
i 
 

Nanostructured Materials for Application in Electrochemical Capacitors 

 

 

 

 

 

 

A Thesis 

Presented to the Faculty of the Graduate School 

of Cornell University  

In Partial Fulfillment of the Requirements for the Degree of  

Master’s of Science 

 

 

 

 

 

 

 

By  

Kenville Hendrickson 

January 2014 

 

 

  



ii 
 

 

 

 

 

 

Copyright © 2014 

Kenville E. Hendrickson 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



iii 
 

Abstract 

 

Electrochemical capacitors (EC’s) are currently being investigated as primary energy 

storage devices due to their high power densities. Nanostructured materials with high surface 

area have gained significant attention in ECs where surface contributions play a significant role 

in the optimization of electrode performance. ECs are classified as electrochemical double layer 

capacitors (EDLC) and pseudocapacitors. Here we investigate the effect of surface area, 

morphology, and crystal size of various carbon substrates and metal oxide nanofibers on EC 

performance.  

To determine the performance in EDLC devices, the effects of morphology and pore size 

of various carbon systems are analyzed, which include at two types of carbon black powder 

samples, XC-72 and super-P, and three different graphene nanoribbons (GNR) samples. It is 

observed that, despite their relatively low surface area, GNRs exhibit a higher capacitance due to 

ease of dispersion compared with carbon black powder samples.  

Nickel oxide (NiO) nanofibers were synthesized through the electrospinning process to 

investigate the interplay between crystal morphology and pseudocapacitance performance. 

Electrospinning of aqueous polymer solution with high metal precursor loading, followed by 

thermal treatment produced highly crystalline metal oxide nanofibers. The nanofibers exhibited a 

tunable crystal size which increased with thermal treatment. The calcined NiO fibers thermally 

treated at 800C exhibited a high capacitance of 500 F/g.    

 Finally, composite electrodes are investigated by combining the GNR samples with the 

NiO fibers obtained from thermal treatment at 600°C and 800°C to study the synergy between 

the metal oxide and GNR matrix. The inclusion of GNR increased the capacitance from ~ 500 
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F/g to ~650 F/g. Our experiments also revealed that the aspect ratio of metal oxide nanofibers 

and their dispersion are crucial in enhancing the EC performance. NiO crystal nanowires with 

small aspect ratio performed better in unfunctionalized GNR samples, while those with larger 

aspect ratios performed better with functionalized GNR.  
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Chapter 1 

 

Introduction 

Nanomaterials  

Nanomaterials are of increasing interest due to their size-dependent properties in the sub-

micron region.  Often these materials are synthesized to optimize crystal size and surface area 

contributions [1]. High surface area-to-volume ratios of nanomaterials allow for the design of 

materials by utilizing reactive surface sites and electrostatic electrode/electrolyte interactions 

where surface contributions tend to dominate [2]. For reactive surface sites, the increased surface 

area contributes to increased performance since reactions are often limited to the surface of the 

material. Electrostatic electrode/electrolyte surface interactions operate through the separation of 

charge at the interface between the solid electrode surface and liquid electrolyte [3]. Controlling 

the size of the solid electrode material whose surface area is accessible to the liquid electrolytes 

provides for the closest contact distance for electrode/electrolyte interaction. By optimizing the 

surface area through controlled nanomaterials, the separation of charge at the solid electrode 

surface can be optimized in the electrochemical double layer. It has also been shown that the 

properties of nanomaterials can be tuned to control the size of the crystal domain within 

nanomaterials [4]. By increasing or decreasing the size of crystals within nanomaterials one can 

change the physical properties of such materials. This illustrates that through the use of 

nanostructures one can synthesize nanomaterials with tunable surface area and electrical 

conductivity properties. Here we aim to study the effect that crystal size and morphology of 

nanomaterials on the performance in energy storage devices. 

Nanomaterials cover a vast range of nanoscale designs and morphologies. Two prominent 

types of nanomaterials are nanoparticle and nanowire systems. Nanoparticles are nanomaterials 
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characterized by a spherical-like geometry. They are often described as high surface area 

materials due to their high surface area to volume ratio. Unfortunately, their small size tends to 

lead to particle aggregation, due to high surface energy and the high surface area to volume 

benefit can easily be lost [5].  To overcome this effect, surface functionalized groups are 

incorporated to increase the affinity to the solvent or the matrix. Alternatively, one can generate 

nanomaterials that are one-dimensional [6]. Surface functionalization of nanoparticles to increase 

the nanoparticle to solvent interaction decreases the effect of aggregation, but, the presence of 

those surface groups may also prevent or limit surface reaction. [7]. Therefore, to utilize the 

benefits obtained from nanomaterials, it is proposed to synthesize one-dimensional materials, 

which are less prone to aggregation.  

 

Electrochemical Deposition 

A common method to synthesis one dimensional metal or metal oxide nanowires is 

electrodeposition [8]. This method often utilizes a nano-porous template, such as an anodized 

aluminum oxide or glass membrane, used to fill the pores which create anisotropic multilayer 

nanowire arrays. The use of a nano-porous template in the electrodeposition process leads to the 

creation of nanotubes and nanorods of similar size. The size and location of these pores creates 

nanowires of similar size that are collected after the template is removed. The nanowires must 

then be removed to collect free standing nanowires. 

Nanowires produced from this method have many benefits. The nanowires synthesized 

have fixed control diameter, single crystalline material, and tunable crystal structure based on 

temperature and pressure. However, these processes also have two key disadvantages [9].  The 

process often occurs at small catalytic sites that, while successful in small scale processes, have 
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trouble with scalability to industrial applications. Furthermore, these processes tend to be fairly 

expensive. In addition, growing on a template dictates that the length or aspect ratios of the fibers 

are finite or low aspect ratio. This has lead to the need for a process that is easily scalable and 

relatively inexpensive. 

Electrospinning process to synthesize One Dimensional nanomaterials 

One way to overcome the disadvantages of the electrochemical deposition is to employ 

an electrospinning process to synthesize one-dimensional nanostructures [10]. The 

electrospinning process creates nanostructures or nanofibers by utilizing the complex viscoelastic 

properties of polymeric liquids. Electrospinning is an old process first invented in 1745 by Bose 

et al [11]. Despite its relatively long history, electrospinning was not readily utilized until the 

work of Reneker et al. in the early 1990s [12, 13]. Due to the elongation characteristics of the 

polymer, one can create fibers of varying diameter from the micron to submicron scale, by 

controlling the viscosity. Initially electrospinning was used for the synthesis of polymer 

nanowires such as polyethylene oxide and polyamide, but currently electrospun metal and metal 

oxide nanowires have experienced increased interest for nanomaterials synthesis. 

In the electrospinning process, a polymer or polymer/precursor solution is fed through a 

thin metallic spinneret where it is extracted to a collector under the force of a high electric field 

(1 ~ 5 kV/cm) between the spinneret tip and the electrically conductive collector. The electric 

field induces repulsive forces that, once overcome by the surface tension of the fluid, produce a 

linear jet that flows towards the collector. The jet then goes thorough a bending and whipping 

motion where the fibers begin to elongate and stretch further as the solvent evaporates. Finally, 

the nanofibers are collected on a collector as a randomly oriented mat, and utilized for 

characterization and chemical or thermal treatment. 
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Nanofibers produced through the electrospinning methods provide a clear set of 

advantages. The bending and whipping motion elongates the fibers to form semi-infinite length 

scales with incredibly high aspect ratios [14]. Furthermore, the electrospinning process can be 

synthesized through water-based processes that are environmentally benign and inexpensive 

[15]. Finally, it has been demonstrated that aqueous polymer solutions with high loading of metal 

precursors can be electrospun to tune the electrical conductivity and magnetic properties of the 

fibers as a function of crystal size [16].  

In this thesis the electrospinning process is used to generate metal oxide nanofibers of 

varying morphology for electrochemical capacitors (ECs). Currently ECs are designed with high 

surface area carbon nanotubes that have been shown to significantly increase the capacitance due 

to the higher surface area when compared to traditional carbon powders. We investigate the 

added benefits gained through the inclusion of nickel oxide nanofibers.  

Electrochemical Capacitors 

ECs play a significant role in energy storage devices because of their ability to provide 

incredibly high power density. Compared to batteries, ECs have much higher power density and 

long cycle times. This is a result of the slow Faradaic (redox) reactions and phase changes that 

occur in batteries that tend to cause structural damage over time. In contrast, ECs utilize the 

storage of surface charges. Since ECs function solely on the movement of surface charges they 

tend to occur much faster. However, ECs have been limited in their ability to become primary 

energy storage devices due to their low energy densities when compared to batteries (Figure 1.1). 



5 
 

 

Figure 1.1 Ragone plot for various energy storage devices. Reproduced from reference [17] 

 

Currently ECs are described as either electrochemical double layer capacitors (EDLC) or 

pseudocapacitors [18, 19].  EDLCs store energy as charge separation in the double layer formed 

at the interface between the solid electrode material and the electrolyte. This process is purely 

electrostatic and depends on the rapid adsorption and desorption of ions. In a typical EDLC, the 

cations of the electrolyte are attracted to the anode electrode due to electrochemical driving 

forces and the anions accumulate on the surface of the cathode due to the same charge process 

(Figure 1.2). The electrolyte ions approach the surface at a distance a little less than one 

nanometer to form the electrical double layer several nanometers thick. Charge separation occurs 
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through polarization at the electrode-electrolyte interface to produce the Helmholtz double layer 

capacitance C: 

  
     

 
       (1.1) 

Where    is the dielectric constant of the electrolyte,    is the dielectric constant of the 

vacuum,   is the effective thickness of the double layer (charge separation distance) and   is the 

electrode surface area. 

 

Figure 1.2 Schematic representation of electrochemical double layer interaction 

 

Pseudocapacitors, in addition to the charge storage in EDLC, often involve slower 

electrochemical oxidation reduction reactions which can store 10-100 times more charge than 

EDLC [20]. Pseudocapaticors are faradaic in nature with most of the charge transferred at the 

surface or in the bulk near the surface of the solid electrode material. Applying a positive 

potential to the electrode lowers the energy level of the electrons. At a low enough level, the 
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electrons in the electrolyte solution find a thermodynamically favorable energy state on the 

electrodes and transfer to that location. The current used to transfer electrons from the solution to 

electrode is an oxidative current. Conversely applying a negative potential increases the electron 

energy level. At high enough energy levels, electrons transfer from the electrode into vacant 

electronic states on species in the electrolyte. Here the flow of electrons from electrode to 

solution is a reductive current [21]. Redox reactions often involve the use of metal oxides where 

metal ions have multiple valence state. As a result, materials such as nickel oxide, manganese 

oxide, and ruthenium oxide are favored to optimize both redox and ELDC mechanism [22-25]. 

When a potential difference is created between the two electrodes, equal and opposite 

charge develops on the two electrodes. The amount of charge on each plate, Q, is related to the 

applied voltage by: 

           (1.2) 

The capacitance always varies as a function of charge. Therefore, the capacitance can be 

calculated from the current and slope from the discharge voltage curve: 

  
 

 
 

 

     
 

 

      
      (1.3) 

The capacitance can also be measured from cyclic voltammetry experiments. For an ideal 

capacitor, as the voltage is changed a constant current will be generated. The capacitance is then 

related to the current and the scan rate, , where the scan rate is in units of volts per time. 

  
 

 
 

 

     
 

 

 
      (1.4) 

Important parameters in EDLC devices 
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 Carbon is the most utilized material for electrode use in EDLC devices. They can be 

synthesized as powders, fibers, woven cloths and even porous sheets. The variety of methods 

available to synthesize carbon and the ability to produce materials with surface area as high as 

2000 m
2
/g makes it a promising candidate for current and future use. The abundant supply of 

carbon that currently exists, coupled with its low cost and good conductivity are important 

factors that are key to optimizing EDLC devices [26]. The varieties of ways in which carbon can 

be made include carbon black, active carbon, aerogels, and carbon nanotubes.  

Activated carbon garners a significant amount of attention because they are relatively 

inexpensive, have high surface area, and have controllable porosity. They can be prepared with 

surface areas over 2000 m
2
/g.  Furthermore, the porosity can be controlled during the activation 

process. Since double layer capacitance is directly proportional to surface area, one would expect 

these materials to yield characteristically high capacitance values. However, for various reasons 

the correlation between surface area and capacitance does not always translate linearly. In fact, 

double layer capacitance has been shown to vary based on the different preparations of carbons 

from varying methods of processing to precursor treatments [27]. This can be seen in Table 1.1 

shown below. Consequently, the variety of pores generated may not all be easily accessible to 

the electrolyte during the charging of the double layer. This is due to the surface area distribution 

of carbon, which consists of micropores (< 2 nm), mesopores (2 ~ 50 nm) and macropores (> 50 

nm) [28, 29].  
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Table 1.1 Capacitance of various carbon nanomaterial. Reproduced from [27]. 

 

 

 Small pores, micro- and mesopores, in the electrode play a significant role in optimizing 

the performance of ECs by improving the area available for charge storage in both EDLC and 

pseudocapacitors. In carbon based electrodes the specific capacitance normalized to specific 

surface area (SSA) does not significantly increase as the pore size increases (Figure 1.3 Zone III 

and IV) [17]. The added benefit of increased surface area is diminished as larger pores are 

created.  Huang et al. were able to study the effects of the mesopores by modeling the pores as 

cylinders to generate an equation for the specific capacitance [30] : 

    
    

    
 

   
 
      (1.5) 

where b is the pore radius and d is the distance of approach of the ion to the carbon surface.  

 In the micropore region, a significant increase in capacitance is observed (Figure 1.3 zone 

1). This is attributed to solvation of ions [31, 32]. The loss of the solvation shells allows for a 
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closer approach between the electrolyte and the electrode surface. This changes the specific 

capacitance to [30]: 

    
    

    
 

 
 
       (1.6) 

Where a is the effective size of the ion (desolvated). 

 

Figure 1.3 Specific capacitance normalized by SSA as a function of pore size. Reproduced from reference [17] 
 

Carbon aerogels have high surface area, high pore volume, and good electrical 

conductivity [33-35]. They are synthesized from the pyrolosis of organic aerogels.  Carbon 

aerogels have observed optimal capacitance performance when the pore size is between 3-13nm 

[27]. However aerogels are not favorable due to their high cost. 
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 Carbon nanotubes (CNTs) are of high interest due to their mesoprous nature, good 

electrical conductivity, chemical stability, high mechanical strength, and high surface area 

between 100-400 m
2
/g [36, 37]. Both single walled and multi-walled CNTs are viewed as 

excellent materials for EDLC devices [39, 40].  However, multi-walled carbon nanotubes 

(MWNTs) still suffer from low capacitance performance [37]. To improve the capacitance, 

chemical activation with KOH to increase the presence of micropores and the synthesis of 

MWNT composited with conducting polymers have been used. This has significantly increased 

the capacitance from ~70 F/g in MWNT to ~ 300 F/g for MWNT-oxides surface groups [38]. 

Important parameters in pseudocapacitive devices 

 In pseudocapacitors, the solid electrode/electrolyte interaction is based on reversible 

faradaic reactions. The charge transfer is voltage dependent. This means that the capacitance C : 

  
  

  
 

Pseudocapacitance is often a result of three kinds of electrochemical processes: surface 

adsorption of ions on electrode from electrolyte; reversible faradaic reactions involving ions 

from electrolyte; and doping and undoping of active conductive polymer electrode materials. 

Here we will focus on reversible faradaic reactions. 

The incorporation of two or more intermediates is required to achieve a large constant 

capacitance. This is often achieved in systems that have multiple oxidation states and is known 

as redox (faradaic) pseudocapacitance.  It has been shown that potential regions with multiple 

oxidation states have increased levels pseudocapacitance resulting in much higher capacitance 

values [site].  An ideal pseudocapacitor is conductive and has many oxidative states.  
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The most studied materials for redox pseudocapacitance are transitional metal oxides. 

Transition metal oxides are most suitable since they have multiple oxidation states and 

reasonable conductivity. Often studied metal oxides include     ,     , and    . 

Ruthenium oxide,     , is one of the most highly investigated metal oxides used for 

pseudocapacitance. In its crystalline form, it is a metallic conductor with good electrical 

conductivity and excellent catalytic activity as well as electrochemical and photochemical 

stability [41, 42]. Conway et. al. were the first to utilized crystalline       as an electrode 

material for pseudocapacitors [43]. The highest reported value for      was 380 F/g. The 

electrochemical analysis was fairly similar to an ideal capacitor with a reversible anodic and 

cathodic scan, and a near rectangular shape. Later work by Zheng et al. using amorphous      

demonstrated a high capacitance of 720 F/g in 1M       electrolyte [44, 45]. They proposed 

that the bulk of the material is used for the    ion intercalation in the amorphous system while 

the crystalline      only utilized the surface or near the surface [46, 47]. Table 1.1 provides a 

brief summary of EC Materials and the optimized parameters associated with different EC 

device fabrication methods. 
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Table 1.2 Comparison of EC Materials 

 

 

Goals of This Thesis Work 

 One dimensional nanowires can be utilized due to their high surface area contributions to 

optimize EDLC devices. Here we wish to investigate the effects of porosity and fiber 

morphology, crystal size contributions of nickel oxide fibers, and composite nickel oxide/ carbon 

systems for incorporation into EC devices. Controlling the pore size in carbon based ECs has 

been shown to drastically affect the capacitor performance.  We begin by looking at the effect of 

pore size in carbon nanomaterials (CH.3). Then, we synthesize nickel oxide nanowires to 

investigate the effect of crystal size and fiber morphology on the capacitance (CH.4). Finally we 

conclude with composite carbon/nickel oxide systems to study the combined effect on overall 

performance (CH.5).  

EDLC Pseudocapacitors Hybrid capacitors

Mechanism EDLC Redox reaction
EDLC,  Redox, 

Intercalation

Electrode

Activated carbon powder

Activated carbon fiber

Carbon aerogel

Metal 

oxides

Conductive

polymers

Carbon, Metal oxides, 

Conductive polymers

Electrolyte Aqueous Organic Aqueous
Aqueous

/Organic
Aqueous Organic

Voltage (V) 1 3 1~2 1~3 2 4

Energy density 

(Wh/kg)
1~3 2~10 0.8~2 3~10 2~7 8~15

Power density

(kW/kg)
0.8~5 0.5~3 0.5~4 4 0.8~5 0.5~5

Sp. surf. Area

(m2/g)
1,500 ~ 3,000 90  ~ 150 N/A N/A N/A

Sp. Capacitance 

(F/g)
100~200 40~80 300~760 400~500 100~200 40~80

Cost Medium ~ high Very high low Medium ~ high
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Chapter 2 

Experimental Methods 

Nanofiber Electrospinning Setup 

Solutions containing 9 wt. %, 78 kDa, 88% hydrolyzed PVA as purchased from Sigma 

were heated and stirred at 60   for 5 hours or until the solution was homogenous.  The PVA 

solution was then mixed with metal acetate solution in 1:1 wt. ratio of PVA:Metal Acetate 

starting with 0.4 g PVA. The metal acetate solution was formed by mixing 0.4 g Metal acetate, 

0.4 g de-ionized water, and 0.36 g Acetic acid. The metal acetate solution was also stirred for 5 h 

prior to combining the two samples.  After the combined solutions mixed for 2 h, electrospinning 

was done using a Harvard Apparatus PHD 2000 Infusion syringe pump and a HV ES30P-5W 

Power Supply at 15 kV. The tip to collector distance was 15 cm, with a flow rate of 0.0065 

ml/min through a 22 gauge stainless steel needle for monoaxial fiber formation. Once the fibers 

were collected, high temperature thermal treatment using a MTI Tube Furnace removed the 

polymer to form metal oxide nanofibers. A Scintag Theta-Theta X-ray Diffractometer (XRD) 

was used to detail crystal content, size and structure through X-ray diffraction patterns. Finally, a 

LEICA-440 Scanning Electron Microscope (SEM) was used to view nanofibers morphology and 

crystal structure. A schematic detailing the general electrospinning process is illustrated in 

Figure 2.1.  

Material Synthesis 

Metal:PVA loadings of 1:1 and 2:1 of  nickel acetate and zinc actetate were electrospun 

and calcined at a ramp rate of        to a maximum temperature of       then viewed under 

SEM to verify that fiber morphology was maintained after calcination. Furthermore, the fibers  
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Figure 2.1. A schematic representation of Electrospinning setup. 

were then analyzed under XRD to verify that after calcination Nickel oxide and Zinc oxide 

crystals were made and all the PVA was removed. The surface morphology, shown in Figure 2.2,  

 
Figure 2.2 SEM image of 500 oC calcined samples of (a) 1:1 NiO, (b) 2:1 NiO, (c) 1:1 ZnO, (d) 2:1 ZnO. 
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illustrate that increased loading of metal:PVA precursor leads to better fiber morphology after 

calcination. Nickel oxide average diameter: (a) 142±32 nm and (b) 108±19 nm. Zinc oxide 

average diameter: (c) 123±30 nm and (d) 113±23 nm. Furthermore, XRD data shown in Figure 

2.3  confirms formation of nickel oxide and zinc oxide crystals. XRD data for  NiO peaks in  

 

 

 

Figure 2.3  XRD data for (a) Zinc Oxide and (b) Nickel Oxide nanofibers calcined at 500 C. 
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Figure 2.3b are in good agreement with the known peaks which occur at 37.6, 43.7, 63.4, 75.7 

and 79.8 degrees. Furthermore, copper oxide (CuO) and tin-doped-indium oxide (ITO) 

nanofibers were synthesized. The average diameter of ITO and CuO are 184±25 nm and 

101±18nm respectively.The CuO fibers were syntheized using 1:1 metal acetate: PVA loading. 

The ITO nanofibers were synthesized using 1:2 metal acetate:PVA loading where the  metal is 

composed of 0.05 tin acetate and 0.15 indium acetate. The SEM images and XRD data is 

presented in Figure 2.4 and 2.5 respectively. 

 

 

Figure 2.4 SEM image of calcined samples of (a) 1:2 ITO and  (b) 1:1 CuO. 
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Figure 2.5 XRD data of image of calcined samples of (a) 1:2 ITO and  (b) 1:1 CuO. 

 

Three Electrode Setup 

An open-beaker three-electrode cell, composed of the active material electrode as a 

working electrode, Ag/AgCl as the reference electrode, and platinum wire as the counter 

electrode comprised the experimental apparatus. Aqueous 3M KOH was used as electrolyte 
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solution. This experiment was designed to study the redox behavior of the synthesized nickel 

oxide fibers. 

A schematic detailing the general setup of three-electrode cell is shown in Figure 2.6. 

Electrochemical measurements study the reactivity of the analyte as a function of applied 

potential. Here we limit our study to voltammetry experiments where the potential is varied 

continuously and the actual current is measured. In these experiments we control the potential of 

an electrode in contact with the analyte while measuring the current.  

 At least two electrodes are required to perform these experiments. A working electrode, 

which makes contact with the analyte, applies the desired potential in a controlled way to 

facilitate the transfer of charge to and from the analyte. A second electrode acts as the other half 

of the cell. This second electrode must have a known potential with which the potential of the 

working electrode is gauged. It must also balance the charge added or removed by the working 

electrode.  Basically, this is a half cell test that measures the characteristics of the one of the 

electrodes in a controlled environment. However, two electrode setups are not often used since it 

is difficult for the reference electrode to maintain a constant potential while passing current to 

the counter redox events at the working electrode. 

To solve this problem we introduce a third electrode to balance the charge added or 

removed by the working electrode, which is often an inert metal like platinum or silver. Now the 

reference electrode is a half cell with a known reduction potential whose sole purpose is to act as 

a reference in measuring and controlling the working electrode potential and it does not pass 

current. The third electrode, called an auxiliary or counter electrode, passes all the current to 

balance the current observed at the working electrode. To achieve this current, the auxiliary will 
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often swing to extreme potentials at the edges of the solvent window, where it oxidized or 

reduces the solvent or electrolyte [1-2]. 

 
Figure 2.6 A schematic representation of Three Electrode System. 
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Chapter 3 

 Electrochemical Properties of Carbon Black and Graphene Nanoribbons for Electrochemical 

Double Layer Capacitors 

Introduction 

 Electrochemical capacitors (ECs) are high power density materials used to facilitate the 

transition to next generation energy storage devices [1-2]. Currently ECs are investigated as 

possible energy storage systems to bridge the gap between batteries and conventional capacitors. 

Since they do not require chemical charge transfer reactions they are reversible which means 

they can in principle be cycled infinitely without loss of efficiency [1]. ECs that utilize carbon 

based materials are described as electrochemical double layer capacitors (EDLC).  EDLCs store 

energy as charge separation in the double layer formed at the interface between the solid 

electrode material and the electrolyte. This process is purely electrostatic and depends on the 

rapid adsorption and desorption of ions.   

 In this chapter we attempt to analyze the physical parameters that contribute to increased 

EC performance. The charging of EDLC at the electrode/electrolyte interface can be 

significantly optimized through the incorporation of high surface area carbons. EDLC are not 

solely dependent on the surface area contributions but are also depends on the size and type or 

pores that exist [3, 4]. Therefore, a wide array of carbon-based materials like carbon blacks, 

carbon fibers, and nanotubes have gained considerable attention due to the ease at which 

nanomaterials of high surface area and high porosity can be fabricated [5-8]. Through the 

incorporation of highly developed surface area carbon black a specific capacitance as high as 300 

F/g was achieved in the literature [6]. Furthermore, pore sizes in the range of micro-, meso-, and 

macro-pores all act differently as they diffuse the electrolyte to the inner surface of the porous 
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material [6, 9]. These physical aspects coupled with the morphology and structure has been 

shown to influence the chemical properties and capacitive properties of the carbon material. 

 To investigate these parameters, capacitive response of as received commercial carbon 

black Vulcan XC-72R (XC) powder is compared with novel graphene nanoribbon (GNR) 

structures.  Three different graphene nanoribbon samples (GNR1, GNR2, GNR3) of varying 

pore distribution and surface area are compared to see the effect of pore contributions on 

capacitive performance. The GNRs were processed by different means to unzip the graphene 

nanotubes thereby creating graphene nanoribbons. GNR2 was just processed to unzip the 

graphene nanotubes. GNR1 is the same material as GNR2 functionalized with nanoclay prior to 

processing (shown in figure3.1). GNR3 went through further processing to unzip the nanotubes  

 

Figure 3.1 SEM images of GNR1 and GNR2 obtained from AZEM. 

but without being functionalized. Here we investigate the effects of structural morphology 

changes due to powder and nanoribbons while looking at the effects of surface interactions 

attributed to the different morphologies after sonication. These four carbon materials are 

expected to show an enhancement of electrolyte accessibility to the internal surface of the layer. 
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Experimental Methods 

 The carbon black XC-72 powder was purchased from Cabot. The graphene nanoribbons 

were received from AZEM international. Sulfuric acid and isopropanol were obtained from 

Aldrich. All samples were used in their commercial form without further treatment or 

processing. 

 The specific surface area was calculated with the Brunauer-Emmett-Teller (BET) 

equation. Pore size distributions were calculated by the Barrett-Joyner-Halenda (BJH) method 

using the desorption branch of the isotherm.  The surface morphologies of the XC-72 and GNR 

samples were further examined by scanning electron microscopy (SEM). 

 The working electrodes of the electrochemical capacitors were formed by mixing the 

active carbon material with 25% nafion onto a stainless steel substrate as the current collector. 

The active material was dispersed in isoproponal and layers were formed onto the substrate once 

the active material was homogenously dispersed after sonication. All electrochemical 

measurements were done in a three-electrode experimental setup. Platinum wire and Ag/AgCl 

were used as the counter and reference electrodes respectively. All measurements were carried 

out in 3 mol/L H2SO4 using a MTI-BST8 electrochemical workstation. 

Results and Discussions 

 Prior to their use, the surface of the dry GNRs and XC-72 carbon black were analyzed using BET 

analysis and BJH to investigate the surface area and pore distribution respectively. The XC-72 sample has 

a highest surface area of 213     . Each GNR was processed in a different manner to form the 

nanoribbons structure. This lead to the variation in surface area in Table 3.1. The processing of these 
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Table 3.1 Surface Characteristics of Carbon samples 

Sample Surface Area (m
2
/g) Diameter (nm) 

XC-72 213 -- 

GNR1 38 133 20 

GNR2 58 150 44 

GNR3 72 157 23 

 

GNRs also has a significant effect on the pore distribution of the samples. GNR1 is the only GNR that is 

functionalized, which attributed to it much smaller surface area and disparate pore size 

distribution compared to the other GNRs as seen in Figure 3.2. Furthermore, GNR2 and GNR3, 

which are unfunctionalized, have a significant localization of pores around 2-3 nm. This is in 

between the transition from micropores (<2nm) and meso-pores (>2nm) regions. However, XC-

72 has a significant contribution of both small and large pores with a much larger localization of 

 

Figure 3.2. Pore size distribution of XC-72 and GNR samples. 
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pores close to the micron scale. One significant contrast between the two samples is the 

polydispersity of the samples. The XC-72 powder sample is composed of polydispersed particles 

but the GNR samples have monodispered diameters with varying surface area due to the 

processing of the GNR samples. The surface morphology of the samples can be seen in Figure 

3.3. 

The morphology of the various carbon systems are visualized under SEM. Figure 3.3 shows the 

morphology of the samples after sonication. There is a clear distinction between sample 

interactions of the XC-72 carbon black and the GNR systems.  The XC-72 sample in its 

powdered form shows large aggregation of crystals with varying sizes, as illustrated in Figure 

3.3a, while the GNR samples remain dispersed in their nanoribbon form without the presence of 

excessive aggregations.  Due to the formation of nanoparticle agglomerate to form clusters the 

added benefit of high surface area XC-72 is diminished as many of those sites are no longer 

available to contribute to surface interactions. This indicates that the utilization of nanoribbons 

have an advantage of limited aggregation interactions. Furthermore, Figure 3.3b and 3.3c 

represent the unfunctionalized and functionalized version of the same GNR respectively. The 

functionalized GNR1 in Figure 3.3b demonstrated a diminished level of aggregation compared 

with unfunctionalized GNR2 in Figure 3.3c. Both the contribution of surface functional groups 

and the fiber morphology play a significant role in diminishing the occurrence of aggregation. 
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Figure 3.3 SEM images of (a) XC, (b) GNR1, (c) GNR2, and (d) GNR3. The scale bar in the top left corner is 1 μm. 
 

To investigate the effects attributed to the processing of different GNR samples and 

compare the contributions of nanoribbons to the powder XC-72, the performance of the active 

materials were investigated using cyclic voltammetry (CV). Figure 3.4 shows the CV of GNR 

and XC-72 at various scan rates. It can be seen that the electrodes have near rectangular-shaped 

voltammograms, which is a characteristic feature of EDLC electrochemical capacitors. The 

increase of current with the scan rate indicates a good rate capacity for the electrodes at high  
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Figure 3.4. Cyclic voltammetry of the carbon samples at (a) 10mV/s and (b) 20mV/s. 

 

 scan rates.  Furthermore, the GNR samples have better current performance compared with the 

XC-72 since the surface to electrolyte interactions were not limited due to aggregation. This is 

verified in Figure 3.3 where a larger separation of current and higher current values are observed 

for the GNR samples. This is due to increased interaction between the electrode surface and the 

electrolyte. XC-72 has similar characteristics has GNR1. This may be due to the fact that they 
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experience the same level of surface interaction with the electrolyte after sonication. The XC-72 

sample aggregates, causing clusters to form which diminish the effect of the smaller pore sizes. 

This aggregation effect is seen in Figure 3.3a. As such, the surface area effect is decreased 

significantly.  Although the GNR1 does not aggregate, the functionalized parameters limit pore 

size formation in the 2-3 nm range. The effect of functionalization created a similar effect of that 

to the aggregation of XC-72 powder. Current research has suggested that ELDC devices perform 

well when the inclusion of pore sizes between 2-3 nm is optimized and our results confirm this 

occurrence [10-14]. The GNR samples have much lower surface area compared to the powder 

XC-72. However, near negligible aggregation allows for  better charge transport  due to good 

interaction between the electrolyte/electrode surfaces. 

The specific capacitance can be measured from the CV according to the following 

equation: 

  
 

   
 

 

       
 

 

   
     (3.1) 

Where I is the current,   is the potential scan rate, m is the mass of the active material, and C is 

the double layer capacitance. For a given scan rate the current I is assumed to be constant leading 

to a constant value for C. Capacitance values are shown in Figure 3.5. The specific capacitance 

of the GNRs were higher than those of the XC-72 powder due to the improved porous features of 

the GNR between the 2-3 nm range and the lack of aggregation that hindered the 

electrolyte/electrode interaction of the EDLC. The XC-72 sample tends to aggregate after 

sonication leading to reduced surface area interaction. The functionalization of GNR1 decreased 

the localization of pores in the 2-3 nm range which hindered electrode/electrolyte interactions in 

a similar manner to XC-72. GNR2 and GNR3 are not hindered by these constraints and were 
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able to optimize the electrode/electrolyte interactions. This leads to high capacitance values for 

GNR2 and GNR3 around 60 F/g at 5 mV/s. 

 

Figure 3.5 Average capacitance for (a) XC-72, (b) GNR1, (c) GNR2, and (d) GNR3. 

 

 The morphology of the carbon systems affects the surface characteristics of the electrodes 

used in EC devices. This is an interesting paradox because the variety of different processing 

techniques to synthesis carbon with high surface area is one of its biggest selling points. 

However, different processing methods affect the type of pore distributions created [15]. Here 

we have demonstrated that the morphology of GNR allows for fewer aggregation after sonication 

while the powder XC-72 aggregates to distort the actual amount of available pores. To further 

investigate this we extend our analysis to vary the morphology by comparing carbon black 

powder Super P-Li, GNR3, and MWCNT.  The surface area for is 60, 71, and 177      for 

Super P, GNR3, and MWCNT respectively. The Pore distribution is shown in Figure 3.6 and it 

can be seen that the carbon black has similar pore distribution to GNR as well as surface area.  
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Figure 3.6  Pore size distribution of Super-P, GNR3, and MWCNT. 

 

Furthermore, as we investigate the characteristic CV curves, the GNR and MWCNT samples 

perform drastically better compared to the super P carbon powder (Figure 3.7). This can be seen 

by the sharp separation in the anodic and cathodic current. The morphology of the MWCNT and 

GNR are fairly similar and as such their dependence on CV is fairly similar. GNR3 is simply a 

graphene nanotubes that were unzipped to form graphene nanoribbons. The much higher current 

output at a higher scan rate suggests good capacitance performance of the GNR3 and MWCNT 

and also suggest that the interaction between the surface of the electrode material and the 

electrolyte is being optimized. Characteristically low current for the Super-P powder suggest that 

surface electrode/electrolyte interactions are not being optimized possibly due to low surface 

area and aggregation effects seen in XC-72. 
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Figure 3.7 Cyclic voltammetry of the carbon samples at  50 mV/s. 

A summary of the highest attained capacitance for the various carbon systems is 

presented in Table 3.2. As the morphology of the carbon electrode material changes so does the 

characteristic capacitance value obtained. Surface area contributions do not scale linearly with 

capacitance as processing changes that occur during sonication and other steps lead to significant 

changes in terms of surface morphology which significantly impact capacitance performance. 

Table 3.2 Surface Characteristics of Carbon samples 

Carbon Sample Surface Area (m2/g) High Capacitance (F/g) 

XC-72 213 26 

Super P 60 12 

GNR1 38 28 

GNR2 58 57 

GNR3 72 64 

MWCNT 177 37 
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Conclusion  

 

 Here we conclude two things: (1) surface area is not an independent event that leads to 

higher capacitance; (2) the degree of which the surface is affected due to processing plays a 

major role in limiting or allowing the added benefit of surface area to dominate. Capacitance 

behavior through the porous electrodes of carbon depends on their morphology and surface area. 

The morphology of the nanoribbons allows for limited aggregation leaving more sites available 

for electrode/electrolyte interaction within electrochemical double layer. Furthermore, the 

inclusion of pores between the 2-3 nm range seem to play a significant role in the effect of 

surface electrode/electrolyte interaction. The aggregated XC-72 sample tends to perform as well 

as GNR1 with limited 2-3 nm pores. This suggests that aggregation of particles tend to close up 

pore in the 2-3 nm range. Interesting enough this is around characteristic size of solvated ions 

which are generally interacting in the EDLC process. 
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Chapter 4 

Nickel Oxide Nanofibers with Controlled Crystal Size for Enhanced Electrochemical Capacitor 

Performance 

 

Introduction 

Electrochemical capacitors have received considerable attention as power energy sources 

due to their high power density characteristics [1-4]. For ECs to be considered as primary energy 

storage device, high energy density must be achieved to balance the high power density that 

already exists in these devices. Typically, these devices incorporate high surface area carbon or 

metal oxide based materials [5,6].  

 Currently, a significant amount of research has focused to incorporate nanostructured 

electrodes as a means to enhance surface area leading to higher capacitance performance [7-9]. 

Although this is a viable approach, high surface area nanomaterials is not a simple solution that 

resolves all the issues associated with ECs. This is because ECs are not merely surface 

phenomena but also involves bulk contributions [10-12]. Here we wish to vary crystal size 

within highly loaded nickel oxide nanofibers to see the effects on the bulk for pseudocapacitance 

nickel oxide.  

Pseudocapacitors often involve electrochemical oxidation reduction reactions which can 

store 10-100 times more charge than EDLC [13]. Pseudocapacitors are Faradaic in nature with 

most of the charge transferred at the surface or in the bulk near the surface of the solid electrode 

material. The interaction between the solid material and the electrolyte involve faradaic 

reactions.  Transitional metals, such as nickel oxide, cobalt oxide, and manganese oxide, are 

often incorporated in pseudocapacitance devices due to their high level of oxidation states [14-

18]. Most work studying bulk contributions with metal oxides has been done on the 

incorporation of nanoparticles and focusing on grain sizes or amorphous films [19-25]. The use 
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of amorphous ruthenium oxide was shown to significantly increase the capacitance by increasing 

the bulk contribution of materials that involved in the charge transfer. Furthermore, the 

incorporation of small nanoparticles was shown to be more efficient in creating a more 

continuous matrix for electron transfer compared to the large crystal particles with huge grain 

boundaries that limit efficient transport [26, 27]. In this paper nickel oxide nanofibers that are 

semi-infinite axially, were synthesized with large and small crystal domains structures to study 

their effect on pseudocapacitance. Recent work has shown that large continuous matrix within Ni 

metal fibers increased the conductivity due the continuous axial matrix available for electron 

transfer [28]. Using the same method to synthesize the fibers, followed by thermal treatment to 

create NiO fibers, this chapter aims to investigate the control of crystal morphology in NiO 

nanofibers. 

 

Experimental Methods 

 Solutions containing 9 wt. %, 78 kDa, 88 % hydrolyzed PVA as purchased from Sigma 

were heated and stirred at 60 ᵒC  for 5 hours or until the solution was homogenous.  This solution 

was then mixed with 1.6 g of nickel acetate to for a 4:1 Nickel to metal ratio. After these 

solutions mixed for 4 hours, electrospinning was done using a Harvard Apparatus PHD 2000 

Infusion syringe pump and a HV ES30P-5W Power Supply at 15 kV. The tip to collector 

distance was 15 cm, with a flow rate of 0.0065 ml/min through a 22 gauge metal needle for 

monoaxial fiber formation. Once the fibers were collected, high temperature thermal treatment 

using a MTI Tube Furnace, heating and cooling rate of 5 /min in air at a maximum temperature of 

600 ᵒC  for 1 hour, was used to remove the PVA resulting in crystalline nickel oxide fibers. The 

maximum temperature was also changed to 400   and 800   to change the crystal size. A 
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Scintag Theta-Theta X-ray Diffractometer was used to detail crystal content, size and structure 

through X-ray diffraction patterns. Finally, a Tescan-Mira-3 FE Scanning Electron Microscope 

was used to view nanofibers morphology and crystal structure.  

 The nickel oxide electrode was prepared using a standard procedure by mixing 

NiO/Nafion/carbon black in 80:10:10 rations. The electrode was made by dispersing the above 

mixture in isopropanol and sonicated for 30 minutes to form a slurry. The slurry was then coated 

on a stainless steel current collector.  

 An open-beaker three-electrode cell, composed of the active material electrode as a 

working electrode, Ag/AgCl as the reference electrode, and platinum wire as the counter 

electrode was set-up. Aqueous 3M KOH was used as electrolyte solution. This experiment was 

designed to study the redox behavior of the synthesized nickel oxide fibers. 

 

Results and Discussion 

The XRD patterns of calcined NiO nanofibers show the formation of crystalline NiO, 

even at temperatures as low as 400ᵒC  . However at 400ᵒC   there is still residual presence of PVA 

precursor, which is completely removed after heat treatment at 600 
o
C as shown in Figure 4.1. 

The width of the Bragg reflection is considerably broadened for Figure 4.1a, indicating the 

formation of small domain size of crystals.  The broadenings diminish with the increase of heat 

treatment temperatures, suggesting the growth of the NiO crystals. Figure 4.1b and c show sharp 

peaks due to the effect of heat treatment at 600ᵒC and 80 0ᵒC  (1hour in air). As the heat treatment 

increases, the crystal structure of NiO is well established as seen by the sharp diffraction peaks 

demonstrating increased crystallinity within the sample.  
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Figure 4.1 X-ray diffractograms of NiO at different heat treatment temperature. 
 

The crystal size domain was calculated using Scherrer’s equation. The estimated grain 

size using Scherrer’s formula was found be around 20nm, 50nm and 150nm at 400, 600 and 

800    respectively. The grain size using XRD are smaller than those observed in the high 

resolution SEM. This is consistent, since Schrerer’s equation does not take in to account 

broadening due to mechanical strain. 

The nanostructure morphology of the calcined fibers was confirmed by FE SEM analysis. 

The average fiber diameter at 400  , 600  , and 800    were 300±30 , 270±60, and 250±20 nm 

respectively.  Figure 4.2 clearly demonstrated that as the heat treatment temperature increases the 

particles grown significantly.  

 

Figure 4.2. FE-SEM Pictures of NiO heated at a 400    , b 600   , and c 800    at 5   /min for 1 hour in air 
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Cyclic voltammetry was used to determine the electrochemical properties of the 

synthesized NiO nanofibers in 3 M KOH solution. Nickel oxide calcined at 600 and 800    were 

chosen for this study since all the PVA was removed at 600  . Figure 4.3 shows the rate 

dependent cyclic voltammetry (CV) of NiO vs Ag/AgCl. The electrode potential was scanned 

between 0.0 and 0.5 V vs Ag/AgCl in both anodic and cathodic directions while the current was 

measured. The redox features corresponding to anodic and cathodic peaks occur at ~0.38 and 

0.26 V respectively at 5 mV/s in the 800    NiO case. It is much more difficult to distinguish the 

clear flattening of the peak in the 600   case. The appearance of anodic and cathodic peaks  

 

a  
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b  

Figure 4.3. Scan rate dependent CV of high load NiO nanofibers at  (a) 10 mV/s and (b) for the 800  treatment. 
 

correspond to the            redox reaction in the CV according to the following 

electrochemical reaction: 

                      (4.1) 

It is believed that NiO in contact with alkaline solution tends to change to nickel hydroxide at the 

surface forming a surface layer onto NiO about several angstroms thick [20, 21]. The proportion 

of nickel hydroxide formed would be proportional to the area of nickel oxide exposed to the 

solution. A maximal capacitance ~500 F/g was observed for the 800 
o
C-treated NiO (see Fig. 

4.4). 
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Figure 4.4. Specific capacitance of  800
 oC treated NiO. 

 

Conclusion 

Here we demonstrate the pseudocapacitance behavior of high load NiO nanofibers with 

large crystal domains. Cyclic voltammograms showed clearly resolved peaks with the sample 

fired at 800 
o
C. The presence of macroscopic properties, such as particle size, help enlarge the 

contact area and electron tunneling length. This ultimately improved the electrode conductivity 

and enhanced the electrochemical kinetics. 
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Chapter 5 

Composite Electrochemical Capacitors with Graphene Nanoribbons and Nickel Oxide 

Nanofibers 

Introduction 

 Electrochemical capacitors used in high energy storage devices utilize either EDLC or 

pseudocapacitance contributions to generate energy. EDLCs often use high surface area carbon 

materials to optimize the surface area interactions between the electrode/electrolyte interfaces.  

Psuedocapacitors often utilize transitional metal oxides with high levels of oxidation to 

participate in reversible oxidation/reduction reactions that occur near or at the surface of the 

electrode interface. Here we combine the GNR sample with nickel oxide to form composite 

carbon/metal oxide electrochemical capacitors to see the effect of the interactions between both 

species together. Significant research has shown that combination of high surface area carbon 

materials with metal oxide has increased effects not see in the individual materials alone [1-7]. 

 In this chapter, composite electrodes composed of high load nickel oxide fibers and 

graphene nanoribbons are generated and studied for the electrochemical capacitance 

contributions. For this study high load nickel oxide heat treated at 800 
o
C in chapter 4 are 

combined with GNR1 and GNR2 from chapter 3. 

 

Experimental Methods 

The nickel oxide electrode was prepared using a standard procedure by mixing 

NiO/Nafion/GNR in 40:20:40 rations. The electrode was made by dispersing the above mixture 

in isopropanol and sonicated for 30 minutes to form a slurry. The slurry was then coated on a 

stainless steel current collector.  
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 An open-beaker three-electrode cell, composed of the active material electrode as a 

working electrode, Ag/AgCl as the reference electrode, and platinum wire as the counter 

electrode was set-up. Aqueous 3M KOH was used as electrolyte solution. This experiment was 

designed to study the redox behavior of the synthesized nickel oxide fibers. 

 

Results and Discussion 

The surface morphology of the GNR1 and GNR2 were studied under SEM. The only 

difference between these two samples is that GNR1 was functionalized while GNR2 was not 

functionalized. The effects of functionalization can be seen as one that decreases the effect of 

aggregation as seen in Figure 5.1 where GNR1 tends to form a well dispersed mixture while 

GNR2 is much more closely packed. The surface area contributions from BET analysis for 

GNR1 and GNR2 are 38 and 58      respectively.  

 

Figure 5.1. SEM Image of (a) GNR1 and (b) GNR2  after sonication. 
 

The nanostructure morphology of the calcined fibers was confirmed by FE SEM analysis. 

The average fiber diameter at 400    , 600    , and 800     were 300±30 , 270±60, and 250±20 nm 

respectively.  Figure 5.2 clearly demonstrated that as the heat treatment temperature increases the 

particles grown significantly.  
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Cyclic voltammetry was used to determine the electrochemical properties of the synthesized NiO 

nanofibers in 3 M KOH solution. Nickel oxide calcined at 800     was chosen for this study since 

it had the highest performance (see chapter 4). Figure 5.3 shows the rate dependent cyclic 

voltammetry (CV) of NiO vs Ag/AgCl. The electrode potential was scanned 

 

Figure 5.2 FE-SEM Pictures of NiO heated at a 400    , b 600   , and c 800    at 5   /min for 1 hour in air 
 

between 0.0 and 0.5 V vs Ag/AgCl in both anodic and cathodic directions while the current was  

measured. The redox features corresponding to anodic and cathodic peaks occur at ~0.38 and 

0.26 V respectively at 5 mV/s in the 800     NiO case. The incorporation of GNR significantly 

increases the capacitance of the electrodes. For the pure nickel oxide treated at 800 
o
C, a high 

capacitance of  ~ 500 F/g is observed. The inclusion of GNR takes that value to above 600 F/g. 

In particular, there is an interesting shift between GNR1 and GNR2. In GNR1, where the 

material was functionalized, the larger crystal domain NiO attributed to much higher capacitance 

(640 F/g). Conversely, in the GNR2 sample where the nanoribbons are much closer together due 

to some aggregation the interaction between the smaller crystal domain 600C interacts better 

with the GNR2 for a higher capacitance (660 F/g). Possibly due to the presence of aggregation 

the 800   nanowires are not easily accessible to the surface of GNR2 as they are to the surface of 

GNR1 where aggregation is very limited. 
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a  

b  
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c  

Figure 5.3 scan rate dependent CV of a) high load NiO at  800     (b)composite NiO/GNR1 and (c) composite NiO/GNR2 
 

Conclusion 

Here we demonstrate the pseudocapacitance behavior of high load NiO nanofibers with 

large and crystal domains interacting with GNR. Cyclic voltammograms showed clearly resolved 

peaks with the 800 
o
C treated sample and incorporation of GNR increased the specific 

capacitance significantly. The presence of macroscopic properties such as particle size facilitate 

the interaction between the GNR and NiO interface. This ultimately improved the metal 

oxide/graphene nanoribbon interaction and enhanced the electrochemical performance. 
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Chapter 6 

Conclusions and Future Work 

Conclusions 

The incorporation of high surface area nanostructured materials as a method to optimize 

the interaction between the solid electrode/electrolyte interface has not directly correlated with 

improved performance. Although surface area plays a significant role in EC devices, many other 

factors still interact with the surface that result in drastic deviations in EC performance. Here we 

conclude that surface area, morphology and crystal size all have an interdependence on 

capacitance. 

Electrochemical double layer capacitors are not simply optimized with the inclusion of 

high surface area nanostructured devices. Carbon, the most heavily utilized EDLC material, is 

limited by surface morphology, pore size distribution, as well as surface area. The morphology 

of the carbon is important. Based on the surface structure after sonication, and the 

characteristically low CV, the added benefit of high surface area resulted in no significant 

increase in the performance.  By incorporating graphene nanoribbons with much lower surface 

area a high capacitance value was attained. Furthermore, as the contribution to pores within the 

2-3 nm range increased there was an added increase in the performance of the capacitance. As 

such we must conclude one of two things. Either the contribution due to the large pores 

significantly limit the performance or the effect of aggregation steadily decreases the 

performance. Since the other GNR2 and GNR3 did show increased performance with increased 

surface area one can conclude that a combination of large pores and aggregations does not 

significantly contribute to beneficial capacitance performance.  
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Furthermore, a novel approach towards the effects of crystal size in electrochemical 

capacitors is done through the inclusion of highly loaded nickel oxide nanowires with 

controllable particle size. Significant work has demonstrated that crystal size plays an important 

role in electrochemical capacitance performance but most work has been limited to studying the 

crystal size through nanoparticles or thin film methods. Here we perform a similar study but 

within the nanowire matrix. This lead to an interesting finding that is different from what has 

been concluded in nanoparticle systems. In nanoparticle systems, huge grain boundaries tend to 

limit the transport properties of electrons and conductive mediums. However as you shift to very 

small particles you create a network that can better facilitate easy transport. However in our 

nanowire systems, the large crystals formed maintain a coherent matrix which required relatively 

no hopping and a smooth transport path. Earlier work by Dr. Hansen proved that the 

incorporation of highly loaded Ni fiber systems lead to increased conductivity. As such, by using 

the same framework, the incorporation of highly loaded NiO systems benefits from a conductive 

matrix to facilitate electron transfer. This led to a high capacitance of 500 F/g. 

Finally, we investigated the synergy between NiO and graphene nanoribbons to see the 

combined effect. Here we demonstrated that NiO particles had lower performance when the 

nanoribbons tended to be in a more aggregated state. While in GNR samples that had relatively 

low aggregation interacted more favorable with the large NiO crystals. The combined NiO/GNR 

system increased the capacitance by ~150 F/g for a relatively high capacitance of 650 F/g. 
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Suggested Future Work 

Single Fiber Characterization 

Highly loaded NiO nanowires with large crystal matrix performed well within the confines of 

our three electrode system. However, the driving force or characteristic properties of such 

materials are not fully understood. Therefore, one could envision that characterizing the 

electrical conductivity of various high and low load samples to understand the interplay between 

large and small crystal domain as a possible route to further continue. This can be done in a 

variety of different ways. The utilization of high resolution AFM to measure the conductivity of 

single fibers is an interesting approach to gauge the characteristic of single fiber properties. In 

this approach the AFM can be used to study the electrical and mechanical properties of the fibers 

Furthermore, one could design a two-electrode system on micro-chip to test the conductivity of 

single fiber.  

Two Electrode Device Fabrication 

From an applications point of view, the most feasible path forward would be to design 

these systems into actual button cells that simulate a realistic version of a battery. The 

capacitance values generated here appear to be fairly high but once they are incorporated into 2 

electrode setup the values tend to decrease drastically from what they are in the three electrode 

case.  

The shift to a two electrode setup also allows for the fabrication of hybrid systems. 

Currently we have demonstrated the utilization of carbon and metal oxide fibers for EC 

performances but our work can further expand to asymmetric systems. In this scheme one can 

envision a device that uses one electrode as NiO and the second electrode as GNR in a combined 
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cell. This will allow us to study the interplay between each of the electrode for its advantages as 

a cathode or anode materials. 

Finally, in a two electrode setup we can begin to study hybrid energy storage devices. 

Currently in attempt to increase the capacitance we are utilizing pseudocapacitance materials like 

NiO and other transitional metals. An alternative approach would be to combine high surface 

area carbon as the positive electrode with a lithium-air anode material. The ultimate goal would 

be to combine lithium air materials with characteristically high energy density with EC materials 

that have characteristically high power density. This should allow for materials that can optimize 

both of those parameters combined in one device. 

 


