (GHG) emissions, in 

particular CO2 emissions which have been increasing at a constant rate causing the global 

temperature rise and climate changes. Renewable Energy Sources (RES), i.e. solar, wind, 

hydropower, geothermal, biomass, and marine energies, are considered as a means of reducing the 

use of fossil fuels [2-4]. They are the primary, domestic, and clean or inexhaustible energy sources. 

These sources require energy storage. Hence, developing high energy density energy storage 

device is the probable key solution for the utilization of alternative energy and thus for the 

replacement of fossil fuels and traditional energy sources. Therefore, there is an increasing demand 

for low cost, environment friendly, portable, and high performance energy storage/conversion 

systems. Numerous researches have been going on for the technological improvements in 

electrochemical energy storage devices such as batteries [5-10], capacitor [11-15], and super-

capacitors [16-19]. The motivation of this research lies in the development of unique architectural 

electrode materials for next generation energy storage devices, i.e., super-capacitor and lithium-

ion-battery, by optimizing the performance and lifetime of the devices.  

This chapter discusses the scientific fundamentals of these two types of energy storage 

devices followed by a literature overview on recent technological development. The motivation of 

this research is also explained in later portion of this chapter.    

1.1 Super-capacitor 

1.1.1 Capacitor Principle 

Capacitor, originally known as condenser, is an energy storage device comprised of two 

electrodes separated by a dielectric material. When voltage is applied between the two electrodes, 
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static electric field is formed between the dielectric material causing positive and negative charges 

to get separated between two electrodes this storing energy. A schematic diagram for a 

conventional capacitor is shown in Figure 1.1.  

 

 

Figure 1.1: Schematic diagram of a conventional capacitor [20]. 

A dielectric capacitor is an energy storage device of simple construction. It is typically 

composed of two parallel plates and a dielectric medium in between the plates; its unit of measure 

is capacitance equal to 1 Farad per meter (F/m). There are several relationships that characterize 

and are characterized by the definition of capacitance. Capacitance (𝐶) is the ability of a material 

to store an electrical charge. In a parallel plate dielectric capacitor, capacitance can be described 

as the amount of charge (𝑄) stored in the parallel plates with respect to the existing voltage (𝑉) 

between those plates. 

𝐶 = 𝑄/𝑉 
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Capacitance (𝐶) is directly proportional to the area (𝐴) of the parallel plates (or electrodes), 

and inversely proportional to the distance (𝐷) between the electrodes: 

𝐶 = 𝜀0𝜀𝑟
𝐴

𝐷
 

where 𝜀0, is the permittivity of free space (vacuum) and it is a physical constant 

approximately equal to 8.854x10-12 Farads per meter (F/m). The relative permittivity is represented 

by 𝜀𝑟, which is the factor by which the electric field between the charges is decreased or increased 

relative to vacuum, thus it is also the ratio of the capacitance of a capacitor using a dielectric 

medium versus a similar capacitor that has free space only between the plates. The relative 

permittivity (𝜀𝑟) is also commonly known as the dielectric constant (𝑘), especially in the field of 

engineering. Therefore, there are three main factor which determine the capacitance of a capacitor: 

 Area of the electrode 

 Separation distance between the electrode 

 Properties of the dielectric material  

Energy will be stored in the capacitor when a voltage is applied between the two parallel 

plates, causing a separation of charges which is responsible for a net build-up of charges on both 

plates; resulting in a positively charged plate and a negatively charged plate whose charges now 

have the capability to do work once they are discharged. The energy stored in a capacitor can be 

described by the following relationship: 

𝐸 =
1

2
𝐶𝑉2 

Maximum energy can be obtained when the V is at a maximum, which is also limited by 

the breakdown property of the separation material.  

Rate of energy which can be delivered per unit time is known as the power(𝑃). For a 

conventional capacitor: The internal components of the capacitor (e.g., current collectors, 

electrodes, and dielectric material), which is measured in aggregate by a quantity known as the 

equivalent series resistance (ESR), needs to be taken into account in order to determine (𝑃) for a 
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certain capacitor. The voltage during discharge is determined by these resistances. When measured 

at matched impedance (R = ESR), the maximum power 𝑃𝑚𝑎𝑥 for a capacitor is given by [21]: 

𝑃𝑚𝑎𝑥 =
𝑉2

4 × 𝐸𝑆𝑅
 

1.1.2 Super-capacitor Construction 

Super-capacitors are constructed from two high surface area carbon-based electrodes, an 

electrolyte and a separator (Figure 1.2). Thus super-capacitors utilize high surface area electrode 

materials and thin electrolytic dielectrics to achieve capacitances several orders of magnitude 

larger than conventional capacitors, in doing so, super-capacitors are able to attain greater energy 

densities while still maintaining the characteristic high power density of conventional capacitors 

[21, 22].  

 

 

Figure 1.2: Schematic diagram of a conventional super-capacitor [20]. 

Super-capacitors and general capacitors are governed by same basic working principle and 

are suitable for rapid storage and release of energy. But, super-capacitors have electrodes with 
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much higher surface area and thinner dielectrics (thickness of double layer) and therefore, from 

the equations described above, this leads to an increase in both capacitance and energy, by a factor 

of 10000 or so than those achievable by regular capacitors. Super-capacitors bridge the significant 

performance gap between regular capacitors and batteries, as can be seen in Figure 

1.3.Additionally, super-capacitors have several advantages over electrochemical batteries and fuel 

cells, including higher power density, shorter charging times, and longer cycle life and shelf life. 

Super-capacitors are also often referred to by a number of alternative names including 

electrochemical double layer capacitors, ultra-capacitors, power capacitors, gold capacitors, 

pseudo-capacitors, and power cache, however, these names are often given by different companies 

or brands regardless of their storage mechanism. NEC (Japan) was the first to produce commercial 

super-capacitor in the 1970s, while Pinnacle Research Institute first introduced super-capacitor in 

USA in the 1980s under the name “PRI Ultra-capacitor” [21].  

 

 

Figure 1.3: Ragone plot of energy storage devices [20]. 
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1.1.3 Super-capacitor Classification 

Based upon current research and development trends, super-capacitors can be divided into 

three general classes: electrochemical double-layer capacitors (EDLC), pseudo-capacitors, and 

hybrid capacitors; each class is characterized by its unique mechanism for storing charge 

[21].These are, respectively, non-Faradaic, Faradaic, and a combination of the two [21]. Faradaic 

processes, such as oxidation-reduction reactions, involve the transfer of charge between electrode 

and electrolyte. A non-Faradaic mechanism, by contrast, does not use a chemical mechanism, 

rather, charges are distributed on surfaces by physical processes that do not involve the making or 

breaking of chemical bonds [21].  

 

 

Figure 1.4: Super-capacitor classification [20]. 
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Super-capacitors use electrostatic double-layer capacitance or electrochemical pseudo-

capacitance or a combination of both instead and they do not have a conventional solid dielectric.  

The EDLC is the most widely used super-capacitor which is dominating the market. Various forms 

of carbon based materials are used for the electrode materials in commercial super-capacitor.   

1.1.4 Electric Double Layer Capacitor (EDLC) 

Carbon based electrodes, electrolytes & a separator constitutes this kind of capacitor as 

shown in Figure 1.2. This kind of capacitor stores charges electro-statically without having any 

chemical bond formation between electrodes and electrolytes during charge and discharge or in 

short it follows a non-faradic process for energy storage. When voltage is applied, opposite charges 

accumulate on the electrode surface and complementary ions from the electrolytes diffuse into the 

electrodes but they don’t form any chemical bond. Therefore, EDLC has higher reverse cycling 

ability (106 cycles) compared to batteries (103 cycles). That is why it can be used in remote areas 

where maintenance is tough such as deep sea, mountain, and desert [21]. 

 

 

Figure 1.5: Electric double layer--charged and discharged states [23]. 
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EDLCs store energy by means of charge separation, almost the similar way as a traditional 

capacitor. The significant high capacitance by EDLCs is achieved through the utilization of high 

surface area porous carbon materials in contrast to the two dimensional planar plates found in 

conventional capacitor. Following are the reasons for which EDLCs can store substantially more 

energy than a conventional capacitor- 

 The increased amount of charge formed on the electrode surface due to the highly 

porous conductive surface area. 

 Electrical double layer thickness formed at the interface between an electrode and 

the electrolyte is very small. 

Typical EDLC construction is analogous to a battery, there are two electrodes immersed in 

an electrolyte with a impermeable separator membrane between the electrodes to prevent shorting. 

During charging, the electrolyte anions and cations move toward the opposite electrodes forming 

the two double layers, one at each electrode-electrolyte interface. A potential difference across the 

cell is formed due to this ion separation. Each electrode-electrolyte interface of this cell can be 

considered as a conventional capacitor, therefore, each cell can be considered as two capacitors 

connected in series. For EDLCs with identical electrodes, the cell capacitance will therefore be 
1

𝐶𝑐𝑒𝑙𝑙
= 
1

𝐶+
+ 
1

𝐶−
 

where, C+ and C- are the capacitance of the positive and negative electrodes. Therefore, 

capacitance of the complete identical electrode super-capacitor cell is half of the capacitance of 

each individual electrode; that is, 

𝐶𝑐𝑒𝑙𝑙 = 
𝐶𝑒
2

 

where 𝐶𝑒 = 𝐶+ = 𝐶− 

The specific capacitance of an electrode, 𝐶𝑒, is given by 

𝐶𝑒 =
2 × 𝐶𝑐𝑒𝑙𝑙
𝑚𝑒

 

where, me is the weight of the active material present in a single electrode. Therefore, unit 

for specific capacitance is Fg-1.  
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Two main factors determine the performance of the EDLCs, i.e., the active material which 

determines the capacitance of the device and the electrolyte which determines the operational 

voltage window of the device [21]. These factors along with some additional sources influence the 

internal resistance (ESR) of the device including the following: 

 The intrinsic electronic resistance of the electrode material 

 Ionic resistance of the electrolyte 

 Interfacial resistance between the active material and the current collector 

 The ionic resistance of the ions moving into small pores 

 The ionic resistance of the ions moving through the separator 

 

 

Figure 1.6: Comparison of typical electrolyte properties [21]. 
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Electrolyte 

Three types of electrolytes can be used in EDLCs: (i) aqueous, (ii) organic, and (iii) ionic 

liquids [21]. Figure 1.6 shows a chart that summarizes the advantages and disadvantages of each 

electrolyte system. 

 Early EDLCs used aqueous based electrolyte. Recently there is a trend toward organic 

based electrolyte in order to achieve higher operational voltage window as well as higher specific 

energy.   

Electrode Materials 

Most of the time carbon materials with good chemical stability, good electrical 

conductivity, availability, and low moderate cost are utilized for electrode materials for EDLCs. 

Variety of carbonization and activation procedures on different types of carbon bases is followed 

to acquire the electrode material. Following chart shows the properties of most common carbon 

materials used as electrode in EDLCs.  

 

 

Figure 1.7: Properties of most common carbon materials used as electrode in EDLCs [21]. 
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1.1.5 Pseudo-capacitor 

Unlike EDLCs, pseudo-capacitors experience chemical change between electrodes and 

electrolytes either by intercalation or reduction- oxidation or electro-sorption.For this Faradic 

process pseudo-capacitors gain significantly more capacitance and energy density compared to 

EDLCs. Metal oxides and conducting polymers are two major electrode materials used for pseudo-

capacitors [21].  

 

 

Figure 1.8: Schematic diagram for pseudo-capacitor [23]. 

While voltage is applied at the capacitor terminal, polarized ions or charged atoms moves 

through the electrolyte towards the opposite polarized electrode. An electric double layer is formed 

between the surfaces of the electrode and the adjacent electrolyte. One layer of ions on the 

electrode surface and the second layer of adjacent polarized and solvated ions in the electrolyte 

move to the opposite polarized electrode; the two ion layers are separated by a single layer of 

electrolyte molecules [21]. A static field is formed between the two layers which results in double 

layer capacitance. Along with this phenomenon, some-desolvated ions pervade the separating 
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solvent layer and are adsorbed by the electrode’s surface atoms. Thus, they are specifically 

adsorbed and transfer their charge to electrode. This phenomenon of faradic charge transfer which 

is originated by a fast sequence of redox reactions, electrosorptions or intercalation processes 

between electrolyte and the electrode surface is called pseudo-capacitance. 

1.1.6 Literature Review& Motivation for Super-capacitor Research 

High-performance Porous Carbon/CeO2 Nanoparticles Hybrid Super-capacitors for 

Energy Storage 

The current world has an increasing demand for low cost, environment friendly and high 

performance energy storage/conversion systems due to the environmental problems and depletion 

of fossil fuels [37]. Therefore, numerous researches have been going on for the technological 

improvements in electrochemical energy storage devices such as batteries [38, 39] capacitors [40, 

41] and super-capacitors [42]. Among available technologies, super-capacitors can be a potential 

electrochemical energy storage solution owing to their sustainable cycle life, higher power 

densities and excellent cycling stability. They are the preferred choice in wide range of 

applications; i.e. electric vehicles, electronic devices, airplanes and other renewable energy storage 

systems [43, 44]. Based on the energy storage mechanism, super-capacitors could be classified 

into electrical double layer capacitors (EDLC) and pseudo-capacitors. In EDLC the capacitance 

comes from the electrostatic charge accumulation at the electrode-electrolyte interface which is a 

non-faradic process; while the pseudo-capacitors store energy through fast and reversible faradic 

reaction which originates from the transition metal oxide or conducting polymers present in the 

electrode materials [37]. Numerous researches have been done on electrode materials for super-

capacitors, including carbonaceous materials, transition metal oxides and conducting polymers. 

Each type of electrode material has its advantage and disadvantage. For instance, carbon materials 

work under the EDLC mechanism for charge storage and have high power density and long cycle 

life while transition metal oxides work under the pseudo-capacitance mechanism for charge 

storage and can provide higher energy density than conventional carbon materials and better 
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cycling stability than conductive polymers [37, 45]. These unique properties of different materials 

have intrigued researchers to develop hybrid electrode materials via coupling carbonaceous 

materials and transition metal oxides as super-capacitor electrode. Coupling carbonaceous 

materials and transition metal oxides, gives the advantage of harnessing the best characteristics of 

both of these electrode materials into one hybrid electrode material. The hybrid material would 

thus possess the carbonaceous material’s high power density and long cycle life, and the transition 

metal’s high energy density. The hybridization of these properties is possible through the enhanced 

electrode/electrolyte interactions which gives the hybrid electrode material the ability to possess 

both SC capacitance mechanisms: EDLC (non-faradic) and pseudo-capacitance (faradic). The 

resulting hybrid electrode material would thus result in SCs with improved power density, energy 

density, cycling stability, and cycle life [37,42,43]. Hybrid carbon-metal oxide super-capacitors 

have been developed in a wide range of carbon-metal oxide combinations. Common metal oxides 

that have been researched include: RuO2, MnO2, NiO, Co3O4, SnO2, ZnO, TiO2, V2O5, CuO, 

Fe2O3, WO3, etc. Not only is there a vast selection of metal oxides, there is also many forms of 

carbon that can be used, these include: zero-dimensional carbon (e.g. activated carbon, carbon 

nanospheres, and mesoporous carbon), one-dimensional carbon nanostructures (e.g. carbon 

nanotubes (CNTs) and nanofibers), two-dimensional carbon nanosheets (e.g. graphene and 

reduced graphene oxides (rGO)), and three-dimensional carbon (e.g. porous carbon nano-

architectures, 3-D porous carbon). Researchers have explored all of these areas of hybrid electrode 

material for use in SCs [45].  

But many of the metal oxides are expensive, scarce and toxic in nature which limits their 

broad applications [43]. CeO2 can be one of the most attractive candidates because of its low cost, 

environmental friendliness and high redox potential. As nano-particle CeO2 could have higher 

pseudo-capacitive effect due to its excellent electrochemical redox characteristics [43]. A simple 

one step hydrothermal method for synthesizing porous carbon/CeO2 nanoparticle (PC-CON) 

hybrids for super-capacitor electrode is presented here. The prepared PC-CON hybrid electrodes 
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were investigated for super-capacitor applications within organic electrolyte and compared against 

pristine porous carbon electrodes. 

Nanowire Modified Carbon Fibers for Enhanced Electrical Energy Storage 

The The evolving interest on portable and flexible electronic devices in recent times has 

intrigued researchers for developing lightweight, bendable and environment friendly energy 

storage devices, such as batteries [24, 25] and super-capacitors [26-28].  The electrical double 

layer capacitor (EDLC) or super-capacitor has become an excellent candidate among these devices 

with fast charging/discharging rate, high power density, sustainable cycling life and excellent 

cycling stability [26-30].  It has higher capacitance than general capacitor and can deliver more 

power than batteries [31, 32].  However, conventional super-capacitors are typically separated 

parts from load bearing structures, besides, they are heavy and bulky thus leading to system 

complexity and extra add-on weight [33].  Therefore, there is an increasing need to embed these 

energy storage devices such as super-capacitor into the load bearing structures to form 

multifunctional materials.  

Prototypes of some thin flexible super-capacitors have been proposed in literature [22, 34]. 

Carbonaceous material such as graphene [35-39] and carbon nanotubes [40-42], hybrid composites 

[43-45], conducting polymers [19, 46-48] and transition metal oxides [49-51] inclusion with 

carbonaceous material have been used for developing flexible electrodes.  Chen et al. fabricated 

hybrid In2O3 nanowires/carbon nanotubes films on polyethylene terephthalate (PET) as flexible 

electrodes for super-capacitor with 1 M LiClO4 as electrolyte [52].  Transparent graphene/PET 

film was used as flexible electrodes for super-capacitor with 2 M KCl as electrolyte by Yu et al. 

[37].  Single wall carbon nanotube suspension was coated on both sides of a printing paper 

pretreated by polyvinylidine fluoride (PVDF) for flexible paper based electrodes by Hu et al. [53].  

For this approach they used coffee bag to encapsulate the electrodes and electrolyte for super-

capacitor fabrication.  But all these developed super-capacitors could not carry mechanical loads.  

Recently, Lin et al. developed a ZnO/Carbon fiber hybrid that has shown improved structural 
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properties [54], however, its energy storage property has not been studied yet.  Therefore, this 

paper investigates electrochemical performance of ZnO/Carbon fiber hybrid for super-capacitor 

electrode, aiming at developing multifunctional composites with embedded energy storage 

functionalities. 

Herein, we report a simple two-step hydrothermal method for growing uniformly 

distributed ZnO nanowires (ZnO NWs) on carbon fiber cloth, compared with bare carbon fiber for 

super-capacitor electrode.  This low temperature growth of ZnO NWs on carbon fiber cloth is 

biocompatible, environmentally friendly and could provide more specific surface area for highly 

efficient super-capacitor [55-59].  For improved performance, Au was coated on nanowire/carbon 

fiber electrode and bare carbon fiber electrode.  Coated nanowire/carbon fiber electrode showed 

about 65.9% better performance than bare carbon fiber cloth in super-capacitor application with 

5.5 M KOH aqueous electrolyte. 

 

 

 

 

 

 

 

 

 

1.2 Lithium Ion Battery 

1.2.1 Working Principle 

Lithium ion battery stores energy by converting electrical energy into electrochemical 

energy.  Figure 1.9 shows the basic working principle of a lithium ion battery. Main components 

of a lithium ion battery system: cathode, anode, separator and electrolyte.  
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Figure 1.9: Working principle of LIB (charging). 

Intercalation materials are most widely used for both anode and cathode materials of 

lithium ion battery.  The cathode materials consist of a largely unchangeable host with specific 

sites for lithium, usually made of transition metal oxides. For anode the host material which is 

commercially used as host material is graphite. While the battery is in discharged state, all Li ions 

are in the cathode site. During charging, Li ions move toward the anode host for intercalation 

through the non-aqueous electrolyte from the cathode. At the same time, electrons move from 

cathode to anode. While the Li ions reach the anode, the chemical potential is much higher in 

anode than in cathode and this is how the electrical energy is stored in the form of electrochemical 

energy. During discharging, the opposite phenomenon occurs, all Li ions move towards the 

cathode for intercalation through the electrolyte, converting electrochemical energy into electrical 

energy. An impermeable micro-porous membrane is usually used to prevent shorting between the 

two electrodes and to facilitate ion diffusion at the same time. The electrolyte serves for the ion 

transportation and it should be electronically insulating in principle, properties for electrolyte is 

very important for lithium ion battery performance and it is very complicated [60, 61].  
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Figure 1.10: Commercial lithium-ion battery 

1.2.2 Preliminary Considerations for Battery Design 

Relative energies in the electrode and the electrolyte of a thermodynamically stable battery 

cell having an aqueous electrolyte are schematically shown in Figure 1.10.  
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Figure 1.11: Schematic open-circuit energy diagram of an aqueous electrolyte. ɸ𝐴 and ɸ𝐶are the 

anode and cathode work functions. 𝐸𝑔is window of the electrolyte for 

thermodynamic stability. A µ𝐴 > 𝐿𝑈𝑀𝑂 and/or a µ𝐶 > 𝐻𝑂𝑀𝑂 requires a kinetic 

stability by the formation of an SEI Layer [62].  

The cathode is the oxidant and the anode is the reductant, and the voltage window of the 

electrolyte is determined by the energy separation 𝐸𝑔of the lowest unoccupied molecular orbital 

(LUMO) and the highest occupied molecular orbital (HOMO) of the electrolyte. Both electrodes 

are electronic conductors and the electrochemical potential for the anode is µ𝐴 and the cathode 

isµ𝐶. If µ𝐴of the anode is more than the energy level that of LUMO of the electrolyte, it is going 

to reduce the electrolyte unless a passivation layer forms a barrier to electron transfer from the 

anode material to the LUMO of the electrolyte.  If µ𝐶of the cathode is lower than the energy level 

that of HOMO of the electrolyte, it is going to oxidize the electrolyte unless a passivation layer 

forms a barrier to electron transfer from HOMO of the electrolyte to the cathode material [62]. 
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Therefore, it is very essential to select electrode materials with electrochemical potential within 

the voltage window of the electrolyte. Hence, the open circuit voltage of a battery cell would be 

as follows: 

𝑒𝑉𝑜𝑐 = µ𝐴 − µ𝐶  ≤  𝐸𝑔 

where, e is the magnitude of the electron charge. If  𝐸𝑔 −  𝑒𝑉𝑜𝑐 is not too large, a passivating 

solid/electrolyte-interface (SEI) layer at the electrode electrolyte boundary can give kinetic 

stability to a larger 𝑉𝑜𝑐. 

 

 

Figure 1.12: Non-aqueous electrolytes in LIBs [62]. 

The energy density of a battery is the product of 𝑉𝑜𝑐and Ʌ; where Ʌ is the capacity of 

reversible charge transfer per unit weight (Ah/g) of the between the anode and cathode. The 
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electronic current flow through the outer circuit should must be matched by the internal ionic 

current within the battery. As the electronic current density is much higher than the ionic current 

density of the electrolyte and electrodes, including the rate of ion transfer across the 

electrode/electrolyte interface, the electrodes and electrolyte have large surface area and a small 

thickness. The ionic motion within an electrode and/or across an electrode/electrolyte interface is 

too slow for the charge distribution to reach equilibrium at high current densities. This is why the 

reversible capacity decreases with the increase of current density in the battery. In order to achieve 

a battery with higher energy density, it is necessary to select an electrolyte with higher𝑉𝑜𝑐. Hence, 

non-aqueous solvents where Li salts are soluble are desirable for Li-ion battery. Therefore, HOMO 

of the electrolyte as well as the salt will determine the µ𝐶 of the cathode [62].  

After determining the voltage window of the electrolyte, it is necessary to select electrode 

materials that have their µ𝐶 and µ𝐴 well matched to the LUMO and HOMO of the electrolyte. As 

Li is most positive metal on earth, it could be the most suitable anode material for LIBs but the µ𝐴 

(is same as fermi energy) of Li lies above the LUMO, a passivating SEI layer is formed due to the 

electron transfer from metallic Li to electrolyte. In addition, later with charging-discharging 

dendrites are formed breaking the SEI which leads to short circuit within the cell. Following 

conditions must be satisfied for designing a high energy density battery with better reversible 

capacity: 

 A cathode with electrochemical potential µ𝐶 matched to the HOMO of the 

electrolyte and an anode with electrochemical potential µ𝐴 matched to the LUMO 

of the electrolyte.  

 A stable SEI layer which permits first Li-ion transfer along with self-healing 

property when broken due to the change in electrode material volume.  

Electrolytes 

Along with higher voltage window with higher Li-ion conductivity, the electrolyte should 

also satisfy some other requirements as follows: 
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 An electronic conductivity 𝜎𝐿𝑖 ≤ 10
−10S/cm 

 Electrode/electrolyte interface retention during charging-discharging while volume 

of the electrode materials are changing  

 Over the temperature range of battery operation, the Li-ion conductivity should be 

more than 10−4S/cm 

 A transference number 𝜎𝐿𝑖/𝜎𝑡𝑜𝑡𝑎𝑙 ≈ 1, where 𝜎𝑡𝑜𝑡𝑎𝑙 includes conductivities by 

other ions in the electrolyte as well as 𝜎𝐿𝑖 + 𝜎𝑒 

 Chemical stability at all temperature ranges and temperature in the battery under 

high power  

 Low cost and environmentally benign material 

 Non-flammable and non-explosive materials which are safe  

Figure 1.12 shows the chart for different non-aqueous electrolytes for LIBs with different 

properties.  

Electrode Materials 

As LIBs are of great importance for energy storage in many applications, improving their 

cost and performance can increase their applications and enable new technologies which depend 

on energy storage. Therefore, intense research is going on for the electrode materials of LIBs. 

Electrodes with higher rate capability, suitable electrochemical potential within the electrolyte 

voltage window, and higher charge capacity can improve the energy and power densities of LIBs 

and make them smaller and cheaper.  

Wholesale price for various metals and the abundance of elements as a fraction of the 

Earth’s crust are shown in Figure 1.13 and relative price differences among different elements can 

be understood from here. As electrodes are mostly fabricated from compounds not from pure metal 

ingots, relative price differences among different elements can be used to determine relatively 

cheaper compounds. Co is clearly much expensive than Mn, explaining the cost difference in the 

cathode materials made from these two metals. A limitation on the availability of the element can 



 22 

also be found from the abundance value of the elements. The theoretical specific and volumetric 

capacities of the elements which undergo conversion reaction with Li are shown in Figure 1.14. 

These two charts can be very useful to determine suitable abundant electrode material with high 

specific capacity.  

 

 

Figure 1.13: (a) Availability and (b) capacities of elements that may host Li as electrodes [63]. 
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Figure 1.14: Approximate range of average discharge potentials and specific capacity of some of 

the most common (a) intercalation-type cathodes (experimental), (b) conversion-

type cathodes (theoretical), (c) conversion type anodes (experimental), and (d) an 

overview of the average discharge potentials and specific capacities for all types of 

electrodes [63]. 

Figure 1.14 depicts average electrode potential against experimentally accessible (for 

anodes and intercalation cathodes) or theoretical (for conversion cathodes) capacity. It can be very 

much useful for evaluating various anode and cathode combinations and their theoretical cell 

voltage, capacity, and energy density. This chart is also suitable for selecting electrolytes, 

additives, and current collector for the electrode materials.  
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1.2.3 Literature Review and Motivation for Lithium-ion-battery Research 

Microwave Exfoliated Graphene Oxide/TiO2 Nanowire Hybrid for High Performance 

Lithium Ion Battery 

Developing high energy density energy storage device is one of most important research 

goals as energy storage is the probable key solution for the utilization of alternative energy and 

thus for the replacement of fossil fuels and traditional energy sources [39-42, 46-48].  Lithium-

ion-battery (LIB) is a potential candidate for energy storage application and LIB has wide range 

of applications due to its high energy density, light weight, and long cycle life [33, 39, 49, 50].  

The route towards innovating future LIB depends on either synthesizing novel electrode materials 

or formulating a unique electrolyte with higher voltage window.  Presently, graphite is widely used 

as anode materials for the commercial productions of LIBs but lithium storage capacity of graphite 

is limited.  The multilayer nature of graphite materials limits Li-ion diffusion, resulting in low 

charge-discharge rate performance for the battery [33, 39]. 

To improve the charge-discharge rate, extensive research has been done focusing on Li-

ion and/or electron transport in electrode.  Carbon based materials are broadly studied for LIB 

anode materials because of their desirable features, such as low cost, light weight, thermal and 

chemical stability [33, 39, 49, 51-54].  Ji et al. showed that porous carbon nanofibers have better 

reversible capacity and cycling performance than conventional graphite anode due to the porous 

structure that facilitates the ion transport [51].  Yang et al. showed that porous carbon structure is 

an excellent candidate for anode materials for high power density LIB [55].  In addition, various 

nanomaterials of metal oxides have been used as anode materials for LIB [39, 47, 52].  TiO2 

nanomaterials demonstrated its effectiveness as anode materials and this metal oxide is abundant 

in nature, low cost, and environmentally benign [39, 56-58].  Hybrid nanostructures electrodes 

which interconnect nanostructured electrode materials with conductive additive nanophases, is 

another way of improving Li-ion insertion properties [39, 50, 59].  For example, hybrid 

nanostructures, such as Mn3O4-graphene hybrids or LiFePO4-RuO2 nano-composite, combined 
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with conventional carbon additives (e.g., acetylene black), have demonstrated an increased Li-ion 

insertion/extraction capacity in hybrid electrodes at high charge/discharge rates [47, 60].  

Graphene, a single layer of graphite with perfect 2D crystal of sp2 hybridized carbon 

atoms, has been found to have extraordinary properties that could further enhance LIB 

performance.  It has high specific surface area (2600 m2/g) and can sustain at a current density up 

to six times that of copper  [33, 39, 47, 61, 62].  Therefore, graphene has been found as the ideal 

conductive additive for hybrid nanostructured electrode.  However, synthesizing graphene through 

chemical vapor deposition (CVD) method or thermal reduction of graphene oxide is expensive and 

time consuming, leading to high cost and limited scale application. 

A highly efficient and low cost synthesize method of fabricating a hybrid anode structure 

using microwave exfoliated graphene oxide (MEGO) and TiO2 nanowires is presented here.  The 

MEGO was obtained through microwave treatment of solution processed graphene oxide (GO).  

Later, a simple hydrothermal method was utilized to obtain TiO2 nanowires on exfoliated graphene 

oxide sheet.  This obtained microwave exfoliated graphene oxide/TiO2 nanowire (MEGO-TON) 

hybrid electrode material was compared with porous carbon (PC).  The MEGO-TON hybrid has 

shown higher reversible capacity and rate capacity than PC when used in LIB as anode material.  

This simple hybrid anode material synthesis method has the potential to be utilized for large-scale 

anode material production for LIBs. 

Porous carbon/CeO2 composites for Li-ion battery application 

The ever-increasing demand for portable electronic devices is the drive force behind the 

technological improvements in electrochemical energy storage devices such as batteries [25, 26] 

capacitors [27-29] and supercapacitors [30, 31]. These energy storage devices have a wide range 

of applications starting from wireless phones, laptops, camcorders to electric and hybrid electric 

vehicles. Although significant amount of research is focused on developing next generation 

passive sensors [32], batteries and capacitors are still the most widely used energy source for 

different sensors and sensor networks. Lithium-ion batteries are widely considered as the 
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technology of choice owing to its high energy density, lightweight and flexible design and longer 

lifespan. Although Li is the most electropositive metal [26] (-3.04V), Li metal batteries suffered 

from dendritic Li growth, which led to explosion hazards, and it was necessary to find an 

alternative solution. Use of carbonaceous material for anode and LixMO2 for cathode material 

solved the issue as Li is present as Li ion rather than the metal form [26, 33], however the specific 

capacity and specific energy is considerably lower than the Li metal batteries. Numerous 

investigations have been being carried out to address this issue. Porous carbon is considered one 

of the most promising materials for anode application as it has a high specific surface area (2000 

m2/g), which enables higher charge-discharge rate along with high charge capacity. It has been 

also demonstrated that use of metal oxides nanowires or nanoparticles can increase the reversible 

capacity and rate capacity of a Li-ion battery (LIB) [34]. Cerium oxide (CeO2) or Ceria is a rare 

earth oxide that has high oxygen storage capacity, high electrical conductivity and diffusivity and 

high thermal stability [35, 36]. It offers high potential as an anode material for LIB due to its fast 

transformation between Ce(III) and Ce(IV) oxalates which have relatively low decomposition 

temperature in air, good structural stability and are of low cost [34]. In this work, a facile one step 

hydrothermal method is used to synthesize Ceria nanoparticles on Porous Carbon for LIB 

electrodes and the performance is compared with bare porous carbon electrodes. 

Investigation of modified graphene for energy storage applications 

Electrochemical energy storage devices such as batteries and capacitors have been 

receiving great attention for electronic vehicles, cell phones and other mobile electronic devices 

as energy sources.  As a leading candidate among energy storage devices, lithium-ion-batteries 

(LIB) are in the highlighted area of research due to their lightweight and high specific energy [64].  

Therefore, there is an increasing demand of research for developing potential LIB electrode 

materials with fast Li-ion diffusion, high electron transportability and low resistance at the 

interface of electrode/electrolyte at high charge-discharge rates.  Commercially, graphite is being 

used as the anode material for LIB which interacts (intercalation/de-intercalation) with Li-ions 
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during the electrochemical process.  A graphite anode accepts sufficient Li-ions to form LiC6 

during charging as Li-ions intercalate into the anode material and during discharging Li-ions 

diffuse from the anode to the cathode.   The extent to which this is carried out determines the 

specific energy density for the cell, therefore, amount of Li-ion diffusion is important for cell 

performance [65].  The multilayer nature of graphite materials limits Li-ion diffusion resulting in 

low charge-discharge rate performance for the battery. 

Graphene, a single layer of graphite with perfect 2D crystal of sp2 hybridized carbon atoms, 

has been found to have extraordinary properties which can enhance LIB performance [66].  It has 

high specific surface area (2600 m2/g) and can sustain at a current density up to six times that of 

copper [67, 68].  It has also shown to have ballistic electron transportability with electron mobility 

as high as 15,000 cm2/(V. sec) and also has incredible mechanical and thermal properties [69-71].  

For having high specific surface area and excellent conductivity, graphene based anode materials 

give rooms to Li-ion in anode for better diffusion, thus obtain enhanced battery performance.  On 

contrary graphene sheets are prone to agglomeration due to van der walls forces which may form 

graphite again, thus hindering Li intercalation. Therefore, different metal oxides (Mn3O4, Fe2O3, 

Co3O4 etc.) had been grown on graphene sheets in the form of nanowires/nanoparticles to prevent 

agglomeration [72-75].   These grown nanoparticles enable graphene nanosheets of high 

conductive surface area leading to high electrode-electrolyte contact area and fast Li-ion diffusion 

rate.  Previously, synthesis methods such as electrophoretic deposition, sol-gel, template based 

method and hydrothermal growth have been developed for nanowire synthesis [6, 76, 77].  But in 

previous approaches nanoparticles were distributed randomly in graphene sheets which limit LIB 

performance.  

Herein, we report a facile two step hydrothermal method for growing uniformly distributed 

aligned ZnO nanowires (ZnO NWs) on graphene aerogel for LIB electrodes, compared with bare 

graphene electrode.  ZnO in various structures have shown high reversible capacity and rate 

capacity when used in LIB as anode materials [78].   Moreover, to our best knowledge, anode 

material with aligned ZnO NWs has not yet been reported.  A low temperature hydrothermal 
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method was used for growing these aligned nanowire arrays with open space which allows easy 

diffusion of Li-ions into the inner region of electrode, resulting in improved energy density and 

performance.  Also, since each nanowire is vertically grown on the substrate, it is directly contacted 

with the current collector substrate and each nanowire could participate in energy conversion 

process, resulting in significantly increased charge and discharge rates for LIB upon future 

investigation. 
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Chapter 2: Fabrication and Assembly 

One major portion of this research is the chemical synthesis route for the development of 

electrode materials.  This chapter will discuss on all chemical synthesis which were carried out for 

the preparation of electrode materials for both super-capacitors and Lithium-ion-batteries. Later, 

electrode fabrication procedure is also elaborately described.  At last, procedures for coin cell 

assembly for the both electrochemical devices are also discussed.  

 

2.1 Electrode Fabrication for Super-capacitor  

For electrode fabrication for the first worked described, at first electrode material was 

synthesized through chemical route.  Porous carbon from ACS Material, LLC and Ammonium 

Cerium Nitrate (NH4)2Ce(NO3)6(99.5%) from Arcos Organics were purchased for the chemical 

synthesis.  Later, a thermo-scientific tube furnace was employed for the heat treatment of the 

synthesized material in Argon environment.  At last, the prepared materials were mixed with 

binding materials and coated on aluminum foil for the final electrode.  

2.1.1 High-performance Porous Carbon/CeO2 Nanoparticles Hybrid Super-capacitors 

for Energy Storage 

Porous Carbon/ Cerium Oxide Nanoparticle (PC-CON) Hybrid Synthesis 

The PC/CON hybrid synthesis is a one-step hydrothermal method. At first 100mg of porous 

carbon (ACS Material, LLC) was dispersed in 200mL of deionized water (DI) water. Then 150mL 

of 0.02M Ammonium Cerium Nitrate (NH4)2Ce(NO3)6 was added to the solution and the solution 

was sonicated (Branson Sonifier 450) for 45 minutes.  The mixture was then separated by 

centrifugation. At this stage Ce(OH)4 was formed into the pores and on the surfaces of the porous 

carbon.  Then the product was mixed with 100mL 5M NaOH solution and transferred into a Teflon 

lined autoclave. After heating the mixture for 45 hours at 180° C, the solution was separated by 

centrifugation, washed with DI water for three times. Then the remnant was dried at 70° C. At last 
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the product was heated at 450° C in Argon for 2 hours [79, 80]. Figure 2.1 shows the schematic 

illustration of PC-CON synthesis. 

 

 

Figure 2.1: Schematic illustration of porous carbon/CeO2 nanoparticle synthesis. 

2.1.2 Nanowire Modified Carbon Fibers for Enhanced Electrical Energy Storage 

Carbon fiber/Zinc oxide nanowire hybrids Synthesis 

The ZnO nanowire growth is a two-step hydrothermal growth method including seeding 

and nanowire growth.  Briefly, ZnO nanoparticle seeds were first synthesized in an organic 

solution, and then the seeding process was performed to coat ZnO nanoparticles onto carbon fiber 

cloth.  The seeded carbon cloth was transferred to ZnO nanowire hydrothermal growth solution at 
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elevated temperature and atmospheric pressure.  After the nanowire growth, the nanowire/carbon 

fiber was rinsed extensively and dried in air for super-capacitor assembly.  

ZnO seed particles 

Carbon cloth (made of carbon fiber, diameter ~7 µm) of 50 mm X 30 mm was glued 

(Devcon, 5 minutes epoxy) on the edges.  Then carbon cloth was first cleaned in bath sonication 

(Branson, 2510).  Acetone, Deionized water (DI) and ethanol were used as cleaning solvent. 

Carbon cloth was placed in a beaker with cleaning solvent and bath sonication was performed for 

10 minutes using each solvent.  Then carbon cloth was dried at ambient temperature in open air. 

The clean carbon cloth was taken on a glass petri dish to soak in the nanoparticle solution for 10 

minutes and subsequently annealed on a hot plate at 150 °C for 10 minutes to enhance adhesion 

between the substrates and nanoparticles.  This soaking and annealing was repeated two more 

times to ensure the mass coating of ZnO nanoparticle all over the carbon fibers [54, 81]. 

ZnO nanowires 

After seeding, hydrothermal growth of ZnO nanowires was performed using a low 

temperature hydrothermal method detailed elsewhere 4.  Briefly, an aqueous solution of 25 mM 

zinc nitrate hexahydrate (Zn(NO3)2•6H2O, 99.9% purity, Sigma-Aldrich), 25 mM 

hexamethylenetetramine (HMTA) (C6H12N4, 99.9% purity, Sigma-Aldrich) and 5-7 

mMPolyethylenemine (PEI, Branched) were prepared at room temperature.  Carbon fiber cloth 

was immerged in growth solution when the temperature was at 85 °C.  The time duration of this 

growth was 2 hours for all the carbon fiber samples.  After the reaction had been completed, carbon 

fiber samples were taken out of the solution and rinsed with DI water and dried at 100 °C on a hot 

plate for 2 hours.  
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2.1.2 Electrode preparation 

High-performance Porous Carbon/CeO2 Nanoparticles Hybrid Super-capacitors for 

Energy Storage 

A two-electrode testing set up was prepared using coin cells (CR 2032) because it provides 

accurate measure for an electrode’s performance for electrochemical capacitors [82]. For making 

both PC and PC-CON electrodes, polyvinylidene fluoride (PVDF, MTI corp., purity ≥99.5%) was 

used as binding material.PVDF was dissolved in N-Methyl-2-pyrrolidone (NMP, MTI corp., 

purity ≥99.5%) at a 1:2.5 weight ratio by heating at 80 °C. Later, 80 wt% active material and10 

wt% activated carbon were dispersed in 10 wt% PVDF with excess NMP to prepare homogenous 

slurry using a homogenizer. Then, the slurry was coated on Aluminum foil (MTI Corp. , 15 µm 

thickness) and dried at 100 °C on a hot plate. Next, a precision disc cutter from MTI Corporation 

was used to cut anodes with 13 mm diameter, and the pieces were kept overnight in vacuum oven. 

Figure 2.2 shows the schematic view of electrode preparation. 

 

 

Figure 2.2: Two-electrode test cell configuration. 

 



 33 

2.2 Super-capacitor Assembly 

High-performance Porous Carbon/CeO2 Nanoparticles Hybrid Super-capacitors for 

Energy Storage 

All the electrodes were brought into an Argon filled glovebox (Unilab, MBraun) for the 

super-capacitor coin cell assembly. CR 2032 coin cell cases were purchased from MTI Corporation 

for the preparation of coin cell super-capacitor. A Hydraulic crimping machine from MTI Corp. 

was used for the coin cell assembly. For precision measurement of the electrolyte, a micro-pipette 

was used. Celgard 2500 (25 µm microporous monolayer membrane) with uniform pore structure 

was used as the separator. Oxygen and moisture level were kept less than 0.1 ppm inside the 

glovebox. 1M Tetraethylammonium Tetrafluoroborate (TEABF4) (Sigma Aldrich) in acetonitrile 

was prepared inside the glovebox for the electrolyte.  

 

 

Figure 2.3: Schematic view if coin cell assembly. 
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A very specific sequence is followed for the assembly of SC shown in figure 2.3. An 

electrode is placed on bottom case facing the active material up. 35 µl of electrolyte is added on 

electrode followed by two separators and in between them another 35 µl of electrolyte is added. 

After that another electrode facing downward is placed on the separator. The rest of the sequence 

is as follows: two spacers, spring and top case. Coin cells are sealed by applying 750 psi pressure 

with a crimping machine (MTI corp.). Excess electrolyte is wiped off after the crimping. 

Nanowire Modified Carbon Fibers for Enhanced Electrical Energy Storage 

A two electrode testing set up was prepared as shown in figure 1 because it provides most 

accurate measure for an electrode’s performance for electrochemical capacitors [83].  Both bare 

carbon fiber (CF) and ZnO NWs on carbon fiber samples were sputtered with gold (Au) for 120 

seconds to prepare four kinds of electrodes, i.e., a) carbon fiber (CF), b) carbon fiber coated with 

Au (CF-Au), c) ZnO nanowires on carbon fiber (ZnO-CF), and d) ZnO nanowires on carbon fiber 

coated with Au (ZnO-CF-Au).  A hand punch with 19mm diameter was used for preparing circular 

electrodes and copper tape was used as current collector.  An aqueous solution of 5.5 M KOH was 

prepared for electrolyte and Celgard 3501 was used as separator. 

 

 

Figure 2.4: Schematic view if coin cell assembly. 
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2.3 Electrode Fabrication for Lithium-ion-battery 

2.3.1 Microwave Exfoliated Graphene Oxide/TiO2 Nanowire Hybrid for High 

Performance Lithium Ion Battery 

Microwave Exfoliated Graphene Oxide/TiO2 Nanowire (MEGO-TON) Synthesis  

Synthesis of Graphene Oxide (GO) 

Improved Hummer’s method was utilized for the synthesis of GO [84]. A 9:1 mixture of 

concentrated H2SO4/H3PO4 (360:40 ml) (Fisher Scientific/EM Science, respectively) was added 

to a mixture of graphite flakes (3.0 g, 1wt. equiv.) (Alfa Aesar, natural, 10 mesh, 99.9%) and 

KMnO4 (18.0 g, 6 wt. equiv.) (Fisher Scientific).  The reaction was then heated to 50˚C in a water 

bath and stirred for 12 hrs.  The reaction was cooled to room temperature and poured onto ice and 

D.I. water mixture (~400 ml) with 30% H2O2 (3 ml).  The mixture was then thoroughly mixed and 

centrifuged to decant away supernatant.  The remaining solid material was then washed in 

succession with 200 ml of water, 200 ml of 30% HCl (diluted: 37.3% Assay, Fischer Scientific), 

and then several general washes with water to drive away any traces of sulfur.  The remaining 

solid material was vacuum dried overnight at 50˚C. 

Microwave Exfoliation of Graphene Oxide 

GO obtained from improved Hummer’s method were treated in a microwave oven (Haier, 

Model: MWMM0701TB) in ambient condition at 700 W for 1 min.  A large volume expansion of 

GO was observed.  Due to the microwave radiation the GO was exfoliated and became fluffy black 

powder which indicates reduction of the GO. 

Synthesis of TiO2 Nanowires on MEGO  

The TiO2 nanowires were synthesized following a simple hydrothermal method [85]. 

Microwave reduced graphene oxide (0.5 g) was transferred to a 250 mL Pyrex glass bottle and 

mixed with a 100 mL solution containing DI water and concentrated hydrochloric acid (HCl, 

37.3% Assay, Fischer Scientific) in a 1:1 volume ratio.  Subsequently, 5 mL of the titanium 

tetrachloride (99.0% purity, Sigma Aldrich) was added drop-wise to this solution.  The glass bottle 

was then placed inside and aluminum cylinder and transferred into an oven at 160 °C for 4 hours.  
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After that, the resulting materials were rinsed several times with DI water and dried at 90 °C for 

30 minutes. 

The as-prepared samples were characterized using powder X-ray diffraction (XRD, B8 

Discover, Bruker) and scanning electron microscopy (SEM, S-4800, Hitachi).  In the above 

reaction condition, the formation of TiO2 nanowires takes place as follows- 

 

TiCl4+H2O→ Ti (IV) complex  

 2Ti (IV) complex 
dehydration
→       TiO2  

 

Later, the obtained materials were heated at 450 °C for 2 hours in Argon environment for 

complete reduction of the MEGO. Schematic representation for the MEGO-TON hybrid synthesis 

is shown in Figure 2.5. 

 

 

Figure 2.5: Schematic view if coin cell assembly. 
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2.3.2 Porous carbon/CeO2 composites for Li-ion battery application 

Porous Carbon/ Cerium Oxide Nanoparticle (PC-CON) Hybrid Synthesis 

The PC/CON hybrid synthesis is a one-step hydrothermal method. At first 100mg of porous 

carbon (ACS Material, LLC) was dispersed in 200mL of deionized water (DI) water. Then 150mL 

of 0.02M Ammonium Cerium Nitrate (NH4)2Ce(NO3)6 was added to the solution and the solution 

was sonicated (Branson Sonifier 450) for 45 minutes.  The mixture was then separated by 

centrifugation. At this stage Ce(OH)4 was formed into the pores and on the surfaces of the porous 

carbon.  Then the product was mixed with 100mL 5M NaOH solution and transferred into a Teflon 

lined autoclave. After heating the mixture for 45 hours at 180° C, the solution was separated by 

centrifugation, washed with DI water for three times. Then the remnant was dried at 70° C. At last 

the product was heated at 450° C in Argon for 2 hours [79, 80]. Figure 2.1 shows the schematic 

illustration of PC-CON synthesis. 

 

 

Figure 2.6: Schematic illustration of porous carbon/CeO2 nanoparticle synthesis. 
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2.3.3 Investigation of modified graphene for energy storage applications 

Graphene/Zinc oxide nanowire hybrids Synthesis 

The The ZnO nanowire growth is a two-step hydrothermal growth method including 

seeding and nanowire growth.  Briefly, ZnO nanoparticle seeds were first synthesized in an organic 

solution, and then the seeding process was performed to coat ZnO nanoparticles onto graphene 

aerogel.  Those seeded graphene aerogels were transferred to ZnO nanowire hydrothermal growth 

solution at elevated temperature and atmosphere pressure.  After the nanowire growth, the 

nanowire/graphene aerogel were rinsed extensively and dried in air for LIB anode fabrication.   

ZnO seed particles 

A 12.5 mM zinc acetate (98.0% purity, Sigma Aldrich) dehydrate ethanol solution was 

prepared at 50 °C under vigorous stirring [54].  After completely dissolved, the solution was cooled 

down to room temperature and diluted to a concentration of 1.4 mM by adding extra ethanol.  20 

mM of sodium hydroxide (Acros) ethanol solution was prepared at 60 °C under vigorous stirring 

and cooled down to room temperature, additional ethanol was added in order to dilute to 5.7 mM.  

These two solutions were mixed at a volume ratio of 18:7 at a temperature of 55 °C for 30 minutes 

to form ZnO nanoparticle seeds. The reactions involved in formation ZnO seed particles are as 

follows: 

Zn2+ + 2 OH‾↔Zn(OH)2 

Zn(OH)2 + 2OH‾ ↔[Zn(OH)4]
2‾ 

[Zn(OH)4]
2‾ ↔ZnO2 + 2H2O 

ZnO2
2‾ + H2O ↔ ZnO + 2OH‾ 

ZnO + OH‾↔ZnOOH‾ 

ZnO nanowires 

The first step of the nanowire growth is seeding process.  GA was dipped in the seed 

solution for 5 minutes and subsequently annealed on a hot plate at 150 °C for 10 minutes to enhance 

adhesion between the GA and nanoparticles.  Hydrothermal growth of ZnO nanowires was 

performed using a low temperature hydrothermal method detailed elsewhere [4].  Briefly, an 
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aqueous solution of 25 mM zinc nitrate hexahydrate (Zn(NO3)2•6H2O, 99.9% purity, Sigma-

Aldrich), 25 mM hexamethylenetetramine (HMTA) (C6H12N4, 99.9% purity, Sigma-Aldrich) and 

5-7 mMPolyethylenemine (PEI, Branched) were prepared at room temperature.  GAs were 

immerged in growth solution when the temperature was at 85°C.  The time duration of this growth 

was 2 hours for all the GA samples.  After the reaction hadbeen completed, GA samples were 

taken out of the solution and rinsed with de-ionized water and dried at 100°C on a hot plate for 2 

hours. Chemical reactions involved in formation of ZnO nanowires are as follows: 

 

HMTA + 6H2O ↔ 4NH3 + 4HCHO 

NH3 + H2O ↔ NH4
+ + OH‾ 

Zn2+ + 2OH‾ ↔ Zn(OH)2 

Zn(OH)2 ↔ ZnO + H2O 

2.3.4 Electrode preparation for Lithium-ion-battery 

Microwave Exfoliated Graphene Oxide/TiO2 Nanowire Hybrid for High Performance 

Lithium Ion Battery 

For making anodes for both PC and MEGO-TON hybrid electrodes, Polyvinylidene 

Fluoride (PVDF, MTI corp., purity ≥99.5%) was used as binding material.  PVDF was dissolved 

in N-Methyl-2-pyrrolidone (NMP, MTI corp., purity ≥99.5%) at a 1:2.5 weight ratio by heating at 

80 °C.  Later 80 wt% active material and 10 wt% activated carbon were dispersed in 10 wt% PVDF 

with excess NPM to prepare homogenous slurry using a homogenizer.  Then the slurry was coated 

on Copper foil and dried at 100 °C on a hot plate.  Next, a precision disc cutter from MTI 

Corporation was used to cut anodes with 13 mm diameter.  Later the anodes were kept overnight 

in a vacuum oven.  The anode preparation view is schematically shown in Figure 2.7. 
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Figure 2.7: Schematic view of anode preparation. 

Porous carbon/CeO2 composites for Li-ion battery application 

For making anodes for both PC and PC-CON electrodes, Polyvinylidene Fluoride (PVDF, 

MTI corp., purity ≥99.5%) was used as binding material. PVDF was dissolved in N-Methyl-2-

pyrrolidone (NMP, MTI corp., purity ≥99.5%) at a 1:2.5 weight ratio by heating at 80 °C. Later 

80 wt% active material and10 wt% activated carbon were dispersed in 10 wt% PVDF with excess 

NPM to prepare homogenous slurry using a homogenizer. Then the slurry was coated on Copper 

foil and dried at 100 °C on a hot plate. Next, a precision disc cutter from MTI Corporation was 

used to cut anodes with 13 mm diameter. Later the anodes were kept overnight in vacuum oven. 

Investigation of modified graphene for energy storage applications 

For making both graphene and ZnO NWs coated graphene anodes, polyvinylidene fluoride 

(PVDF, MTI corp., purity ≥99.5%, Molecular Weight 600,000) was used as binding material. 

PVDF was dissolved in N-Methyl-2-pyrrolidone (NMP, MTI corp., purity ≥99.5%) at a 1:10 

weight ratio by heating at 80 °C. Slurry of 90 wt. % of graphene and 10 wt. % of PVDF was made 

by using PVDF-NMP solution. For ZnO NWs/graphene, 80: 20 wt. % ratios was used with PVDF. 

Excess NMP was used to ease the mixing of slurry. Both horn and bath sonication were used to 

make a homogeneous mixture. Slurry was casted on copper foil and subsequently dried over night 
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at 120 °C. Precision disc cutter from MTI Corporation was used to cut anodes with 12mm 

diameter. 

 

 

Figure 2.8: Schematic view of anode preparation. 

2.4 Lithium-ion-battery Assembly 

2.4.1 Microwave Exfoliated Graphene Oxide/TiO2 Nanowire Hybrid for High 

Performance Lithium Ion Battery 

All the electrodes were brought into an Argon filled glovebox (Unilab, MBraun) for the 

super-capacitor coin cell assembly. CR 2032 coin cell cases were purchased from MTI Corporation 

for the preparation of coin cell lithium-ion-battery. A Hydraulic crimping machine from MTI Corp. 

was used for the coin cell assembly. For precision measurement of the electrolyte, a micro-pipette 

was used. Celgard 2500 (25 µm microporous monolayer membrane) with uniform pore structure 

was used as the separator. Oxygen and moisture level were kept less than 0.1 ppm inside the 

glovebox.One molar LiPF6 in ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl 

carbonate (DEC) organic solvent at 1:1:1 volume ratio was used as electrolyte as received (MTI 

corp.). Metallic lithium foil was used as counter electrode. 
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A very specific sequence is followed for the assembly of LIBs as shown in Figure 2.9. An 

anode is placed on positive case facing the active material up. 35 µl of electrolyte is added on 

anode followed by two separators and in between them another 35 µl of electrolyte is added. After 

that a lithium foil is placed on the as the counter electrode. The rest of the sequence is as follows: 

two spacers, spring and top case. Coin cells are sealed by applying 750 psi pressure with a crimping 

machine (MTI corp.). Excess electrolyte is wiped off after the crimping. 

 

 

Figure 2.9: Schematic view of coin cell assembly. 

 

2.4.2 Porous carbon/CeO2 composites for Li-ion battery application 

Coin cells (CR 2032) were assembled using either PC anodes or PC-CON anodes inside 

an Argon filled glovebox (Unilab, MBraun). Oxygen and moisture level were kept less than 0.1 

ppm inside the glovebox. One molar LiPF6 in ethylene carbonate (EC), dimethyl carbonate 

(DMC), and diethyl carbonate (DEC) organic solvent at 1:1:1 volume ratio was used as electrolyte 

as received (MTI corp.). Celgard 2500 was used as the separator. 
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2.4.3  Investigation of modified graphene for energy storage applications  

All Coin cells (CR 2032) were assembled using either bare graphene anode orZnO NWs 

arrays/graphene anode. Each of the anodes was investigated against 12 mm diameter single side 

LiCoO2 coated on Al foil as cathode (MTI corp., 0.1 mm thickness). 1 M LiPF6 in ethylene 

carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC) organic solvent at 1:1:1 

volume ratio was used as electrolyte as received (MTI corp.). All the batteries were made inside 

of argon (Purity 99.999%) filled glove box (LABstar, MBraun) where oxygen and moisture 

content were kept less than 0.01 ppm. Cross sectional view for coin cell assembly is shown in 

Figure 2.10.  

 

 

Figure 2.10: Schematic view of coin cell assembly. 
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Chapter 3: Super-capacitor 

This chapter is intended to describe all the characterization procedures which were 

performed to determine the morphology, crystal information, and gravimetric analysis of the 

samples after the chemical synthesis. Scanning Electron Microscopy (SEM) and Transmission 

Electron Microscopy (TEM) were performed to see the morphology and acquire information 

regarding the particle sizes of the sample. X-ray Diffraction was also performed to determine the 

crystal structure of the sample. Later, Thermo-gravimetric Analysis (TGA) was also carried out to 

quantify the amount of nanoparticles were present within the sample.  

The next portion of this chapter discusses the principles of the electrochemical testing 

procedures. Three types of electrochemical techniques, i.e., Cyclic Voltammetry (CV), 

Galvanostatic Charge-discharge Testing, and Electrochemical impedance Spectroscopy (EIS) 

were utilized for this research for evaluating the super-capacitor performance. Later, all results 

from these testing are presented and discussed to for understanding the electrochemical kinetics of 

the super-capacitors.  

3.1 Characterization 

3.1.1 Scanning Electron Microscopy (SEM) 

High-performance Porous Carbon/CeO2 Nanoparticles Hybrid Super-capacitors for 

Energy Storage 

Hitachi S-4800 Scanning Electron Microscope used to characterize the samples. Figure 3.1 

is the SEM image for the PC-CON sample. The black surface belongs to the porous carbon and it 

is clearly visible from the image that white spheres are on the surface and nooks of the sample. 

The morphology of the porous carbon is clearer from Figure 3.3 (a) and figure 3.2 (b) shows that 

there was good amount of CeO2 coverage all through the samples. The particle size was 

determined out of the transmission electron microscopic (TEM) images.  
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Figure 3.1: SEM of PC-CON sample. 

Nanowire Modified Carbon Fibers for Enhanced Electrical Energy Storage 

The morphology of zinc oxide nanowires grown on carbon cloth was analyzed with 

scanning electron microscope as shown in Figure 3.2.  As indicated by the figure, ZnO nanowires 

were grown uniformly throughout the carbon fiber.  The nanowires had a length between 1 to 3.14 

µm and diameter between 40 to 110 nm.  No residue or flower was found.  
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Figure 3.2: SEM images, (a, b, and d) ZnO/Carbon Fiber, (c) Bare carbon fiber. 

3.1.2 Transmission Electron Microscopy (TEM) 

High-performance Porous Carbon/CeO2 Nanoparticles Hybrid Super-capacitors for 

Energy Storage 

A TEM was used to observe the particle size and lattice fringes in the sample through TEM 

and HRTEM images. The powder sample was mounted through a copper grid in the TEM. Figure 

3.3 (c) shows the TEM image for the CeO2 nanoparticles which had a diameter between 6 to 8 nm. 

Clear lattice fringes were observed in HRTEM image (Figure 3.3 (d)), which confirms the 

formation of crystalline particles formed in the hydrothermal reaction.  The lattice spacing of 0.31 

nm confirms that single crystal CeO2 was synthesized. 
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Figure 3.3: (a) SEM image of CeO2 nanoparticles on porous carbon, (b) morphology of porous 

carbon, (c-d) TEM & HRTEM images of CeO2 nanoparticles. 

3.1.3 X-ray Diffraction (XRD) for PC-CON 

High-performance Porous Carbon/CeO2 Nanoparticles Hybrid Super-capacitors for 

Energy Storage 

The crystal structures of the PC-CON hybrid before and after heat treatment were 

determined utilizing a Bruker D8 Discover XRD using Cu Kα radiation (Figure 3.4).  The 

precursor sample shows very weak crystal peaks, indicating more amorphous nature, whereas the 

sample after heat treatment exhibit XRD peaks that correspond to the (111), (200), (220), (311), 

and (222) planes of a cubic fluorite structure CeO2 (space group: Fm3m), which is in agreement 
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with the JCPDS file for CeO2 (JCPDS 34-0394).  It is shown that the reflection peaks become 

sharper and narrower after heat treatment, indicating that the crystal size increases, and the 

crystallinity of CeO2 becomes better defined.  The values of lattice parameters a calculated from 

the XRD spectra before and after heat treatment are 0.534 and 0.544 nm respectively. It is noted 

that the values of lattice parameter a for the sample before heat treatment is lower than the heat 

treated sample. Our results are in agreement with those of Leoni et al., who reported that the lattice 

parameter of nano-crystalline CeO2 powder changes as a function of temperature [86].  No extra 

peaks corresponding to any other secondary phases were observed. 

 

 

Figure 3.4: XRD results for PC-CON before and after heat treatment. 
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Nanowire Modified Carbon Fibers for Enhanced Electrical Energy Storage 

The XRD scanning result of the ZnO nanowires on carbon cloth is shown in Figure 3.5.  

The asterisk (*) marked peak represents carbon of rhombohedra crystal structure.  The scan result 

matched with the standard card JCPDS (01-075-0444) and has lattice parameters of a=2.29597, 

b=2.29597 and c=10.15404.  The rest of the peaks represent zinc oxide which matched with the 

standard card JCPDS (01-070-8070).  The lattice parameters for hexagonal zinc oxide are 

a=3.24890, b=3.24890 and c=5.20490.  No other peaks were found which indicates the sample has 

only zinc oxide and carbon.  

 

 

Figure 3.5: XRD result for ZnO NWs coated carbon cloth. Asterisk (*) peak is for carbon. The 

rest of the peaks belong to ZnO. 
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3.1.4 Thermogravimetric Analysis (TGA) 

High-performance Porous Carbon/CeO2 Nanoparticles Hybrid Super-capacitors for 

Energy Storage 

Another characterization performed on the materials was thermogravimetric analysis 

(TGA) to quantify the amount of CeO2 nanoparticles present in the PC-CON sample using TG 209 

F1 Iris. The ramp rate was 20º C/minute up to 1000º C in presence of oxygen and the temperature 

was kept at 1000º C for 30 minutes. The TGA profile presents a sharp weight loss at around 350º 

C and this sharp weight loss is accompanied by a heat release which can be observed in the 

temperature profile. Due to the presence of oxygen, all porous carbon started to oxidize at this 

point and during the hold time all porous carbon got oxidized leaving the CeO2 particles only. The 

amount for CeO2 particle calculated is around 44 wt % of the PC-CON composites.  

 

 

Figure 3.6: TGA of PC-CON sample. 
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3.1.5 X-ray Photoelectron Spectroscopy (XPS) 

High-performance Porous Carbon/CeO2 Nanoparticles Hybrid Super-capacitors for 

Energy Storage 

In order to determine the chemical composition and oxidation state of the electrode 

materials before and after the electrochemical testing, X-ray photoelectron spectroscopy (XPS) 

measurements were carried out in the region of 0-1200 eV.  The deconvoluted XPS spectra of the 

Ce 3d core electrons for the before and after testing electrodes are shown in Figure 3.7. For both 

spectra, the first four well resolved peaks in the range of 880-901 eV correspond to Ce 3d5/2, 

whereas the last two peaks in the range of 907-917 eV correspond to 3d3/2. Although, most of the 

Ce were in Ce+4 state, which was also confirmed by XRD analysis, the presence of Ce+3 is clearly 

revealed from the XPS spectra of the before and after testing electrode.  

 

\  

Figure 3.7: High resolution XPS spectrum of Ce 3d for before and after testing electrodes. 
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From XRD result, it was clear that CeO2 possesses a cubic fluorite structure (space group: 

Fm-3m). The Ce+4 cation are surrounded by O2- anions in the cubic crystal, each of which is 

coordinated to four Ce+4 cation. The shoulder satellite peak at ~884.4 eV and a tiny peak at ~902.2 

eV in the Ce 3d spectrum, corresponding to Ce+3 state, suggests the presence of oxygen vacancies 

in CeO2. The quantitative investigation revealed that the concentration of Ce+3 in the before testing 

sample was ~13.6% and found to be lower than the concentration of Ce+3 (~13%) in the case of 

after testing sample. From the electrochemical testing result, it was found that after several cycles 

of testing the specific capacitance drops a little, which can be attributed to the lower amount of 

oxygen vacancies in CeO2.  

 

\  

Figure 3.8: XPS Ce 3d spectra of before testing electrode. 
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The quantitative analysis for the concentration of Ce+3 in before and after testing samples 

has been done. As shown in Figure 3.8 and 3.9, high resolution XPS spectra of Ce3d core were 

deconvoluted by mean of Gaussian-Lorentzian shape fitting using XPS peak fit software. The Ce 

3d XPS spectra exhibit multiple states which arise from different Ce 4f level occupancies in the 

final state and can be marked according to the convention established by Burroughs et al. [87], 

where V and U refer to the 3d5/2 and 3d3/2 spin-orbital components.  

 

\  

Figure 3.9: XPS Ce 3d spectra of after testing electrode. 

The peaks lebelled as U, U’’, U’’’, V, V’’, and V’’’ are corresponding to the features of 

Ce4+, whereas; peaks referred to V’ and U’ are corresponding to Ce+3 was calculated by taking the 

ratio of the integrated peak areas corresponding to the Ce+3 to the total area under the whole Ce 3d 
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spectrum. Our estimate of Ce+3 concentrations in before and after testing samples was determined 

using the following equation [88]: 

 

𝐶𝑒+3 = 
𝐴𝑣𝑜 + 𝐴𝑣′+ 𝐴𝑢𝑜 + 𝐴𝑢′

𝐴𝑣𝑜 + 𝐴𝑣′+ 𝐴𝑢𝑜 + 𝐴𝑢′ + 𝐴𝑣 + 𝐴𝑣′′+ 𝐴𝑣′′′ + 𝐴𝑢+ 𝐴𝑢′′ + 𝐴𝑣′′′
 

where, A  denotes the area of the corresponding peaks marked as the subscript in the 

spectrum. The relatively higher concentration of Ce+3 suggests the higher oxygen vacancies in the 

samples.  

3.2 Testing and Discussion  

Three different techniques, i.e., cyclic voltammetry, galvanostatic charge-discharge testing 

and electrochemical impedance spectroscopy, were utilized for evaluating the electrochemical 

performance of the super-capacitor. A potentio galvanostat from EZ-stat was utilized for the first 

two techniques and a HP 4284A LCR meter at 1 Vrms with a parallel equivalent circuit setup which 

has a frequency range from 100 Hz to 1 MHz was used for the impedance data. The EZ-stat as 

shown in 3.10 has a testing software which has the capability to perform cyclic voltammetry and 

galvanostatic charge-discharge testing using different parameters.  

 

 

Figure 3.10: EZ-stat for electrochemical testing. 
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In order to determine the impedance and phase angle value the following LCR meter as 

shown in Figure 3.11 was used for the electrochemical impedance spectroscopy.  

 

 

Figure 3.11: LCR meter used for electrochemical impedance spectrocopy. 

3.2.1 Cyclic Voltammetry (CV) 

Due to the versatility of cyclic voltammetry, this testing technique is widely used for 

electrochemical measurement but most of the time it is laboratory cell evaluation. This is an 

accurate technique for lab scale which enables: 

 Pseudo-capacitive and qualitative studies 

 Understanding the kinetics by scanning a huge range of scan rate 

 Determination of voltage window 
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Figure 3.12: Cyclic voltammetry of an EDLC super-capacitor [21]. 

A linear voltage ramp is applied to an electrode between two voltage limits and the 

resulting current is measured. The applied voltage is as follows: 

𝑉 (𝑡) = 𝑉0 + 𝑣𝑡 for 𝑉 ≤ 𝑉1 

𝑉 (𝑡) = 𝑉0 − 𝑣𝑡 for 𝑉 ≥ 𝑉2 

where, 𝑣 us the scan rate (V s-1) and 𝑉1 and 𝑉2are the two voltage boundaries. A typical i-

V curve obtained from this CV technique for super-capacitor and Figure 3.12 shows the cyclic 

voltammetry obtained from an EDLC super-capacitor with organic electrolyte [21].  

High-performance Porous Carbon/CeO2 Nanoparticles Hybrid Super-capacitors for 

Energy Storage 

Thi After fabricating coin cell super-capacitor using porous carbon/CeO2 nanoparticle 

hybrid, cyclic voltammetry was performed to evaluate the electrochemical performance of the 

fabricated electrode. 0-2.2V was used as the voltage window and different scan rate was used for 

getting the CV curves. 

 

   



 57 

 

Figure 3.13: CV curves of PC and PC-CON at a scan rate of 50 mV/s. 

Figure 3.13 shows the CV curves of the two samples at a scan rate of 50 mV/s in the 

potential window of 0~2.2 V and the area under the CV curve for PC-CON sample is larger than 

the PC sample which suggests that the PC-CON sample has higher specific capacitance [89].  The 

peak current density of PC-CON electrode is ~6 times higher than the PC electrode, indicating PC 

electrode delivered negligible capacitance. The evidently observed quasi rectangular shape of the 

CV of PC-CON electrode indicates the existence of dual behavior of electric double layer and 

pseudo-capacitance nature of the electrode [90]. The absence of oxidation and reduction peaks in 

the PC-CON electrode suggests that the super-capacitor is charged and discharged at a pseudo 

constant rate over the complete voltammetric cycles [16, 91]. 

Similar CV curve was obtained for 100 mV/s scan rate. The area of each CV curve for each 

sample was increased and the curves distorted more from the rectangular nature. Figure 3.14 shows 

the CV curves at 100mV/s scan rate. 
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Figure 3.14: CV curves of PC and PC-CON at a scan rate of 100 mV/s. 

Figure 3.15 shows the CV curves of PC-CON electrode at different potential scan rates. At 

lower potential scan rates, PC-CON electrode showed almost perfectly rectangular shapes, 

representing an ideal capacitive behavior.  With increasing potential scan rate, the CV curves are 

significantly distorted due to the limited ion incorporation into the active material; only the outer 

surface or subsurface is utilized for charge storage [16]. 
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Figure 3.15: CV curves of PC-CON at different scan rates. 

Paragraphs The non-faradic reaction of CeO2may be due to the formation of double layer 

at the electrode/electrolyte interfaces during insertion/de-insertion of positive ions (TEA+) and the 

reaction is described by equation (1) as follows; 

(PC-CeO2) surface+ TEA++e+↔ (PC-CeO2-TEA+) surface          (1) 

Moreover, the observed faradic reaction process causes a slight deviation of rectangular 

shape in the CV curves for all potential scan rates due to the reversible reactions of Ce3+/Ce4+ 

associated with BF4
– anions. The equation for the possible reversible process can be explained as 

follows (2);  

CeO2 + BF4
–↔ CeOBF4 + e-                        (2) 

The PC-CON sample could provide faster transport of electron/ion and more pathways for 

these charge carriers, thus leading to rapid and reversible reactions as described by equation 1 and 

2 and therefore to ideal rectangular CV curves (particularly at low scan rates). Furthermore, the 

porous carbon acts as an efficient current collector. Thus, it can be implied that the porous carbon 

network may improve not only the conductivity of the hybrid but also the charge transfer rate of 
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the PC-CON electrodes due to enriched interface between CeO2 and porous carbon during 

hybridization. With such an orderly nano/micro hybrid structures, the CeO2 nanoparticle with 

porous carbon showed an outstanding capacitive behavior, while maintaining high capacitance at 

high cycling rates. 

 

 

Figure 3.16: Average specific capacitance of PC and PC-CON at different scan rates. 

Figure 3.16 compares the average specific capacitance of PC and PC-CON samples as a 

function of scan rates and the specific capacitance was calculated from the CV curves using the 

following equation [92]: 

𝐶𝑠 =  
1

𝑣𝑤∆𝑉
∫ 𝑖𝑉𝑑𝑉

𝑉𝑐

𝑉𝑎

 

 where, ΔV (V) is the applied potential window (Va to Vc), v (mV s-1) is the scan rate, and 

w (g) is the weight of the active material.In the scan rate range investigated, the PC-CON electrode 

yielded substantially higher specific capacitances than PC electrode. For example, the specific 

capacitance for the PC-CON electrode was 280 F/g at scan rate of 5 mV/s, which was more than 
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that of PC electrode (226 F/g at scan rate of 5 mV/s).  Compared to bare PC, the PC-CON electrode 

not only exhibits higher specific capacitance at high rates of between 20-200 mV/s, but also 

presents better rate capability. 

 

 

Figure 3.17: Cycling performance of PC and PC-CON electrodes at different scan rates. 

To evaluate the durability of the PC and PC-CON electrodes, cyclic voltammetry was 

carried out to characterize long term charge discharge at scan rate ranges 5-200 mV/s for 500 

cycles and the PC-CON electrode displayed remarkable electrochemical stability up to 500 cycles 

at each scan rate (Figure 3.17).  As previously mentioned, the specific capacitance decreases with 

the increase of potential scan rates due to limited ion incorporation into the active material. 

3.2.2 Galvanostatic Charge-discharge Testing 

This testing technique is different from cyclic voltammetry and in this case, constant 

current sweep is applied to the cell while the voltage is measured.  This technique is widely used 
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from laboratory to industry. Another name of this technique is chronopotentiometry and different 

parameters can be accessed throughout this technique such as 

 Resistance  

 Capacitance 

 Cyclability 

Following equation can describe the voltage variation during galvanostatic charge 

discharge testing:  

𝑉 (𝑡) = 𝑅𝑖 + 
𝑡

𝐶
𝑖 (𝑉) 

Voltage variation of a typical super-capacitor due to a constant current is represented in 

Figure 3.18. Capacitance is calculated from the discharge slope of the curve; for a pseudo-

capacitor, when the discharge slope is not linear, the capacitance is usually calculated by integrated 

the current over the discharge time [21].  

 

 

Figure 3.18: Galvanostatic charge discharge curve for a super-capacitor. Inset: zoom-in of the 

current inversion region [17]. 
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Following are the equations used for calculating specific capacitance for a super-capacitor 

using galvanostatic charge discharge curve: 

𝐶 =  𝐼 
𝜕𝑡

𝜕𝑉
 

𝐶 =  
𝐼 ∆𝑡

∆𝑉
 

where, I is the constant current, ∆𝑡 is the discharge time, and ∆𝑉 us the voltage window.  

Equivalent series resistance can be deducted from the voltage drop (𝑉𝑑𝑟𝑜𝑝) occurring over 

the current inversion (∆𝑡) using the following equation; it is illustrated in the inset of Figure 3.18:  

𝑅 = 
𝑉𝑑𝑟𝑜𝑝

∆ 𝐼
 (𝛺) 

When there is inversion or interruption of current, the voltage drop is directly linked to the 

resistance of the cell. The cyclability of a super-capacitor can also be determined repeating the 

capacitance and resistance measurement over cycling. 

High-performance Porous Carbon/CeO2 Nanoparticles Hybrid Super-capacitors for 

Energy Storage 

Figure 3.12 shows the charge-discharge curves for PC and PC-CON sample. As per the 

figure, the discharging time of PC-CON electrode was increased in comparison with PC electrode 

at both high and low current densities; indicating that the PC-CON hybrid provided higher charge 

capacity, which was consistent with CV curves. In addition, the voltage-time profile for the 

charging and discharging of PC-CON electrode was linear and symmetric, a sign of high 

Coulumbic efficiency and excellent reversibility. Conversely, the discharge profiles consist of two 

parts: a resistive component because of the sudden voltage drop representing the voltage change 

due to the equivalent series resistance (ESR) and a capacitive component related to the voltage 

change due to the change in energy within the capacitor.  It was shown from the figure that the 

PC-CON electrode displayed much lower ESR than the PC electrode at a constant current density 

which is further confirmed by electrochemical impedance spectroscopy (EIS), as shown in Figure 

3.19 and 3.20. 
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Figure 3.19: Galvanostatic charge/discharge curves of PC and PC-CON at a current density of 

0.5 A/g. 

Figure 3.20 shows the voltage-time profile of PC-CON electrode at different current 

densities of 0.5 and 1 A/g. As the current density increased, the discharging time becomes less. 

Nanowire Modified Carbon Fibers for Enhanced Electrical Energy Storage 

Six cycles of galvanostatic charging-discharging curves for all four samples at 56 μA are 

shown in figure 3.21 (e-h) within the potential window of 0-0.5 V.  Capacitance for the four fiber 

super-capacitors or nanowire hybrid fiber super-capacitors originates either at the electrolyte/fiber 

interface or electrolyte/nanowire interface which is indicated by the typical triangular nature of the 

curves.  The charging-discharging curves for all four samples showed very symmetric nature 

indicating good electrochemical capacitive property and high reversibility, consistent with earlier 

CV observation.  Specific capacitance for the super-capacitors can be calculated by the following 

equation  [93], 

Cs = 
4𝐼

𝑚

△𝑡

△𝑉
 (1) 
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whereI is the discharging current, t is the discharging time, V is the discharging voltage, 

and m is the mass of active material in the electrodes. 

 

 

Figure 3.20: Galvanostatic charge/discharge curves of PC-CON at different current densities. 

Specific capacitance for the samples was calculated from the discharge slope of the 

galvanostatic charge discharge curve [40].  Carbon fiber coated with Au (CF-Au) has a specific 

capacitance value of 2.35 F/g which is about 7% higher than that of bare carbon fiber (CF) (2.2 

F/g).  ZnO NWs on carbon fiber could provide more surface area for the pseudo-capacitance of 

the electrodes, therefore, provided 16% higher specific capacitance (2.55 F/g) than CF.  Highest 

specific capacitance value was obtained from ZnO NWs on carbon fiber coated with gold which 

showed about 65.9% higher value (3.65 F/g) than CF.  We also measured specific capacitance in 

flexible/twisted condition for all the samples but no apparent change was observed which confirms 

highly flexible nature of the electrodes.  To improve the value of the specific capacitance of the 
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electrochemical capacitor further optimization might be done, i.e., matching the pore sizes and ion 

size of the electrolyte, controlling the density of ZnO NWs.. 

 

 

Figure 3.21: Typical cyclic voltammograms of (a) CF (b) CF-Au (c) CF-ZnO (d) CF-ZnO-Au 

electrode super-capacitor &galvanostatic charge discharge curve at 56 μA within a 

voltage window of 0-0.5 V for (e) CF (f) CF-Au (g) CF-ZnO (h) CF-ZnO-Au 

electrode super-capacitor. 
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3.2.3 Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) was also conducted to understand the 

transport characteristics of the charge carriers within the electrode. This electrochemical technique 

can take measurements under steady-state conditions that allow acquisition time high enough to 

get accurate measurements and can be carried out by controlling either the current or the voltage 

which enables to measure either current or voltage. Figure xx shows the signal type used for EIS. 

Voltage (𝑉𝑠) is set at required point and a small amplitude of sinusoidal signal is overlaid and 

carried out at several frequencies (𝑓,𝐻𝑧), 𝜕𝑣, and 𝜕𝑖 are the amplitudes of the voltage and the 

current respectively. 

 

 

Figure 3.22: Stationary polarization curve (black bold line). A sinusoidal voltage is imposed over 

the steady state voltage and the resulting current is measured. A measurement is 

made at different frequency (𝑓 =
𝜔

2 𝜋
) [21]. 
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Stationary conditions (
𝜕𝑖

𝜕𝑡
→ 0) should be reached before launching the experiment ti get 

highly reliable measurements). While the signal is small, there exist a linear relation between the 

current and the voltage at each frequency pulsation: 

𝑉 = 𝑍𝑖 (𝑉) 

where, 𝑉 is the voltage, 𝑖 is the current, 𝑍 is the impedance.  

In complex notation, 𝑉 and 𝑖 can be expressed as: 

𝑉 (𝜔) = 𝛿𝑣 exp(𝑗𝜔𝑡)(𝑉) 

𝑖 (𝜔) = 𝛿𝑖 exp[𝑗 (𝜔𝑡 +  𝛷)](𝐴) 

Therefore, previous equation can be written as follows: 

𝑍 (𝜔) =  
𝛿𝑣

𝛿𝑖
exp(−𝑗𝛷)(𝛺) 

where, 𝑍 (𝜔) is the complex impedance and the impedance can also be expressed as 

𝑍 (𝜔) =  𝑍𝑅𝑒 +  𝑗 𝑍𝐼𝑚 (𝛺) 

with the impedance modulus as 

𝛷 = arctan( 𝑍𝐼𝑚/𝑍𝑅𝑒) 

where, 𝑍𝑅𝑒 and 𝑍𝐼𝑚 are the real and imaginary parts of 𝑍 (𝜔). 

A complex electrochemical system can be simplified using this technique. Equivalent 

circuit can be formed using this technique which helps to study electrochemical cell. Moreover, 

along with understanding the physical analysis and behavior of a system, EIS also brings clues to 

understand the reaction kinetics [21].     

The impedance spectra in Figure 3.23, which represents the EIS for PC-CON sample, 

exhibits an arc in the high frequency (up to 1 MHz) region and a sloped line in the low frequency 

(up to 20 Hz) region.  This EIS pattern can be fitted by an equivalent circuit shown in Figure 3.24.  

The equivalent circuit consists of bulk solution resistance Rs, the charge transfer resistance Rct, the 

Warburg resistance (W) related to the diffusion of ions and the constant phase element (CPE) to 

account for the double layer capacitance.  The semicircle pattern for the PC-CON sample confirms 

the existence of pseudo-capacitive interactions and the vertical shape at the low frequency region 
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indicates a pure capacitive behavior.  Moreover, Rs and Rct can be obtained from the Nyquist plot, 

where the semicircle intercepts the real axis at Rs and Rs+Rct, respectively.  The results clearly 

demonstrate that the CeO2 nanoparticles improve the conductivity of the electrode, facilitating the 

charge-transfer of the composites. 

 

 

Figure 3.23: Nyquist plot for PC-CON sample. 

 

Figure 3.24: PC-CON equivalent circuit of EIS. 
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The impedance spectra in Figure 3.25, which represents the EIS for PC sample, exhibits an 

arc shape throughout frequency region. For the porous carbon sample, both bulk solution resistance 

and charge transfer resistance values are higher than PC-CON sample. Comparing the two nyquist 

plot, it is clear that the CeO2 nanoparticles improve the conductivity of the electrode, facilitating 

the charge-transfer of the composites. 

 

 

Figure 3.25: Nyquist plot for PC-CON sample. 
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Chapter 4: Lithium Ion Battery 

This chapter is intended to describe all the characterization procedures which were 

performed to determine the morphology, crystal information, and gravimetric analysis of the 

samples after the chemical synthesis for the electrode materials of LIBs. Scanning Electron 

Microscopy (SEM) and Transmission Electron Microscopy (TEM) were performed to see the 

morphology and acquire information regarding the particle sizes of the sample. X-ray Diffraction 

was also performed to determine the crystal structure of the sample. Later, Fourier Transformation 

Infrared Spectroscopy (FTIR) was also carried out to know regarding the functional groups present 

in the sample.  

The next portion of this chapter discusses the principles of the electrochemical testing 

procedures. 8-channel battery analyzer from MTI Corp. was used for evaluating the LIB 

performance. Later, all results from these testing are presented and discussed to for understanding 

the electrochemical kinetics of the LIBs. 

4.1 Characterization 

4.1.1 Scanning Electron Microscopy (SEM) 

Microwave Exfoliated Graphene Oxide/TiO2 Nanowire Hybrid for High Performance 

Lithium Ion Battery 

Hitachi S-4800 Scanning Electron Microscope used to characterize the samples.  The 

surface morphology of the MEGO is shown in Figure 3(a) and the surface topography is curvy and 

rough, indicating high surface area of the MEGO.As indicated by Figure 3 (c) and (d), TiO2 

nanowires are uniformly grown on MEGO with an average diameter of 200 nm and length of 3μm.  

Because of the wavy nature of MEGO, TiO2 nanowires growth followed its surface topography, 

indicating the MEGO morphology was maintained after the nanowire growth. Figure 3(b) shows 

the morphology of the pristine PC (CAS No 7440-44-0) purchased from ACS Material. 
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Figure 4.1: SEM image of (a) MEGO, (b) PC, (c-d) MEGO-TON hybrid. 

Investigation of modified graphene for energy storage applications 

The surface morphology of GA and GA with ZnO nanowire is shown in Figure 4. Wrinkled 

topography of GA with high surface area can be understood from the low and high magnification 

images (Figure 4.2 (a-b)). The pore size of the thermally reduced virgin GA is approximately 5~20 

μm, as estimated from the images. Note that all of the GA samples shown in Figure 4 were freeze-

dried from GO aqueous solution with a concentration of 30 mg/mL. The single layer nature of the 

synthesized graphene was demonstrated previously thus will not be discussed here [94]. As 

indicated by Figure 4.2 (c) and (d), ZnO nanowires are grown uniformly throughout the GA with 

an average diameter of 30nm and length of 1 μm. Because of the wavy nature of GA, ZnO 

nanowires growth followed its surface topography, indicating the aerogel morphology was 



 73 

maintained after the nanowire growth.  This is also validated by the evidence that the shape and 

volume of GAs before and after nanowire growth did not change.  

 

 

Figure 4.2: SEM images (a-b) Graphene Aerogel, (c-d) Graphene Aerogel with ZnO nanowire. 

4.1.2 X-ray Diffraction (XRD) 

Microwave Exfoliated Graphene Oxide/TiO2 Nanowire Hybrid for High Performance 

Lithium Ion Battery 

XRD analysis on the MEGO-TON hybrid utilizing a XRD (B8 Discover, Bruker) is shown 

in Figure 4. All the peaks matched with the standard diffraction data of rutile TiO2 (PDF file #01-

086-0147, P42/mnm, a = b = 4.594Å and c = 2.958 Å). XRD patterns exhibited strong diffraction 
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peaks at 27°, 36° and 55° indicating TiO2 in the rutile phase. No extra peaks corresponding to any 

other secondary phases were observed [85]. 

 

 

Figure 4.3: XRD result for MEGO-TON hybrid. 

Investigation of modified graphene for energy storage applications 

XRD patterns were obtained to confirm the crystal structures of GA and nanowires. After 

the freeze drying process, graphene oxide contains water molecules along with some surface 

functional groups (-OH, -COOH etc.) [95]. During reduction of graphene oxide, it loses water 

molecules upon heating to 200 ˚C and gets fully rid of the functional group by heating up to 

1000˚C. As graphene has 2D crystal structure, there should not be any XRD peak for graphene. 

However, during the freeze drying and thermal reduction process, the exfoliated GO sheets are 
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thermodynamically instable; they tend to stack with each other for a more stable state.  The peak 

of GA at around 23 degrees showed the evidence of this stacking phenomenon. 

Unlike the thermally reduced graphene sample reported elsewhere, the 2-theta peak of 

graphene typically has value of 26 degree; the 2-theta peak of the GA studied here is around 22 

degrees, indicating a large space in between the sheets.  This is because the graphene is synthesized 

from freeze-drying, where the morphology and spacing between graphene sheets are maintained 

after thermal reducing.  Typically, graphene is reduced from graphene oxide power, where the 

graphene is free to stacking back to each other after the water vapor and surface functional groups 

are removed.  The enhanced spacing between graphene sheets could benefit the lithium ion 

diffusion, leading to better charge and discharge capability in LIB.  Note the GA/ZnO also showed 

peaks belong to, all peaks match the standard card of these materials and no peaks from impurity 

phase were shown. 

4.1.3 Fourier Transformation Infrared Spectroscopy (FTIR) 

Fourier transform infrared (FTIR) spectra were obtained by using a Perkin-Elmer, 

Spectrum 100, Universal ATR Sampling Accessory with the range of 650−3650 cm-1 in 

transmittance mode.Figure 5 shows the neat FTIR spectra of GO and MEGO.The FTIR of GO 

shows the presence of C=O stretching at 1728 cm-1, graphenesheet aromatic C=C stretching at 

1622 cm-1, broad O–H stretching at 3400 cm-1, C-OH bending at 1368 cm-1, C-O stretching at 

1045cm-1, and C–OH stretching at 1222 cm-1. The FTIR spectrum of GO revealed the presence of 

oxygen containing functional groups in it such as –COOH, –OH, epoxide and alcoxide. 

On the other hand, the FTIR spectrum of MEGO shows the presence of C=O stretching at 

1734cm-1, graphene sheet aromatic C=C stretching at 1628 cm-1   which may have overlapped with 

other absorptions leading toa slightlybroader absorption centered at 1576 cm-1. Moreover, the 

presence of absorption band ranging from 950 to 1350cm-1 is due to the presence of epoxy and 

alcoxy groups in the MEGO. Usually, the epoxy and alcoxy stretching absorption (C–O) are seen 

at 1288 and 1076 cm−1 respectively. All of these absorption bands of PRGO IR spectra indicate 
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the presence of very low amount of oxygen containing functional groups in it compared to the GO 

sample. The absence of O-H stretching  3400cm-1, C-OH bending at 1368 cm-1, C-O stretching at 

1045cm-1 and C–OH stretching at 1222 cm-1all indicates that the MEGO contains no or very low 

–COOH and –OH functional groups [96]. 

 

 

Figure 4.4: FTIR spectra of GO and MEGO. 
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4.2 Testing and Discussion  

A eight-channel battery analyzer from MTI Corp. was used to analyze small coin cell from 

6.0 mA to 3000 mA, up to 5V. Cylindrical cells can also be analyzed using this testing facility. 

Each channel of the analyzer has independent constant-current and constant-voltage source, which 

can be programmed and controlled by computer software. This system provides most applications 

in battery testing fields such as electrode materials research, battery performance test, small-scale 

battery formation, capability grading, battery pack testing. 

   

 

 

Figure 4.5: MTI 8-channel battery analyzer. 

4.2.1 Microwave Exfoliated Graphene Oxide/TiO2 Nanowire Hybrid for High 

Performance Lithium Ion Battery 

To evaluate the electrochemical performance of the electrodes, we investigated the Li-ion 

insertion/extraction properties in PC and MEGO-TiO2 hybrid materials using MTI eight-channel 
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battery analyzer. Figure 4.5 (a) shows the galvanostatic charge-discharge curves for PC electrode 

within the voltage window 0.01 to 2 V in the 1st, 2nd, 25th, and 40th cycles; Figure 4.5 (b) shows 

the similar curves for MEGO-TiO2 hybrid electrode within the same voltage window in the 1st, 

2nd, 25th, and 40th cycles.  The current density for both electrodes was maintained at 100mA/g, 

200mA/g, 300mA/g, and 500 mA/g respectively for 40 cycles. The current density was shifted for 

every 5 cycles.  Note that no obvious voltage plateau was observed for both cases.  The 

significantly high value of capacity in the first discharge is caused largely by the decomposition 

of the non-aqueous electrolyte and the formation of solid electrolyte interface (SEI) layer on the 

electro-active materials.  This would also likely to protect the electrodes partly and improve the 

stability of cyclic performance [97, 98].  Figure 4.5 (c) shows the cyclic performance for PC and 

MEGO-TON hybrid electrode.  As mentioned before, the cycling stability of PC and MEGO-TON 

hybrid electrodes were measured at varied current density within the range of 100-500 mA/g for 

40 cycles.  For both sample, the specific capacity decreased with the increase of current density.  

With the increase in cycle numbers lithium storage performance of PC electrode drops.  After 11th 

cycle, specific capacity for PC anode was 78 mAh/g then reduced to 72 mAh/g after 35th cycle at 

the same current density (300 mA/g).  On the contrary, the specific capacity of MEGO-TON anode 

was 109 mAh/g then became 111 mAh/g after 35th cycle at similar current density. For the first 20 

cycles at current density 100, 200, 300, and 500 mAh/g the specific capacity of MEGO-TON 

sample was respectively 38%, 38%, 39%, and 56% higher than PC anode. For the next 20 cycles, 

the specific capacity for MEGO-TON sample was respectively 17%, 40%, 55%, and 80% higher 

than PC sample at similar order of current density. Note that, with the percentage increment of 

specific capacity for MEGO-TON sample becomes more at higher current density.  This increment 

is due to the TiO2 nanowires, because all other testing parameters for both batteries are same and 

same testing parameter is used. It can be explained that charge-discharge cycles create more space 

to facilitate Li-ion diffusion, augmenting the specific capacity for MEGO-TON anode as the cycle 

number increases. Lower capacity in the beginning resulted from the incomplete reaction and 

irreversible lithium loss due to the formation of solid electrolyte interface. 
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Figure 4.6: Measurements of capacity and rate capability, (a) charge/discharge curve for PC 

electrode, (b) charge/discharge curve for MEGO-TON hybrid electrode, (c) 

comparison of specific capacity of the two anode materials as a function of cycle 

number: PC and MEGO-TON anode were cycled at 100mA/g, 200mA/g, 300mA/g, 

and500 mA/gcurrent density respectively for 40 cycles. 

Previously, it was shown that graphene electrode has lower performance than 

graphene/metal oxide nanowire hybrid electrode because metal oxide nanowires prevent the 

graphene sheets from agglomerating, preserving high surface area which is favorable for Li-ion 

storage [5].  Though the PC’s porous structure helps for high rate performance by facilitating ion 

transport, it can be anticipated from the electrochemical results of MEGO-TON hybrid sample that 

the TiO2 nanowires provide better elastic buffer space for Li-ion during 

intercalation/deintercalation, which prevents cracking or crumbling of the electrodes retaining the 
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original properties. Moreover, graphene has high electrical conductivity which benefits the 

MEGO-TON hybrid electrode in achieving low resistance and electronic/ionic conductivity, 

therefore leading to a higher specific capacity.  Finally, MEGO-TON hybrid electrode provides 

large electrode/electrolyte contact area and short path length for Li-ion diffusion with good 

stability, thus further facilitatesthe Li-ion transport. All above-mentioned reasons are expected to 

be responsible for the improved anodes with excellent energy storage capacity, cycling stability, 

and Coulombic efficiency. 

4.2.2 Porous carbon/CeO2 composites for Li-ion battery application 

To evaluate the electrochemical performance of the anodes an eight-channel battery 

analyzer form MTI Corporation was used. Figure 4.6 (a) and (b) shows the galvanostatic charge-

discharge curves for PC and PC/CON anodes respectively at the voltage window between 0.01 to 

2 V in the 1st, 2nd, 10th and 30th cycles. The significantly high value of capacity in the first 

discharge is caused largely by the decomposition of the non-aqueous electrolyte and the formation 

of solid electrolyte interface (SEI) layer on the electroactive materials [97]. This is also would 

likely to protect the electrodes partly and improve the stability of cyclic performance [97, 99]. The 

current density used for the PC electrodes is 100 mA/g while for PC/CON electrode it was varied 

from 100mA/g, 200 mA/g, 300 mA/g and 500mA/g in a cyclic manner. It can be seen that while 

the electrode with only PC shows a capacity of 64 mAh/g at the 30th cycle, the PC/CON electrode 

retained capacity around 100 mAh/g after that cycle. Fig. 18 (c) compares the specific capacity of 

the PC and PC/CON electrodes as a function of cycle number from 2nd cycle to the 40th cycle at 

different current densities. The capacity of PC electrode decreased from 164 mAh/g to 77 mAh/g 

while PC/CON showed a higher capacity of 195 mAh/g in the 2nd cycle and it went down to 146 

mAh/g and then successively to 90 mAh/g with further increase in current densities. However, 

when the current density was returned to the 100 mA/g the electrode recovered to 113 mAh/g 

capacity. After the 40th cycle, PC/CON electrode showed significantly higher capacity (104 
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mAh/g) over the PC electrode (77 mAh/g) although it was measured at five times higher current 

density (500 mA/g). 

 

 

Figure 4.7: Measurements of capacity and rate capability, (a) charge/discharge curve for PC 

anode, (b) charge/discharge curve for PC-CON anode, (c) comparison of specific 

capacity of the two anode materials as a function of cycle number: PC anode was 

cycled at 100 for 40 cycles; PC-CON was varied among 100mA/g, 200mA/g, 

300mA/g and 500mA/g consecutively after every 5 cycles (d) cycling performance 

of PC anode at 100mA/g for 40 cycles (e) specific capacity of PC CON at 

100mA/g, 200mA/g, 300mA/g and 500mA/g consecutively after every 5 cycles. 

4.2.3 Investigation of modified graphene for energy storage applications  

Two types of LIBs were prepared with GA and GA with ZnO nanowires as working 

electrode respectively. To evaluate the electrochemical performance of the anodes, an 8 channel 

battery analyzer from MTI Corporation was used. Figure 4.7 shows galvanostatic charge discharge 

curves for the two kinds of working electrode and cycle performance comparison between the two 

kinds of anodes. For both cases LiCoO2 cathode was used as counter electrode. Figure 4.7 (a) and 

(b) show galvanostatic charge-discharge curves for GA and GA with ZnO nanowire anodes 
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respectively at current density 100 mA/g and voltage window between 0.01 to 3.7 volts in the 1st, 

5th, 10th and 20th cycles. Note that no obvious voltage plateau was observed for both cases.  The 1st 

charge capacity of graphene anode (690 mAh/g) is way higher than that of GA/ZnO NW anode 

(249 mAh/g) and same trend was found in discharge capacity. With the increase of cycle numbers 

lithium storage performance of GA anode drops. Coulombic efficiency of GA/ZnO NW electrode 

was always found above 98% and its lithium storage performance increased with the increase of 

cycles. The 20th discharge-charge capacities are 245 and 240 mAh/g for GA, 298 and 295 mAh/g 

for GA/ZnO NW electrode. The GA anode loses its reversibility where the GA/ZnO NW anode 

gains reversibility with cycle numbers. More importantly, the GA/ZnO NW anode exhibits a much 

better cycling performance than the GA anode (Figure 4.7c). It can be seen that the reversible 

capacity of GA decreases from 690 to 245 mAh/g up to 20 cycles. On the contrary, capacity of 

GA/ZnO NW electrode was around 249 mAh/g after 1st cycle which slightly falls after that and 

then it gradually increases and goes above the GA anode’s capacity with time. Obviously, this is 

due to the ZnO nanowires since all other assembling parameters for both the batteries were same 

and same testing parameter is used. It can be explained this way that charge discharge cycles create 

more space for better Li-ion diffusion augmenting the specific capacitance in GA/ZnO NW as the 

cycle number increases. Therefore, there is an excellent synergistic effect between ZnO nanowires 

and graphene aerogel in the anode which becomes more acute with cycles and performs a vital 

play in the excellent cycling performance of GA/ZnO NW anode. Lower capacity in the beginning 

was resulted from the incomplete reaction and irreversible lithium loss because of the formation 

of solid electrolyte interface (SEI) layer. 
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Figure 4.8: Measurements of capacity and rate capability. (a) charge/discharge curve for GA 

anodes (b) charge/discharge curve for GA with ZnO nanowires anode (c) 

comparison of specific capacity of the two anode materials as a function of cycle 

number. 

The obtained result indicates that aligned ZnO nanowires on graphene aerogel provide 

better properties, i.e., capacity, Coulombic efficiency, rate capability and cycling stability for LIB 

than GA. Reasons for the improved performance of the developed GA/ZnO NW anode material 

can be a few. Firstly, aligned nanowires between graphene sheets prevent the graphene sheets from 

agglomerating, preserving high surface area which is favorable for Li-ion storage. Secondly, 

graphene has good electrical conductivity which benefits the anode in achieving low resistance 

and electronic/ionic conductivity, therefore leading to a higher specific capacity [9, 100]. Thirdly, 

GA/ZnO nanowires provide elastic buffer space for Li-ion during intercalation/de-intercalation 

which prevents cracking or crumbling of the anodes retaining the original properties. Finally, 
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GA/ZnO NW anode provides large electrode/electrolyte contact area and short path length for Li-

ion diffusion with good stability, thus maximize the Li-ion transport. The above mentioned reasons 

are expected to be responsible for the improved anodes with excellent energy storage capacity, 

cycling stability and Coulombic efficiency. 
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Chapter 5: Conclusion 

This chapter summarizes all the works on the electrochemical devices, i.e. super-capacitors 

and lithium ion batteries. It states the present research problem for the development of electrode 

devices for these devices and solutions stated in this research. The characterization and testing 

techniques are also mentioned in this section. At last, the research outcome was stated.  

The following content in this chapter contains material from published journal articles 

made with the help of the author in collaboration with his colleges. The following articles are: 

Investigation of modified graphene for energy storage applications [5], Nanowire modified carbon 

fibers for enhanced electrical energy storage[17], High-performance porous carbon/CeO2 

nanoparticles hybrid super-capacitors for energy storage [101], Porous carbon/CeO2 composites 

for Li-ion battery application [7], and Microwave Exfoliated Graphene Oxide/TiO2 Nanowire 

Hybrid for High Performance Lithium Ion Battery[102].   

 

5.1 Super-capacitor 

5.1.1 High-performance Porous Carbon/CeO2 Nanoparticles Hybrid Super-capacitors 

for Energy Storage 

Energy storage/harvesting research is indispensable in today’s research world which faces 

challenges such as environmental problems and the depletion of fossil fuels.  Thus there is a need 

for better energy systems with enhanced performance from current available technology. Super 

capacitors which use hybrid carbon-metal oxide electrodes may provide a solution which results 

in enhanced energy and power density, cyclic stability and life. Here, a method has been presented 

which uses a simple one-step low temperature hydrothermal process to fabricate PC-CON 

electrodes. This hybrid electrode combination allows for the hybridization of the best attributes of 

each singular electrode material. SEM, TEM and HRTEM images confirmed the formation of 

crystalline nanoparticles in the hydrothermal reaction.  Only porous carbon and CeO2 were found 

in the XRD analysis.  Based on the electrochemical results, it seems that PC-CON hybrid 
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electrodes have promising future for electrochemical energy storage with up to 500% of specific 

capacitance enhancement.  This simple method can be utilized for making high performance super-

capacitor for next generation aerospace, automobile and electronic applications. 

5.1.2 Nanowire Modified Carbon Fibers for Enhanced Electrical Energy Storage 

Multifunctional structural energy storage devices are one of the key research interests of 

recent time to obtain load bearing and energy storage capability in one structure.  It has been 

demonstrated nanowire carbon fiber hybrid could provide better mechanical strength than bare 

carbon fiber for composites.  In this pilot research project, we have incorporated the same nanowire 

hybrid carbon fiber for electrode materials to examine its electrochemical properties for potential 

structural energy applications.  A low temperature hydrothermal method has been utilized to 

synthesize ZnO nanowires on carbon fiber cloth and sputtered for high performance super-

capacitor electrode. SEM images demonstrated good coverage of uniformly distributed nanowires 

all over carbon fiber cloth. XRD analysis result confirmed existence of carbon and ZnO only.  The 

growth of nanowires has a positive synergistic effect which helps pathways for better ion diffusion 

incrementing electrode-electrolyte contact area.  Based on the obtained result and previous report, 

it is obvious that ZnO NWs on carbon fiber has a promising future for structural energy storage 

with appropriate solid electrolyte.  This simple method can be utilized for making high 

performance structural super-capacitor for next generation aerospace, automobile and electronic 

application. 

5.2 Lithium Ion Battery 

5.2.1 Microwave Exfoliated Graphene Oxide/TiO2 Nanowire Hybrid for High 

Performance Lithium Ion Battery 

Energy storage devices, i.e., battery and super-capacitors, are the bases for green energy 

solutions. A simple method of graphene oxide exfoliation was utilized through microwave 

radiation and a low-temperature hydrothermal method was employed to synthesize MEGO-TON 

hybrid material for high performance LIB electrode. SEM image demonstrated that the porous 
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structure was obtained after microwave treatment and nanowires are uniformly distributed on the 

exfoliated graphene oxide surface after thermal reduction. Highest 80% improvement of specific 

capacity was found from MEGO-TON hybrid electrode compared to the as purchased PC electrode 

material in terms of capacitance and cycle stability. The growth of nanowires has a positive 

synergistic effect that prevents graphene agglomeration and provides pathways for Li-ion 

insertion/extraction increasing electrode-electrolyte contact area.  This simple method can be 

utilized in a larger scalefor high-performance LIBs. 

5.2.2 Porous carbon/CeO2 composites for Li-ion battery application 

In summary, a single step hydrothermal synthesis technique was utilized to synthesize 

Ceria nanoparticles on porous carbon to develop a high performance LIB anode material.  The 

growth and presence of Ceria was confirmed using SEM, XRD and TEM.  Electrodes with bare 

PC and PC/CON was prepared and tested using a battery analyzer.  The PC/CON electrode showed 

significantly higher specific capacity and better capacity retention up to forty cycles.  The 

investigation shows the potential of using metal oxide nanoparticles on carbonaceous materials as 

an intriguing way of improving the performance of Li ion batteries. 

5.2.3 Investigation of modified graphene for energy storage applications 

In summary, energy storage devices such as battery and super capacitor are receiving 

increasing attention due to their high specific energy density and fast charge and discharge 

capability. A low temperature hydrothermal method has been utilized to synthesize GA/ZnO NW 

for high performance LIB anode while graphene aerogel was synthesized by freeze drying method. 

SEM image demonstrated that the porous structure was maintained after thermal reduction and 

nanowires are uniformly distributed on the aerogel surface.  XRD analysis showed that the spacing 

between the graphene sheets is higher than reduced graphene powder due to the morphology of 

the aerogel. Excellent performance was found from GA/ZnO NW anode compared to GA anode 

in terms of capacitance and cycle stability. The growth of nanowires has a positive synergistic 

effect which prevents graphene agglomeration and provides pathways for better Li-ion diffusion 
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incrementing electrode-electrolyte contact area. This simple method can be utilized commercially 

for making high performance anodes for LIBs. 
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