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ABSTRACT 

SUPERCAPACITORS WITH GATE ELECTRODES 

by 

Tazima Selim Chowdhury 

A new approach to improve the capacitance of supercapacitors (SC) is proposed in this 

study. A typical SC is composed of an anode and a cathode; a separator in between them 

assures an unintentional discharge of the capacitor. The study focuses on a family of 

structured separators, either electronically active or passive which are called gates. An 

active structured separator layer has been fabricated and analyzed. The structured separator 

has characteristics of electrical diode and is fabricated out of functionalized carbon 

nanotubes (CNT). Improvement of the overall capacitance of SC, equipped with either 

active or passive structured separators demonstrated a large capacitance increase compared 

to SC which are interfaced with traditional separators.  

Cyclic voltammetry (CV), Chrono-potentiometry (charge-discharge, C-D) and 

Electrochemical Impedance Spectroscopy (EIS) are used to assess the electrochemical 

characteristics of these novel devices. Raman spectroscopy is used to assess the quality of 

the structured CNT. Scanning electron microscope determines the surface morphology and 

porosity of the films. Current-voltage measurement takes place to ensure non-linear 

characteristics of the fabricated active separator layer. CV demonstrates that aqueous based 

electrolyte supercapacitors (SC) does not exhibit reaction peaks.  Chrono-potentiometry 

demonstrates an overall 5-10% larger capacitance then traditional counterparts.  EIS 

exhibits an unusual reduction of the cell's equivalent series resistance (ESR). Additional 

capacitance increase can be achieved when the active structured separator is biased 



 

 

between -0.1 V to +0.1 V.  The electrical energy, invested in a biased gate is fully captured 

as a stored energy.  

A similar study is performed by fabricating active separator interfacing with ionic 

liquid electrolyte. Active gates exhibit similar capacitance improvement even after many 

cycles of charge and discharge when they are interfaced with ionic liquid.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Energy Storage Devices and Global Issues  

Environmental issues and concerns over the availability of fossil fuels have been the 

driving force towards renewable and sustainable resource development. The electric power 

grid and the various means of transportation are major pollutant of the environment.  In 

order to mitigate their effect, sustainable resources such as solar systems and wind turbines 

have been suggested as viable substitutes and opened up new energy markets. Due to their 

intermittent power generation, sustainable resources require energy storage units to smooth 

their operation.   Energy storage units, such as batteries and electrochemical capacitors find 

an increasing role in these new markets. Electrochemical capacitors, also known as 

supercapacitors, or ultra-capacitors are currently incorporated in portable electronics, 

hybrid electric vehicles, large industrial equipment and other grid applications. 

Supercapacitors may be used in applications, which require charge-discharge of large 

currents in relatively short times. Due to these properties, they play an important role in 

complementing or sometimes replacing batteries in energy storage arena. 

Ragone plot provides an overall comparison between various available energy 

storage devices in terms of power and energy density. Figure 1.1 illustrates that 

supercapacitors exhibit larger specific energy than conventional capacitor and larger 

specific power than batteries.
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Figure 1.1  Ragone plot of specific power as a function of specific energy for various 

electrical energy storage units. 
Source: [3]. 

 

Electrochemical capacitors have specific energy densities of the order of 5 Whkg-1 which 

is much smaller than lithium ion batteries (150 Whkg-1) [1]. Research has been going on 

to increase the performance of supercapacitors. Maxwell and a few suppliers in China 

claimed to have commercially available supercapacitors that produce 10 Whkg-1 which 

gives researchers hopes for further improvements. 
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1.2 Concerns in Developing High Energy Density Supercapacitors (SC) 

A supercapacitor consists of three major parts: electrodes, separator and electrolyte. 

Electrical contact between two electrodes is prevented by a separator layer. The porous 

separator layer and the pores in the electrodes are impregnated with supporting electrolyte. 

When a voltage is applied between the two electrodes, positive charge which are exposed 

at pore surface of one electrode attracts the negative ions from the electrolyte and the 

negative charge at the exposed pore surface of the other electrode attracts the positive ions 

from the electrolyte existing in the pores [1]. SC can store energy by non-faradaic process 

(electric double layer capacitor, EDLC) or faradaic process (also called pseudo-capacitor). 

Both processes rely on the nature of the electrode material, which is under continuous 

development [2-6].  

 

 

Figure 1.2 Schematics for a charged supercapacitor: current collectors (1,2), positive 

electrode (3), negative electrode (4), separator (5), electrolyte (6), electrode material pores 

(7), positive and negative ion (11, 9), positive and negative charge (8, 10). 
Source: [1]. 
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In order to improve the performance of supercapacitors, increasing the electrodes' porosity 

and the electrolytic material were the main focus of research so far [7].  Choice of a proper 

separator was also found crucial to the capacitance increase of the cell. Still left unexplored 

is the choice of optimal separator layer [8]. Separators have been constructed of plastic, 

rubber, aquagel, polyolefin films to prevent any conduction between electrodes. Those 

membranes exhibit poor ionic conductivity since they have tendency to dry out or to 

collapse over longer period of time [9-11]. The separator is a major contributor to the 

resistance of a supercapacitor and a major factor in dictating its power density. There have 

been a few detailed studies on the contribution of structured separator on the performance 

of supercapacitor. The research described in this dissertation will focus primarily on how 

incorporating structured separator can affect the resistance and capacitance of 

supercapacitors. Nafion membrane, which is commonly used for commercial applications, 

consists of hydrophobic backbone and hydrophilic side chains [12, 13]. Even though it 

possesses suitable properties in terms of efficiency and cost [14-16] it became apparent 

that a new kind of separator structure is needed for large scale applications. 

 

1.3 Scope of the Study 

Long lifetime, namely, many of cycles of operation and high rate of charge and discharge 

make supercapacitors a very propitious alternative to batteries and fuel cells. Yet, more 

research is needed to improve existing them.  In particular, one unexplored area is the 

separator layer.  As mentioned earlier, currently, separators are made of an insulating 

membrane. This work aims at developing a new structured separator membranes.  As will 

be shown below, incorporation of structured separator membrane increases the overall 
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cell's capacitance.  .  

In the past, most research has been focused on new porous electrode material or 

electrolytes with wider potential windows. While separators play a key role in 

supercapacitors, only limited effort has been devoted to their study. Here we propose to 

turn the otherwise passive separator membrane into an electronically one. Such new class 

of separators may open new venues for supercapacitor modes of operation, in addition to 

increasing the capacitance of traditional ones.  In order to realize an electronically 

structured membranes, we propose to use functionalized, single wall carbon nanotubes 

(SWCNT) as well as carbon nano-powder as the separator material. Carbon nanotubes have 

many possibilities in a wide range of applications, such as lightweight elements for 

spacecraft, novel electronic devices, as well as electrode material for supercapacitors [17]. 

Thus, this thesis proposes to use current technology for electrode materials for the newly 

designed separator structure.  This structure is in the form of an electronic diode, placed 

inside the supercapacitor cell.  

 

1.4 Dissertation Outline 

In this dissertation, background information is discussed in Chapter 1. Chapter 2 provides 

in depth description of the theory behind traditional supercapacitors and a comprehensive 

review of past results. In Chapter 3, the process of separator fabrication and the various 

characterization techniques to study them are discussed. 

Chapter 4 describes key general methods of supercapacitor analysis. It provides 

description of two and three electrode configuration and choice of analysis. Three universal 

electrochemical methods: Cyclic voltammetry (CV), Chronopotentiometry and           
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Electrochemical Impedance Spectroscopy (EIS) have been used.  The results are discussed 

in Chapter 5. Details of measurement procedures are mentioned in each segment. 

Conclusion are given in Chapter 6. Finally, Chapter 7 suggests the future work related to 

this research. 
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CHAPTER 2 

BACKGROUND 

 

2.1 Introduction 

A supercapacitor, also known as electrical double layer capacitor, ultra-capacitor, or 

electrochemical capacitor, is an electrical energy storage device.  The first concept of 

supercapacitor was based on porous structure of carbon material which possesses large 

surface area. In 1957, the first patent for supercapacitor was granted to Becker at General 

Electric Corp. The design was based on aqueous electrolyte [18] and is shown in Figure 

2.1. The capacitor, consisted of two porous carbon electrodes was partially immersed into 

an electrolyte. A considerably higher capacitance is measured with capacitors of 

comparable size. A compact, low voltage, high capacitance electrolytic capacitor which 

operates with a high efficiency has been reported too [18].  

In 1966, while working on experimental fuel cell designs, researchers from 

Standard Oil of Ohio (SOHIO) accidentally rediscovered the effect of a double-layer 

capacitor [19]. A researcher from the same company patented disc-shaped supercapacitors 

in 1970 [20]. The basic approach was to make two carbon paste electrodes. The distinct 

feature of the electrode was they are made by mixing activated carbon with an electrolyte 

to form paste. By applying compression, water content is excluded to form a thick slurry 

paste of electrode. The capacity and resistance were measured with various electrolytes 

[20]. The company did not commercialize their discovery and licensed it to NEC, who 

marketed the double layer capacitor as “supercapacitor” for computer memory backup. 
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Figure 2.1   The first patent for electrochemical capacitor granted to General Electric. 
Source: [18]. 

 

Conway was first to describe the difference between "Supercapacitor" and "Battery" 

behavior as energy storage elements. In supercapacitors, the electrical charge is partially 

stored in the Helmholtz double-layer and partially as charge transfer between electrode and 

electrolyte [21]. 

Based on transition metal oxide, the first non-carbon electrode material was 

proposed by S. Trasatti [22]. It led to the understanding of the concept of 

“pseudocapacitance” by later researchers. High capacitance value is achieved here due to 

the continuous oxidation or reduction of Ru2O, coupled with a double layer capacitance 

[23, 24]. Conway and his colleagues advanced the field by studying the voltage dependent 

electrochemical reaction of transition metal oxides [25].                                                                                              
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In the 90’s, supercapacitors received much attention in the context of hybrid electric 

vehicles. A large number of supercapacitor patents have been granted during that period 

[26]. U.S. Department of Energy initiated a short-term program and later, after-2003 a 

long-term supercapacitor development programs to achieve 5 and 15 Wh/kg of specific 

energy and 500 and 1600 W/kg of specific power, respectively [27, 28].  

Currently, most of the commercial productions of electrochemical supercapacitors 

in the markets are based on the high surface area porous carbon materials as well as on 

noble metal dioxides [25]. Panasonic, Japan has developed gold capacitors, and Pinnacle 

Research (USA) made especially high performance supercapacitors for military 

applications [25].  These commercial supercapacitors are widely used as elements for long 

time constant circuits, standby power for random access memory devices, and telephone 

equipment. Maxwell Laboratories in collaboration with research group of Auburn 

university developed carbon fiber based composite electrodes with high electrical 

conductivity in 1991. In comparison to traditional capacitors, which have high power but 

low energy densities, batteries are typically low power devices. Supercapacitors can act as 

a combination of both elements to achieve high power density, higher energy density, and 

long life cycles due to the absence of chemical reactions. The detailed description of 

traditional and supercapacitor type capacitive elements will be discussed in the next 

sections.  

 

2.2 Traditional Capacitor 

Conventional or traditional capacitor consists of two metal plates separated by a non-

conducting material or an insulating dielectric material such as, air, glass or even oil.  The
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field within the capacitor is constant and becomes smaller as the dielectric constant 

becomes larger.  The potential inside the capacitor is, therefore linearly dependent on the 

distance from one of the electrodes.  The electronic charges on either electrodes are kept 

apart by the dielectric material.  The dielectric material is polarized by the charged 

electrodes and its electric field is in an opposite direction to the field produced by the 

charged electrodes.   

 

Figure 2.2  Schematic of a traditional capacitor during the charging process. 
Source: [25]. 

 

Among the traditional capacitors are: electrostatic type capacitor consisting of two 

parallel plates, which separated by vacuum or a dielectric material; electrolytic capacitor, 

which employs solid, or liquid electrolytes as dielectric materials [25].  

Capacitance is defined as the ratio of accumulated charge, Q and the biasing 

potential difference, V between electrodes as shown in Equation 2.1:  
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               𝐶 =  
𝑄

𝑉
                                                                          (2.1) 

  

The capacitance depends on the area of the charged electrodes (A), the distance 

between them (d) and the dielectric constant of the material between the two plates. The 

dielectric constant is the product of dielectric constant (∈0) of free space and the relative 

dielectric constant (∈𝑟) of the insulating material. The relationship between these 

parameters is given by Equation (2.2) [25]: 

 

          𝐶 = ∈0∈𝑟
𝐴 

𝑑
                                                                          (2.2) 

 

To achieve higher capacitance, larger dielectric constants and large surface area 

should be used. The dielectric strength of the material is controlled by parameters such as 

humidity, temperature, and thickness. These parameters determine the breakdown voltage, 

or the maximum potential bias that the capacitor can sustain. Commonly used dielectric 

materials are given in Table 2.1. 

 

Table 2.1 Relative Dielectric Constants of Commonly used Capacitor Materials [25] 

Materials Relative Dielectric constant 

Tantalum pentoxide 26 

Ceramics 20 to 400,000 

Aluminum oxide 4.5 to 11.5 

Titanium dioxide 14 to 110 

Titanates (Ba, Ca, Sr, Mg,Pb) 15 to 12,000 

Source: [25]
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2.3 Working Principle of Supercapacitor 

Supercapacitors are electrochemical energy storage devices. They consist of two porous 

electrodes which are immersed in an electrolyte.  From external circuit point of view, one 

electrode is called the anode (the negative electrode) and the other is called the cathode 

(the positive electrode). Each electrode is typically interfaced with a current collector (a 

metal film) to aid the passage of charge to and from the electrode. A separator layer 

between electrodes is added to minimize unintentional discharge. When charged, the 

cathode attracts negative ions from the electrolyte, while the anode attracts positive ions.  

Unlike ordinary capacitor, the large capacitance is maintained at the interface between the 

electrolyte and either electrodes.  This interface is of the order of nanometers and is called 

the Helmholtz double layer.  Due to its nanometer scale, the effective distance in Eq. 2.2 

is very small, giving rise to a very large capacitance.  

There are two mechanisms that contribute to the large capacitance in 

supercapacitors: the electrical double layer (EDL) and the transfer of charges between the 

ions in the electrolyte and the porous electrode, the so called pseudo-capacitance.  The 

latter is attributed to fast and reversible redox processes. It is more convenient to discuss 

the two mechanisms separately though they usually lumped together in a typical 

supercapacitor.  

 

 

 

 

                                                                                                                                      



   

 13   

      

Figure 2.3 Schematic diagram of a supercapacitor device.  

 

2.3.1 Electric Double Layer Theory 

Conventional capacitors store relatively little energy.  This is due to a small surface area 

and the minimum distance between the two charged plates before breakdown. On the other 

hand, supercapacitors, which are based on EDL mechanism can store more energy because 

of the large interfacial area between electrolyte and the electrodes and the small charge 

separation at their interface. Schematically illustrated in Figure 2.4a, the concept of the 

EDL was first described and modeled by von Helmholtz in the 19th century when he 

investigated the distribution of opposite charge at the interface of colloidal particles 

(Helmholtz, 1853) [29]. The Helmholtz double layer model describes two layers of 

opposite charges, which are formed at the electrode-electrolyte interface.  The model is 

similar to a two-plate conventional capacitor [29]; yet, with a much smaller characteristic 

separation distance. This simple model was further modified by Gouy (1910) and Chapman 

(1913) [30, 31] to include a continuous distribution of the electrolytic ions (both cations 

and anions) rather than a step-like Helmholtz profile.  The gradual distribution was
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accounting for thermal ion motion, and is referred to as the diffuse layer (Figure 2.4b) [30, 

31]. However, the Gouy-Chapman model leads to an overestimation of the EDL 

capacitance; the capacitance of two layers of charges decreases inversely upon increasing 

the separation distance. Hence, large capacitance would arise from point charges close to 

the electrode surface [30, 31]. Later, Stern (1924) combined the Helmholtz model with the 

Gouy-Chapman model to explicitly recognize two regions of ion distribution: the inner 

region called the compact layer or stern layer and the outer, diffuse layer (Figure 2.4c) [32]. 

In the compact layer, ions (very often hydrated) are strongly adsorbed by the electrode, 

thus the name of compact layer [32]. The adsorbed ions, which in most cases are anions 

irrespective of the charge nature of the electrode, and non-specifically adsorbed 

counterions. The inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP) are used 

to distinguish between the two types of adsorbed ions. The diffuse layer region incorporates 

the Gouy and Chapman model. The IHP refers to the distance of closest specially adsorbed 

ions and OHP refers to the non-specifically adsorbed ions. The OHP is also the plane where 

the diffuse layer begins [33]. It defines: d as the double layer distance along with the 

Helmholtz model. Ψ0 and Ψ are the potentials at the electrode surface and the 

electrode/electrolyte interface, respectively shown in Figure 2.4.  
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Figure 2.4 Models of electrical double layer at a positively charged surface: (a) the 

Helmholtz model, (b) the Gouy-Chapman model, and (c) the Stern model showing the 

Inner Helmholtz Plane and Outer Helmholtz Plane.  
Source: [33].  

 

The capacitance of the EDL (Cdl) can be measured as the combination of the 

capacitances of two regions, the Stern type of compact double layer capacitance (CH) and 

the diffusion region capacitance (Cdiff). Therefore, Cdl can be expressed by the following 

equation[33]:  

 

1

𝐶𝑑𝑙
 =  

1 

𝐶𝐻
+

1 

𝐶𝑑𝑖𝑓𝑓
                                                                           (2.3) 

  

The parameters that determine the EDL behavior at a planar electrode surface include the 

electrical field across the active electrode, electrolyte type, the solvent in which the 

electrolyte is dissolved, and the chemical affinity between the electrode surface and the
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electrolyte ion with an opposite charge to the electrode charge [33]. Because the electrode 

is usually made out of a porous material with a high specific surface area, the EDL behavior 

at the pore surface of the porous electrode is much complex than that at an infinitely planar 

surface; specifically, the ion transport within a confined system can be drastically affected 

by the tortuous mass transfer path, the space constrain inside the pores, ohmic resistance 

associated with electrolyte, and the wetting behavior of the pore surface by the electrolyte 

[33].  For the EDL type of supercapacitor, the capacitance, C of each electrode is generally 

tends to follow that of a parallel-plate capacitor [34] of Equation 2.2 where Ɛr (a 

dimensionless constant) is the electrolytic relative dielectric constant, Ɛ0 (F m-1) is the 

permittivity of a vacuum, A (m2) is the surface area of the electrode accessible to the 

electrolyte ions, and d (m) is called Debye length which is the effective thickness of the 

electric double layer. It is the quantitative measurement of space charge region from metal 

electrode to bulk electrolyte. Based on Equation (2.2), a linear relationship between C and 

A is expected. But, experimental results have shown that this simple linear relationship 

does not prevail in many cases [46, 55]. It is traditionally assumed that the sub-micropores 

of an electrode do not participate in the formation of EDL due to their inaccessibility to 

large solvated ions.  

According to the work of Raymundo-Pinero et al. (2006), partial desolvation of 

hydrated ions can occur and EDL can form in the micropores [35]. Gogotsi and coworkers 

(2008) observed an anomalous capacitance increase in carbon electrodes with pore sizes 

less than 1 nm. The authors also reported that the EDL capacitance reached to a maximum 

when the electrode pore size was very close to the ion size, confirming capacitance 

contributions from the pores with sizes smaller than solvated ion size. All new



   

    

 17 

experimental findings, however, cannot be fully interpreted by the EDL theory because in 

such confined spaces, there would be insufficient room to accommodate both the compact 

layer and the diffuse layer. Huang and co-workers proposed a trial and error approach to 

describe the capacitive behaviors of nanoporous-carbon-based supercapacitors [41]. In this 

approach, the pore curvature is taken into account and different capacitive mechanisms are 

suggested for electrodes with different pore sizes. An electric double-cylinder capacitor 

(EDCC) model is used to describe mesoporous carbon electrodes while an electric wire-

in-cylinder capacitor (EWCC) model is proposed for modeling microporous carbon 

electrodes as schematically illustrated in Figure 2.5. When the pores are large enough so 

that the pore curvature is no longer significant, the EDCC model converges to the 

traditional planar EDL model given by equation (2.2). The capacitance estimations for the 

two proposed models are provided by equation (2.4) for the EDCC model and (2.5) for the 

EWCC model, respectively [41]:  

 

                                                         𝐶 =  𝐴
Ɛ𝑟Ɛ0

𝑏 ln [𝑏 (𝑏 − 𝑑)⁄ ]
                                                  (2.4) 

                                                         𝐶 =  𝐴
Ɛ𝑟Ɛ0

𝑏 ln (𝑏 𝑎0⁄ )
                                                            (2.5) 

 

in which b is the pore radius, d is the distance between the approaching ions to the surface 

of the carbon electrode, and a0 is the effective size of the counterions. 
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Figure 2.5 Schematic diagrams (top views) of (a) a negatively charged mesopore with 

solvated cations approaching the pore wall to form an electric double-cylinder capacitor 

and (b) a negatively charged micropore of radius b with cations lining up along the pore 

axis to form electric wire-in-cylinder capacitor. 
Source: [41].    

 

With these models, the authors were able to fit the experimental data regardless the 

types of carbon electrode materials and the electrolytes employed. Both the anomalous 

increase in capacitance for pores below 1 nm and the trend of slightly increasing 

capacitance with the increase of pore size above 2 nm can be explained by fitting with the 

proposed EWCC and EDCC models, respectively. In addition, the calculated dielectric 

constant from the fitting results using Equation (2.5) is close to the vacuum value, which 

indicates desolvation of hydrated ions before entering the micropores [41].  

 

2.3.2 Pseudo-capacitance Mechanism  

Electric double layer capacitor stores charges electrostatically at the interface of electrolyte 

and electrode which is also called non-Faradaic process. Pseudo-capacitance is a faradaic 

process, namely, involves chemical reactions.  These are fast and reversible redox reactions 

between electrolyte and some electro-active species on the surface of the electrode.  When 

specifically adsorbed ions out of the electrolyte pervade the double-layer, pseudo-
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capacitance can occur. It can also originate due to intercalation and electro-sorption 

process. The ability of electrodes to accomplish pseudo-capacitance effects depends on the 

chemical affinity of the electrode materials to the adsorbed ions, as well as on the pore 

structure and dimension of the electrode.                                                  

Due to the functional groups present on the surface, there is approximately 1-5% 

pseudo-capacitance in a typical double layer carbon capacitor. Oxidation of surface 

carbons increases the wettability of ionic species due to the increase in polar oxygen 

molecules. Nitrogen added to carbon nanotubes has been experimentally shown 

remarkable enhancement to the capacitance of supercapacitors. On the other hand, life 

cycle and conductivity are typical trade-offs.  Several types of materials with significant 

pseudocapacitance have been investigated: [25] a) electroactive oxide or hydrous oxide 

films of transition metals, such as MnO2, IrO2, RuO2; b) films of conducting polymers, 

e.g., polypyrrole, polythiophene, polyaniline, and their derivatives; c) electrosorbed H at 

Pt metals. 

 

2.4 Electrolytes 

  

The performance of supercapacitors largely depends on the electrolytic material.  It is as 

important as the electrode material. The operating voltage of electrochemical devices is 

determined by the selection of the electrolyte. Electrolytes exert critical effects on the 

development of the double layer and accessibility of pores by the electrolyte ions.  

Generally, three major types of electrolytes are used: aqueous, organic and ionic 

liquids (IL). Organic and ionic liquid falls under non aqueous electrolyte category. Organic 

electrolytes are used in most of the currently available capacitors. The electrochemical and
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physical properties of the electrolytes are key factors of determining the internal resistance 

and the power output, the voltage range of supercapacitor cells.  The concentration of free 

charge carriers and the ionic mobility per dissociation ion in the electrolytes are two factors 

affecting the conductivity of any electrolyte. There are secondary factors which also helps 

determine the electrolytes: low flammability, volatility and corrosion potential. Solubility, 

concentration, temperature, viscosity and permittivity of the solvent are also equally 

important characteristics when choosing an electrolyte. Since supercapacitor undergo 

thousands of charge discharge cycles the solvent has to be chemically stable.  

 

2.4.1 Aqueous Electrolytes  

  

Aqueous alkali/acid electrolytes such as potassium hydroxide (KOH) [35] and aqueous 

sulphuric acid (H2SO4) [36] are commonly used in low voltage applications of less than 

one volt. Both electrolytes are considered hazardous.  There are other aqueous electrolytes 

which are easy to use such as (NaCl, KCl). Due to good kinetics, relatively high 

conductivity, low viscosity at high concentration and efficient charge-discharge rate, 

aqueous electrolytes are a good choice. The electrolytic conductivity of aqueous based 

supercapacitors is relatively high (0.8 S/cm for H2SO4). In order to bypass electrolyte 

depletion during charging, concentrations higher than 0.2M are sufficient while the related 

electrode pore size is small (~2-5Å).  In contrast, the pore size requirements for electrode 

interfaced with organic electrolytes is larger, ~7-10Å. Table 2.2 shows the range of ion 

dimension for various electrolytes: 
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Table 2.2  Size of  Ions in Aqueous Electrolytes 

 

Aqueous Electrolyte 

Ion Dimension (nm) 

Cation Anion 

H2SO4  0.533 

KOH 0.26  

Na2SO4 0.36 0.533 

NaCl 0.36  

Source: [45] 

 

Aqueous electrolytes are cost effective. They are used at the development stage of  

 

Table 2.3  Conductivity and Voltage Window in Aqueous and Ionic Liquid Electrolytes at 

Room Temperature 

 

Electrolyte Conductivity (mS/cm) Voltage Window (V) 

KOH 540 1 

KCl 210 1 

H2SO4 750 1 

Na2SO4 91.1 1 

NaCl 171 1 

Source: [25] 
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new capacitive structures. They can be used in open environment with less safety concerns 

and do not require water free environment like their organic counterparts. Their only 

disadvantage is a low stability window, which restricts their related energy and power 

density. Table 2.3 summarizes their conductivity and operational window.  

 

2.4.2 Non-Aqueous Electrolytes   

  

In comparison, non-aqueous electrolytes provide larger energy than aqueous electrolytes 

at room temperature.  They exhibit larger operating voltage window, due to a lesser 

decomposition [37-39]. Ionic liquids are room-temperature molten salts, composed mostly 

of organic ions that may undergo almost unlimited structural variations. The ionic liquid, 

1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4) has relatively large ionic 

radius (BMIM+ - 3.39 Å and BF4 2.29 Å) [40, 41] compared with aqueous KCl (ionic radius 

– K+ - 1.38 Å and Cl- - 1.81 Å) [41]. Due to the large ionic radii, the mobility of ions in 

ionic liquids are somewhat low and the internal resistance is larger than for aqueous 

 

Figure 2.6 Chemical formula and structure of different ionic liquids.                         
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electrolytes. By dissolving ionic liquids in a non-aqueous solvent, their mobility is 

enhanced. The most commonly used solvents for blended non-aqueous electrolytes are 

listed in Table 2.4. The most common salt consists of lithium ions as these move fast under 

an electric field, and their effective ionic radius is small (0.76Å).  

Preferred solutes for tetraalkylammonium salts are (PF6)
 - and (BF4)

-, which have 

suitable decomposing potential limit (up to 4 V). Ionic liquids (IL) have been used as 

electrolytes in supercapacitors due to a large decomposition voltage (~5V), non-

flammability, low toxicity, non-corrosiveness to the electrodes and a wide range of 

concentration (from as low as mM to M). The major drawback to the use of IL is their low 

conductivity (2-15 mS/cm at 60°C). Solvents such as acetonitrile have been used to 

increase their conductivity. IL electrolytes are most suitable for high temperature 

applications.  

 

Table 2.4  Common Non-aqueous Solvents used in Supercapacitor Electrolytes 

Solvent Bp./ °C  Mp./ °C  Permittivity  Viscosity(25oC)/mPa.s  

Propylene carbonate 241 -55 65 2.8 

Dimethylsulfoxide 189 18.5 29.8 1.996 

Ethylene carbonate 260 37 95 1.92 

Acetonitrile 82 -45 38 0.369 

Sources: [42. 52]. 

 

 

Gel polymer electrolytes are another type of electrolyte used in supercapacitors.  

They are composed of two phases: ionic conducting medium and a host polymer matrix. 

Ionic conductors, such as proton (H+) and lithium (Li+) are entrapped in the polymer
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matrices, such as poly(propylene), poly(vinylidene difluoride), poly(tetrafluoroethylene), 

poly(ethylene oxide) (PEO), polyaniline (PANI) and poly(methyl methacrylate) (PMMA).  

 

Table 2.5  Conductivity and Voltage Window of Both Electrolyte (Aqueous and Non-

Aqueous) Solutions at Room Temperature 

 

Electrolyte Solution 

Density 

(g/cm3) 

Conductivity 

(mS/cm) 

Potential 

Window 

Aqueous, KOH 1.29 540 1 

Aqueous, KCl 1.09 210 1 

Aqueous, sodium chloride  171 1 

Aqueous, sulfuric acid 1.2 750 1 

Aqueous, sodium sulfate 1.13 91.1 1 

Aqueous, potassium sulfate 1.08 88.6 1 

Propylene carbonate, Et4NBF4 1.2 14.5 2.5 to 3 

Acetonitrile, Et4NBF4 0.78 59.9 2.5 to 3 

IL, Et2MeIm+ BF4. 1.3 to 1.5 8 (25°C) 4 

IL, Et2MeIm+ BF4.  14 (100°C) 3.25 

Sources: [8, 75, 77] 

 

The advantages of using gel polymer electrolytes are: light weight, flexibility, wider 

operating window and volatile organic free solvents. 

 

2.5 Separator 

 

The separator is one of the key elements in supercapacitors. It is a porous layer of either a 

polymer membrane or a non-woven fabric mat. The main function of separator is to prevent 

physical contact between the electrodes while enabling free ionic transport and isolation of 

electronic flow (namely, minimizing unintentional electronic discharge). It should be 

chemical and electrochemical stable. The separator should have sufficient porosity for
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large ionic flow. The presence of the separator membrane, though, increases the overall 

cell's resistance and affects its performance. Therefore, selection of an appropriate 

separator is critical to the supercapacitors efficiency. 

 

2.5.1  Characteristics of a Separator 

As supercapacitors employs aqueous and non-aqueous (organic and ionic liquid) 

electrolytes, the separator material must be chemically stable against strongly reductive and 

oxidative environments. It should not exhibit any degradation of stability and a mechanical 

strength under harsh environment. Small thickness separators are desirable for weight 

purposes. A suitable porosity is a necessity for ion mobility. According to IUPAC 

classification, there are three classes of pore sizes: micropores (<2 nm), mesopores (2~50 

nm) and macropores (>50 nm) [25]. Too high or too low porosity can adversely impact the 

cell's performance. The pore size must be smaller than the particle size of the electrode 

components, including the electrode active materials and its conducting components. In 

practical cases, separators with proper pore sizes have proven adequate to block the 

penetration of particles from reaching one electrode directly to the opposite electrode. 

Wettability of the separator is another important characteristic. The separator should wet 

easily by the electrolyte and permanently retains it. Wettability eases the process of 

electrolyte filling in the assembly line and the retaining the electrolyte within the separator 

pores increases the life-cycle of the supercapacitor. The separator should not shrink over a 

wide temperature range and should stay flat. There is a typical trade-off between all 

separator requirements. 
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2.5.2 Separators in Batteries 

In most batteries, separators are either made of nonwoven materials or microporous films. 

Batteries use separators fabricated from organic materials such as cellulosic papers, 

polymers, and inorganic materials such as asbestos, glass wool, and SiO2 when operate 

near ambient temperatures. In alkaline batteries, the separators are made of either 

regenerated cellulose or microporous films. Lithium batteries with organic electrolytes 

mostly use microporous films. A novel microporous separator using polyolefins has been 

developed and used extensively in lithium ion batteries. The microporous polyolefin 

membranes in Figure 2.7 are thin (<30 µm) and are made of polyethylene (PE), 

polypropylene (PP), and laminates of polyethylene. Table 2.6 shows comparative analysis  

 
 
Table 2.6 Typical Properties of Some Commercial Microporous Membranes 
 

 

Separator 

properties 

 

Celgard 

2730 

 

Celgard 

2400 

 

Celgard 

2320 

 

Celgard 

2325 

 

Asahi 

Hipore 

 

Tonen 

Setela 

 

Structure 

single 

layer 

single 

layer 

Tri-layer Tri-layer single 

layer 

single 

layer 

 

Composition 

 

PE 

 

PP 

 

PP/PE/PP 

 

PP/PE/PP 

 

PE 

 

PE 

 

thickness (um) 

 

20 

 

25 

 

20 

 

25 

 

25 

 

25 

resistivity (Ω cm2) 2.23 2.55 1.36 1.85 2.66 2.56 

porosity (%) 43 40 42 42 40 41 

Source: [43]. 
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of currently used commercial separator in batteries. 

 

Figure 2.7 Widely used polyolefin separators used in lithium-ion batteries. 
Source: [43]. 

 

 

Figure 2.8 Scanning electron micrographs of the surface of single layer Celgard separators 
used in lithium batteries: (a) 2400 (PP), (b) 2500 (PP), and (c) 2730 (PE). 
Source: [43] 
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2.5.3 Separators in Supercapacitor 

Separator materials vary according to electrode materials used, electrolyte choice and 

temperature of operation. Separators in supercapacitor have been constructed of rubber, 

plastic, resorcinol formaldehyde polymers, polyolefin films. Such separators have 

tendency to dry out, to collapse over time, or exhibit poor ionic conductivity [44–46]. Yu 

et. al used a natural and hierarchically ordered flexible macroporous materials such as egg 

shell membrane as the separator for supercapacitors. Desirable porous structures for low 

temperature operation (lower than 100 ◦C) usually have high decomposition temperature 

(over 200 ◦C), low swelling, and good mechanical strength. Furthermore, it can be 

concluded that egg shell membrane (ESM) could be also be an excellent material due to its 

low resistance, fast charge–discharge ability and outstanding cycling stability (92% 

retention after ten thousand cycles) [47]. SEM of an eggshell membrane, used as a separator 

is shown in Figure 2.9. 

 

 
 

Figure 2.9 SEM image of egg shell membrane used as a separator. 
Source: [47]. 
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In another study a supercapacitor with electrodes was fabricated with graphite 

oxide, reduced by a microwave exfoliation (MEGO) method and a separator, made from a 

graphite oxide paper (GOP). The separator was formed by a slow evaporation of a graphene 

oxide solution and by filtration [48]. The study showed that the separator and electrolyte 

do affect the performance of the supercapacitor. The graphene oxide paper (GOP) does not 

swell up in octane but significantly swells up in water. The swelling in water caused the 

membrane width to increase about three times and its porosity and surface became large 

[48]. Graphene oxide impregnated with water or water based solution tends to show 

properties similar to Nafion which is widely used for supercapacitor applications. 

 

Figure 2.10  SEM image of graphene oxide paper (GOP)(A) bright side, (B) matt side used 

as a separator in a supercapacitor. 
Source: [48]. 

 

 

Macroporous separators based on vinylidene fluoride polymers were prepared successfully 

using a solvent and non-solvent mixture. The study demonstrated that homopolymer based 

PVDF is the most appropriate separator for supercapacitor applications. It exhibits higher 

conductivity than any other commercial separator such as cellulose or Celgard.
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Porosity of the separator can be decreased without sacrificing ion conductivity in order to 

improve the mechanical strength of the separator by pairing it with a liquid electrolyte [49]. 

 

 

Figure 2.11  SEM image of a Poly(vinylidene fluoride) based macroporous separators for 

supercapacitors. 
Source: [49]. 

 

2.6 Electrode Materials used in Supercapacitors 

Supercapacitor consists of three key elements: electrode, electrolyte and the separator. In 

electric double layer capacitor, charge storage mechanism depends on the electrode 

materials which eventually affect the cell's performance. The principal requirements for 

the electrode materials include: large surface area, long and stable life-cycle, stability under 

wide potential window, high electrical conductivity, surface hydrophilicity, minimum 

reactivity and ability to control morphology and pore size. There are three significant types 

of electrode materials that have been extensively evaluated. These are: activated carbon, 

conductive polymer and transition metal based oxides. The problem with activated carbon
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is their expense, whereas the oxides have stability issues. However, the requirement for 

large surface area drives the market towards activated carbon materials. 

 

2.6.1 Carbon-based Material  

Carbon is a material which is chemically stable, may be made with large surface area and 

is a good electrical conductor. It appears in a variety of forms. The most widely used form 

of high surface area carbon which is cost effective is activated carbon (AC). The process 

of activating carbon with a precursor such as wood, coconut shell or polymer is called 

carbonization. It involves heating the precursor in an inert environment at high 

temperatures (above 800 ◦C) which decomposes the precursor and subsequently leads to its 

expulsion. Then, the remaining carbon rearrange itself in with irregular bonds thus creating 

pores. Carbon aromatic rings can have large change in pore size when they undergo through 

the carbonization process. In order to achieve optimum performance, conditions of the 

carbonization process must be synchronized for a particular precursor material. 

Carbon powders have been also used as a supercapacitor electrodes. These 

spherical colloidal shape are produced by the combustions of hydrocarbons. It requires a 

binder for electrode fabrication. Large capacitance was reported for activated 

carbon/carbon as electrode and sulfuric acid as the electrolyte [50]. The research exhibited 

the electrode having high surface area and low resistivity with macropore and micropore 

surface morphology. Another research showed that oxygen content and concentration of 

acidic surface group on activated carbons have influence on the electrochemical properties 

[51]. Yoshida et al reported on sheet type electrodes, which are consisted of activated 

carbon tends to have low resistances. The filling density of activated carbon is affected by 
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Figure 2.12 (a) Activated carbon produced from coconut shell and (b) relative 

disposition of the pores in an activated carbon. 
Source: [52]. 

 

the species and particle size of the activated carbon. Capacitors having sheet type electrode 

configuration exhibit low internal resistance [53]. The relationship between the ions in the 

electrolyte and the electrode's pore size substantially influence the capacitance value. Low 

surface area of activated carbon can exhibit the same capacitance as the high surface area 

of activated carbon if the pore size and electrolyte ions are synchronized [54, 55]. Electric 

double layer capacitor performance as a function of pore size distribution were reported in 

[56]. During the charge discharge process, electrodes with small pores exhibit larger 

retardation of ion penetration compared with electrodes with larger pores.  

There is a substantial interest in the application of carbon nanotubes (CNT) as 

electrode materials for supercapacitors. The nanoscale tubular morphology can offer 

properties such as high conductivity and porosity, which are essential for electrode 

materials.  Single walled (SWNT) and multi walled nanotubes (MWNT) have been studied 

with both non-aqueous and aqueous electrolyte types.                                                         

Micropore 

( a ) ( b ) 

Mesopore 
Macropore 

10 μ m 



   

    

 33 

The supercapacitor electrodes prepared from MWNT were first reported by Niu et al. 

using H2SO4 aqueous electrolyte with specific capacitance, power density and energy density 

of values of 113 F/g, 8 kW/kg and 0.56 Wh/kg, respectively [57].  Though another study 

reports on a relatively low specific capacitance 15-25 F/g with the same H2SO4 concentration 

with MWNT electrodes [58].  SWNT electrodes provide a specific capacitance of 40 F/g in 

highly concentrated (6 M KOH) aqueous solution [59], and 20-40 F/g in NaCl aqueous 

electrolyte [60-62]. Similar results were also reported for 1.0 M LiClO4/propylene carbonate 

which is a non-aqueous electrolyte by Shiraishi et al.[63]  Liu et al. reported that the specific 

capacitance of SWNTs in acetonitrile electrolyte containing 0.1 M tetra-n-butylammonium 

hexafluorophosphate which is an ionic liquid is around 280 F/g [64]. The use of carbon 

nanotube electrode together with ionic liquid is proved to be advantageous because of high 

conductivity, wider potential window and nonvolatile nature of the supporting electrolyte [65]. 

Compared with conventional electrolyte, there is a slight capacitance decrease for ionic liquid 

based supercapacitor but the magnitude is not noteworthy. A research group from Canada 

reported that redox ionic liquid [66] supercapacitors with activated carbon electrode can 

increase energy density of the cell. The study used a modified ionic liquids with ferrocene that 

determines the electroactive ions’s polarity thus affecting the energy storage and self-

discharge process. There was no previous study on modifying either the cations or anions of 

ionic liquid that drastically affect the performance of supercapacitor [66]. 
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2.6.2 Conductive Polymer 

A large degree of π-orbital conjugations in conductive polymers, such as polyaniline (PANI), 

polypyrrole(PPy), poly-(3,4)-ethlenedioxythiophene (PEDOT), polyacetylene, [67] can be 

oxidized or reduced electrochemically by withdrawal or injection of electrons.  The charge 

storage mechanism in conducting polymers involves charge accumulation by doping 

interaction throughout the backbone of the polymer material and is illustrated in Figure 2.13. 

 

 

Figure 2.13 Charge storage mechanism in supercapacitors based on conductive polymer 

materials. 
Source: [68]. 
 

Conductive polymers are prone to swelling and cracking over time due to the fast 

charge discharge process. A large amount of irreversible reduction over many cycles can 

cause the relaxation of the polymer. Slower charging rate is used to avoid the relaxation 

effect [69]. 
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The potential window for conductive polymer is limited due to the lack of oxidation states. 

This potential window is restricted leads to polymer breakdown through over-oxidation 

[70]. The lack of stability during oxidation and the irreversible characteristics outweighs 

the positive aspects of conductive polymers as electrode materials. 

Work by Yan et al. showed that incorporation of additives in CNT can increase 

percolation and mechanical strength during the doping process, helping the electrode to 

preserve 94% of the original capacitance after 1000 cycles compared with retention below 

50% without the CNT additive [71]. 

 

2.6.3 Transition Metal Oxide 

Transition metal oxides, especially ruthenium (RuO2), vanadium (V2O5) and manganese 

(MnO2) are widely studied in the field of developing pseudocapacitance electrodes [72–

74]. Oxide materials exhibits multiple oxidation states within the specific potential window 

of the electrolytes. Large conductivities is related to the poly-crystalline nature of the oxide. 

Among the three oxides, Ruthenium dioxide (RuO2) is widely used because it is highly 

reversible, exhibits very high capacitance, and presents good life cycle. Ruthenium is 

highly toxic and expensive. This prevents it from becoming material of electrode choice. 

V2O5 (vanadium oxide) exhibits the highest specific capacitance but also poor life cycle. 

Manganese oxide is a safer material and cheaper than ruthenium. Due to its high 

capacitance, better cycle stability, and wide potential window manganese is the emerging 

replacement for RuO2 [75]. 
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Figure 2.14 The comparative capacitive performance for various carbon and 

pseudocapacitor electrodes. 
Source: [6].  

  

 

2.7 Supercapacitor Cell Design 

 

 A Supercapacitor cell consists of two active layers with a separator between them. The 

separator is wetted with an electrolyte as indicated in Figure 2.15. The overall performance 

of a supercapacitor is limited by the internal resistance, which comprises the ionic and 

electrical resistances. The ionic resistance depends on the ionic conductivity of the 

electrolyte, the porosity of the electrode, separator and the thickness of the electrode. The 

contact resistance between the electrode's particles and the contact resistance between the 

current collector and the electrode are the two major sources of electronic resistance. 

Surface treatments and conducting coating on the current collector have shown a resistance
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decrease for the electrode/current collector interface. The design of nanostructured current 

collectors with an increased contact area is another way to control the interface between 

the current collector and electrode. In order to create a good contact, electrode materials 

are directly deposited or grown on the collector material. Spray coating, drop casting spin 

coating and application of conductive paste are widely used techniques in this regard [77]. 

One common technique is the use of silver paste which can adapt to the surface roughness 

of active materials in order to minimize contact resistance. Gold and thin lead films can 

significantly enhance interface integration causing better performance [78]. 

 

 

Figure 2.15 Schematic of a supercapacitor cell assembly. 
Source: [76]. 

 

 

Test fixture configurations for laboratory experiments closely mimic the unit cell 

configuration of a packed cell. Two electrode test cells are commercially available or can 

be designed and fabricated in-house. A cell fabricated from two stainless steel plates is 

shown in Figure 2.15 [76]. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURES 

 

3.1 Functionalization of Carbon-nanotubes 

Single wall carbon nanotubes (SWCNT) were obtained from Nano Integris, Canada, with 

a purity better than 95% (Isonanotube-S).  The purchased nanotube were synthesized using 

arc discharge method. The powder form is comprised of 100% semiconductor nanotubes 

without binders or fillers used. This forms have been formulated so that they are easy to 

use and re-suspend. The diameter range of the single walled nanotube is from 1.2 nm to 

1.7 nm. The mean length of the single wall carbon nanotube is approximately 1 µm. 

Catalyst impurities presented in the carbon nanotubes are reported to be less than1% by 

mass. As the purchased tubes have semiconductor properties and very little catalyst, reflux 

process is unnecessary. Sodium dodecyl sulfate (SDS) [FW 288.38, Fisher scientific] has 

been employed as surfactant in the suspension of the tubes in water; the soap eliminates 

tube agglomeration. Aqueous solutions were prepared using deionized water.  Single wall 

carbon nanotubes were functionalized with polymers. P-type and n-type tubes were 

obtained by wrapping the tubes with PVP (Polyvinyl-pyrrolidene) and PEI (Ethylene imine 

polymer solution, Mr 600000- 1000000, Fluka), respectively [79, 80].  The p-type and n-

type nanotubes were suspended using a horn probe sonicator (Sonics, maximum output 

100W, tip diameter approx. 4 mm) for 8 hours.  Each layer was drop-casted on a 

hydrophilic TriSep softening filtration TS80 membrane (Sterlitech) under vacuum 

condition. TS-80 filter is made of polyamide with pore size approximately 150 Dalton. It
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has a wide pH range (pH between 2 and 11). The thickness of each SWCNT film was 

estimated as a few microns.           

 

3.2 Scanning Electron Microscope (SEM) 

SEM, a non-destructive technique utilizes a condensed, accelerated electron beam to focus 

on the surface of a sample. The electron beam hits the surface of the sample instead of 

rebounding immediately, it penetrates the sample through some distance before it collides 

with a surface atom and a region of primary excitation where signals are produced [81]. 

The most common signals used for imaging are secondary electrons, backscattered 

electrons, and characteristic X-rays. At normal conditions, the secondary electrons are 

created through inelastic surface scattering and can reach the detector in large numbers, 

depending on incidence angle.  A topographic information describing the surface 

morphology is then generated. In order to prevent charging that can blur the image quality 

at higher resolution, samples must be conductive.  For non-conductive samples, a thin 

conductive coating is sputtered on top of the sample.  

Backscattered electrons are higher energy electrons deflected elastically or 

scattered back to the detector. This backscattering provides specimen composition data 

because heavier elements produce larger backscattering intensity, resulting in brighter 

images than those produced by the lighter elements [79, 80]. Characteristic X-rays can 

reveal the distribution of chemical elements. Drawbacks of an SEM include the 

requirement for the sample to be in a solid phase and stability inside vacuum conditions. 

Normally, wet samples, and moisture-containing organic materials and clays are not 

compatible with SEM [83]. In this dissertation, SEM images were taken with a LEO
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1530VP ultra high resolution field emission scanning electron microscope (FE-SEM), 

which was operated at an acceleration voltage of 10 kV. The samples were put on a double-

face conductive adhesive and were mounted on a 1.3 cm diameter aluminum stud.  

The samples were coated with a carbon film using a sputter coater (JEOL JFC1300 

Auto fine coater). Areas ranging from 5 µm2 up to 1 cm2 can be imaged under a scanning 

mode. Magnification range as large as 30,000X can be achieved resulting in a spatial 

resolution of 100 nm. 

 

 

Figure 3.1  Schematic of a Scanning Electron Microscope. 
Source: [81]. 
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In the study of supercapacitors, SEM can provide an important information about the 

surface morphology of the cell components, especially the separator membrane porosity 

and morphology of the electrodes [84]. Investigation was made of the material surface 

before and after experimentation.             

 

3.3 Keithley I-V Measurement 

 

Keithley 236 Source-Measure Unit (SMU) is a fully programmable instrument, capable of 

sourcing and measuring current, or voltage simultaneously. There are four instruments 

build in one unit: voltage source, current source, measurement systems of voltage and 

current. The instrument supply voltage from 100 µV to 110 V, and current from 100 fA to 

100 mA while acting as voltage and current source, respectively. It is also capable of 

measuring voltage from 10 µV to 110 V and current from 10 fA to 100 mA. Both source 

voltages and source currents settle to specified accuracy in less than 500 µs. Programmable 

delay and fast, integrating measurement capability can provide coordinated source-

measurement time delay of the order of 1 ms. 
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Figure 3.2  I-V characteristics measurement unit using Keithley 236. 

 

3.4 Agilient Gate Current Measurement 

The Keysight Technologies, Inc. U2722A USB modular source measurement unit has fast 

response time, and voltage and current programming/readback with high accuracy 

measurement capabilities. The U2722A is capable of four-quadrant operation, acting as a 

current source, as well as a current sink (load) with both polarities of the output voltage. 

The Keysight Measurement Manager (KMM) is an application data viewer software that 

comes with the U2722A Series USB modular instruments. This software is designed to 

help you perform quick device configuration, data logging and data acquisition. The 

software interfaces a Windows operating system. The unit was used to monitor in-situ gate 

currents when biasing the gate structure during electrochemical measurements.  
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3.5 Electrochemical Measurement 

A three-electrode cell system was used to evaluate the electrochemical performance using 

cyclic voltammetry (CV). Chrono-potentiometric charge-discharge and Electrochemical 

Impedance Spectroscopy (EIS) techniques are employed with a two electrode set-up, with 

and without the structured gate electrode. All these methods have been performed on a 

compact and modular potentiostat/galvanostat Autolab PGSTAT204 (Metrohm) at room 

temperature. It can operate in all electrode settings (2-electrode, 3-electrode and 4-

electrode). The PGSTAT204 includes a built-in analog integrator. It can be used for most 

of the standard electrochemical techniques in combination with NOVA software. The 

Autolab can perform EIS measurements with a built-in FRA32M module. This module 

allows one to perform both potentiostatic and galvanostatic impedance measurements over 

a wide frequency range of 10 µHz to 32 MHz. Data may be presented in both Nyquist and 

Bode plot formats. Graphical equivalent circuit, as well as modified circuit simulation and 

fitting are also possible. Both aqueous solution and non-aqueous solutions were employed 

as electrolytes: these include 1 M NaCl, and ionic liquid C8H15F6N2P (1-n-Butyl-3-methyl-

imidazolium hexafluro-phosphate). Aqueous electrolyte solution was prepared by mixing 

the salt in deionized water. Ionic liquid was purchased from Alfa Aesar. A platinum thin 

wire and a saturated Ag/AgCl electrode were used as the counter and the reference 

electrodes, respectively for three electrode configuration. All tests were performed at the 

room temperature (25⁰C).   

The construction of electrodes varied: graphite rod was used as the working 

electrode for some of the experiments with salt water as electrolyte. Carbon tape on copper 

interfaced with carbon powder was used with the ionic liquid. Carbon nanotube based 

structured separator was made as sandwich of a few functionalized layers. All nanotube
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based electrodes were drop casted onto a polyamide TS80 membrane and dried before cell 

assembly.    

   
Figure 3.3 The 2-electrode experimental configuration of a compact Autolab 

PGSTAT204 potentiostat/galvanostat with working electrode (red), reference electrode 

(blue) and auxiliary electrode (black).  
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A CV test is carried out by applying a cyclic voltage sweep at a scan rate of dV/dt 

within a specific voltage range while measuring the current through the cell. A 

galvanostatic charge-discharge (GCD) test consists of two steps: charging and then 

discharging of the supercapacitor at a constant current over a specific voltage range. The 

operating voltage range is determined by the nature of the electrolyte used. The rated 

voltage includes a safety margin against the electrolyte's breakdown, a point at which the 

electrolyte decomposes or chemical reactions occur. Standard supercapacitors with an 

aqueous electrolyte are typically specified with a rated voltage of 1.0 V, and the working 

voltage for ionic liquids is typically about 2.5 V. 
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CHAPTER 4 

ELECTROCHEMICAL METHODS 

 

Supercapacitor is an energy storage device which consists of multiple components. To 

ensure proper functioning of each individual component and their synergistic effect 

electrochemical characterization and diagnosis techniques are performed. Three types of 

electrochemical methods are used for testing supercapacitor as well as any electrochemical 

capacitor. Mostly used transient techniques are: cyclic voltammetry (CV), 

chronopotentiometry (which is also known as charge discharge) and stationary technique 

which is electrochemical impedance spectroscopy (EIS).  

 

4.1 Electrochemical Cell Set-up 

Two main configurations are used for characterizing either a supercapacitor device or a 

supercapacitor electrode. A three-electrode cell setup is a fast screening process performed 

to analyze electrode materials, their associated structure and optimization. But in order to 

validate performance of a supercapacitor in practical operating conditions, two-electrode 

setup is typically used. 

 

4.1.1 Three Electrode Cell Design 

Generally, a three-electrode electrochemical cell consists of three electrodes: working 

electrode (W), reference electrode (R) and auxiliary or counter electrode (C). A working 

electrode is the electrode under test.  The counter electrode is incorporated so that current 

can flow from the counter to the working electrode. Pt wire or foil are mostly used as
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 counter electrodes. A third electrode is the reference electrode and exhibits an ideal non 

polarizable behavior. The main purpose of this electrode is to maintain a constant voltage 

over a varying applied current; the working electrode voltage is accurately measured in 

reference to it. There are several reference electrodes available, such as Reversible 

Hydrogen Electrode (RHE), Saturated Calomel Electrode (SCE) and Silver/Silver Chloride 

Electrode (Ag/AgCl). All three electrodes are immersed in the electrolyte solution. Figure 

4.1 shows a schematic view of conventional three-electrode setup. 

 

 

 

Figure 4.1  A conventional three electrode cell set up where (1) Working electrode (grey),  

(2) reference electrode (green), (3) Auxiliary or counter electrode (red) and (4) electrolyte 

(light blue). 
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4.1.2 Two Electrode Cell Design 

The two electrode cell design consists of two active electrode surfaces: one for the positive 

and one for the negative polarities. Either electrode is connected to a current collector – a 

metal plate with large conductivity. A separator is placed in between the two electrodes. It 

is a porous membrane that allows ion flow and is saturated with the electrolyte. For a 

commercial assemble test cell, proper sealing is also added depending whether a rolled cell 

or pouch cell.  In small scale research, a polybag which is electrically insulating, moisture 

resistant used as an ideal sealant. The electrolyte solution can be delivered into the test cell 

externally.  

 

4.1.3 Significance and Differences of Three and Two Electrode Configuration  

In several important aspect, two-electrode test and packaged cell and three-electrode cells 

are different from each other.  Three-electrode configuration provides information only for 

the working electrode which contains the material being analyzed for a particular applied 

voltage window. The potential across the counter electrode in a three electrode 

configuration is not controlled and measured. Three-electrode configuration does not 

require full-cell assembly; only half-cell is needed.  Information on individual electrode in 

2-electrode setup is possible only if the two electrodes are similar. For asymmetrical 

supercapacitor, as the electrodes are not identical, it is not easy to extract information from 

individual electrodes. In these cases, three electrode configuration can distinguish the 

individual contributions from the two electrodes [87]. Khomenko et al. mentioned the 

dependence of measured capacitance values based on test cell configuration [86]. 

Composite electrode made of multi-walled carbon nanotubes and two conducting polymers 
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were measured in both 2-electrode and 3-electrode configurations shown in Figure 4.2 and 

the measured capacitance shown in Table 4.1.  

 

 

Figure 4.2   (top) CV of three-electrode cell  PANI/MWNT electrode in 1M H2SO4 at 2 

mV/s scan rate, (bottom) CV of symmetric capacitor based on PANI/MWNTs composite 

electrode in 1M H2SO4 at scan rate, 2 mV/s.  
Source: [86]
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Table 4.1  Dependence of Specific Capacitance of a Composite Electrode 

on the Measurement Technique used  

 

Composite 

Three-electrode cell Two-electrode 

CV 

(F/g) 

Galvanostatic discharge 

(F/g) 
CV (F/g) 

Galvanostatic 

discharge (F/g) 

PPy/MWNTs 506 495 192 200 

PANI/MWNTs 670 650 344 360 

Source: [86]. 

 

As seen from Table 4.1, three-electrode system gives different capacitance values 

than the two electrode system. The three-electrode configuration is valuable for the 

investigation of the material’s chemistry, such as diffusion, or Faradaic reactions.  

However, this method can lead to large errors when projecting the capacitance and energy 

storage of an electrode used for supercapacitors if the potential window, charging rate and 

methods of calculation are not chosen properly.  

The active material and the thickness of the electrode are also factors that affect the 

measured capacitance. Supercapacitor electrodes are typically constructed with different 

thickness for high power density (about 10 µm thick) and for high energy density (several 

hundred microns thick) [87]. Therefore, laboratory scale test electrodes should be of 

comparable thickness, to avoid overstatement of the material’s performance. The thickness 

dependence, of capacitance of a SWCNT-based two-electrode cell in an aqueous 

electrolyte, has been studied [87]. 
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4.2 Cyclic Voltammetry (CV) 

 

Cyclic voltammetry is a versatile and widely used technique in the field of 

electrochemistry. It has the ability to provide qualitative and quantitative studies about 

electrochemical kinetics, reaction reversibility and mechanisms and consequences of 

electrode structures on these parameters. This method also determines the appropriate 

voltage window for a particular electrode. The main idea is to apply a linearly varying 

voltage to the working electrode with respect to a reference electrode bounded by low and 

high values [88, 89]. The linear waveform is cyclic and one measures the resulting current 

between the working and counter electrodes. The voltage applied can be expressed as [90]: 

 

𝐸 =  𝐸0 +  𝑣𝑡                                                        (4.1) 

𝐸 =  𝐸0 + 2𝑣𝜆 −  𝑣𝑡                                             (4.2) 

 

Equations (4.1) and (4.2) are valid when 0 ≤ t ≤ 𝜆 and 𝜆 ≤ t ≤ 2𝜆, where E0 is the initial 

voltage and 𝜆 is the time at the maximum potential (E0 + v𝜆), indicating the entire potential 

scanning from E0 to E0 + v𝜆 then back to E0 requires a time of 2𝜆. Equations (4.1) and (4.2) 

describe the forward scanning and reverse scanning voltage rate shown in Figure 4.3. The 

linear slope of the forward and reverse scan process is called the scan rate v and is expressed 

in Volt per second (Vs-1). The values of initial potential and time to reach maximum voltage 

can be adjusted independently according to the desired potential scan range. Figure 4.3 

shows two potential vs time curves at two different scanning rate, high scan rate (black) 

and low scan rate (red). To complete a CV cycle, more time is needed if the potential scan 

rate is slower. In order to study electrode kinetics, scan rate is important. If the potential  
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Figure 4.3  Potential vs time curve used for a typical cyclic voltammetry method for a high 

(black) and low (red) scan rate.  

 

scan rate is too fast, the electrochemical reactions on the electrode might not be able to 

follow the electrode potential change. It will be reflected on the cyclic voltammetry 

response which is a current vs potential plot for a specific scan rate for either 2- electrode 

or 3- electrode configuration shown in Figure 4.2. The reaction kinetics can be extracted 

qualitatively and quantitatively from the scan rate dependence of a cyclic voltammetry 

curve. The voltage limit is restricted by the electrolyte degradation or by electrode 

oxidation. In a typical cyclic voltammetry curve, the current passing between the working 

and counter electrode is recorded as a function of electrode potential shown in Figure 4.2. 

Capacitance can be calculated by the total charge transfer during forward and 

backward scanning process of CV for the potential range E1 and E2 which are lower and 

upper potential.  

Charge Q can be obtained by integrating the area of the enclosed CV curve:
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                                                             𝑄 = ∫ 𝑖(𝐸) 𝑑𝑡               
𝑡(𝐸2)

𝑡=0(𝐸1)
                                      (4.3) 

 

The capacitance can be calculated using Equation 4.4: 

 

𝐶 =   
1

𝑣∗|𝐸2−𝐸1|
∫ 𝑖(𝐸) 𝑑𝑡

𝑡(𝐸2)

𝑡=0(𝐸1)
                                        (4.4) 

 

An ideal double layer capacitance behavior is denoted by the rectangular shape shown in 

Figure 4.4. The charge storage is purely electrostatic in this case. When an electrochemical 

capacitors are associated with a resistive component, the measured current exhibits a linear 

trend. When the electrode undergoes a redox reaction in the operating voltage window, the  

 

 

 

Figure 4.4  Comparison of various types of electrochemical capacitors with ideal 

capacitors using cyclic voltammetric curve. 
Source: [28]
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charge is measured as a function of V. The contribution from this capacitance is called a 

faradaic or pseudo capacitance. The deviation from parallelogram shape and the presence 

of prominent peaks are evidence for pseudo capacitance behavior. Cyclic voltammetry can 

also provide information about the degree of reversibility of redox reactions. A mirror 

image of charging and discharging profiles represents a reversible reaction [89].    

 

4.3 Chronopotentiometry  

Chronopotentiometry is an electrochemical method where current is applied to the working 

electrode and the voltage is measured with respect to a reference electrode as a function of 

time. The process is also called galvano-static charge discharge and applies a constant 

current [92]. The charging cycle is performed at a specific current rate from initial voltage 

to maximum voltage. A discharge cycle is conducted from maximum voltage to zero volt 

at a specific current rate. The presence of resistance component (equivalent series 

resistance, (ESR)) in electrochemical capacitor can be detected using an ohmic drop in the 

charge-discharge curve as seen in Figure (4.5).   

This technique is different from cyclic voltammetry since the voltage is measured 

for a given fixed current value. This method assesses the cell's capacitance, resistance and 

cyclability (namely, repeatability under charge-discharge cycles). For pseudo-capacitor, 

the chrono-potentiometric curve is not as linear as it is for a double layer capacitor.   

The capacitance of supercapacitor can be calculated from the slope of the discharge 

portion of the curve using Equation 4.5: 

 

                                                           𝐶 =  
𝐼 ∆𝑡

∆𝑉 
                                                                (4.5)
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where I is the applied discharge current, Δt is the discharge time to go from maximum to 

minimum voltage and ΔV is the voltage window specified during discharge process [92]. 

 

  

Figure 4.5 Typical charge discharge curve for an electrochemical capacitor electrode. 
Source: [90]   

 

Electrolytic solutions have intrinsic resistance (Rsol) in the cell. Some potentiostats 

can compensate for electrolytic solution resistance but a portion of uncompensated 

resistance will remain between the working and reference electrode. The potential that the 

potentiostat records may not be the same potential experienced by the analyte in the 

solution due to the uncompensated resistance during measurements. That phenomenon is 

called ohmic drop. 

The series resistance can also be calculated from the initial voltage drop (Vdrop) occurs at 

the discharge cycle using Equation (4.6)  [93]:     
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 𝑅 =  
𝑉𝑑𝑟𝑜𝑝

∆𝐼
                                                         (4.6) 

 

Ohmic drop should be minimized as much as possible. It can be mitigated by 

decreasing solution resistance (Rsol) thus decreasing the uncompensated resistance [93]. 

For example, an electrolyte with high conductivity and large concentration can achieve 

that. One can also decrease the distance between working and reference electrode as much 

as possible.  

 

4.4 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy is an important technique for characterizing the 

properties of electrode-electrolyte interfaces. Capacitance and equivalent circuit model of 

a supercapacitor can be derived from electrochemical impedance spectroscopy (EIS) data. 

The technique adds a small perturbation AC signal to the DC component over a wide 

frequency range while the current is measured. Frequency response analyzer (FRA) 

module is employed to obtain the EIS data. The EIS measurements have some basic 

requisites: 

i. The system response and the perturbation signal must have a linear relationship. 

ii. During the measurement, the system must be stable. 

Under steady state condition, if an external perturbation AC voltage is applied to the 

system, a net current will be observed. If the AC signal amplitude is small then the response 

observed will be approximately proportional to the applied voltage. The FRA32 analyzer 

assesses the impedance of the overall cell as a function of certain applied frequency range 
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from 100 mHz to 50 kHz.  Therefore, the applied voltage signal is 

 

                                                         𝑣(𝑡) =  𝑉0 cos(2𝜋𝑓𝑡)                                                        (4.7) 

 

The current response of applied voltage will be: 

 

                                                         𝑖(𝑡) =  𝐼0 cos(2𝜋𝑓𝑡 − 𝜙)                                                 (4.8) 

 

V0 is the applied potential amplitude, I0 is the amplitude of the current response, f is the 

frequency of the sinusoidal signal (Hz), t is the time, i(t) is the current response over time 

and 𝜑 is the phase difference between applied voltage and current. The impedance is then 

defined as [28]: 

 

                                                            𝑍 =  
𝑣(𝑡)

𝑖(𝑡)
=  

𝑉0

𝐼0
∗ exp(𝑗𝜙)                                            (4.9) 

 

In general impedance of overall cell is denoted as: 

 

                                                                  𝑍 =  𝑍′ − 𝑗𝑍"                                                          (4.10) 

 

Z’ and Z” represent the real and imaginary part of the impedance of the overall cell. The 

impedance responses recorded by the frequency response analyzer is represented normally 

in two graphical ways: Nyquist plot and Bode plot. Nyquist plot shows the relationship 

between the real part and imaginary part of the impedance. Bode plot exhibits the
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magnitude versus frequency plot as well as phase versus frequency of the impedance 

measurements. An example of a Nyquist plot is shown in Figure 4.6. 

The performance characteristics of electrochemical capacitors differ somewhat 

from those of conventional capacitors. According to Kotz in Figure. 4.6, the impedance 

plane represents an ideal capacitor and a simplified electrochemical capacitor, both having 

the same ESR (equivalent series resistance at 1 kHz). The ideal capacitor exhibits a vertical 

line; whereas the electrochemical capacitor starts with a 45° impedance line and 

approaches an almost vertical line for very low frequencies. The non-vertical slope can be 

easily reproduced by replacing the capacitance expression with a constant phase element  

 

 

 

Figure 4.6  Nyquist plot of an ideal capacitor (vertical thin line) and an electrochemical 

capacitor with porous electrodes (thick line).  

Source: [28].



 

 59  

(CPE). The parameter replaces every j𝜔 expression with (j𝜔)p, where 0<p<1,. The case for 

p=1, represents an ideal capacitor with no frequency dependence is mentioned [28]. The 

45° region (Warburg region) is a consequence of the distributed resistance/capacitance in 

a porous electrode was also specified in the analysis. At the high frequency region, the 

resistance as well as the capacitance of a porous electrode decreases because only part of 

the active porous layer is accessible to the ions. The electrochemical capacitor may be 

represented by an ideal capacitor with an ESR increased by the equivalent distributed 

resistance (EDR) [28]. EIS measurements are also related to physical properties of the cell. 

The concentration of ion, types of ions and temperature of operation, all affect the solution 

resistance. ESR depends on the cell geometry and current flow path. Diffusion of ions 

between the metal contact and the bulk solution results in diffusion impedance. At high 

frequencies, this impedance is small as the diffusing species do not move in contrast to 

large distances covered by the ions at low frequencies [28]. 
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CHAPTER 5 

RESULTS 

 

5.1 Introduction 

A new concept of fabricating structured separator layer is introduced in this dissertation. 

The otherwise insulating membrane, serving as a separator between the anode and the 

cathode, is turned into a structured membrane. A structured membrane is fabricated out of 

functionalized carbon nanotubes (CNT) in a form of an electronically a p-type layer on top 

of an n-type layers. The structure is call gate. The gate may be left unbiased (passive gate) 

or may be biased by an additional voltage source (active gate). In any case, the structure 

exhibits a potential barrier to the ionic flow. The gate is consisted of multiple p-n nano-

junctions which are formed at the contact between the p-type and the n-type CNT layers. 

Current-voltage (I-V) measurements demonstrate diode-like characteristics. Raman 

spectroscopy and scanning electron microscopy of the gate assessed its interface quality. 

The ordering of the structure with respect to the direction of ion flow affects the cell's 

capacitance.  

 

5.2 Experiment 

5.2.1  Current-Voltage Characteristics of Single p-type and n-type Layers 

A p-type single wall CNT film and n-type single wall CNT film were deposited on a 

polyamide TS80 filter using drop casting technique. Keithley 236 source meter, interfaced 

with a computer was used to measure the current-voltage characteristics at a voltage range 

between -1 V to +1 V at steps of 100 mV. 
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The current-voltage characteristics were measured on dry samples. 

 

5.2.2   Gate Electrode Preparation 

A polyamide TS80 filter of dimension 4 cm × 4 cm was cut from a 1016 × 305 mm long 

TriSep flat sheet membrane of thickness 0.05 mm. A stripe of 4 cm × 1 cm of CNT was 

coating one side of the membrane. The boundaries of the stripe was defined with a masking 

tape. Once the film is dry, the tape is removed from the membrane leaving either a p-type, 

or an n-type stripe on the TS80 membrane. To create a contact between the film and the 

copper foil, conductive epoxy (CW2400) is used. CW2400 epoxy contains resin and 

hardener.  Equal amounts of both parts are mixed thoroughly for more than 2 minutes and 

then applied along 1 cm from the top of the film. Curing time and electrical conductivity 

depend on temperature. The adhesive is cured inside an oven at 65⁰C. Maximum adhesion 

and bond strength between film and copper are achieved after 24 hours. In order to protect 

the copper current collector from corroding, 5-min epoxy (Loctite) is applied on exposed 

areas. It reaches handling strength after one hour. It is water resistant and does not shrink 

or crack over time. As we use water based electrolytes, the characteristics of the epoxy 

helps to prevent corrosion of the contact. The p-type and n-type films are butt-coupled face 

to face to create a p-n structured film, which makes the gate electrode. The current-voltage 

measurement on the p-n structured gate is taken from -1.5 V to +1.5 V at steps of 100 mV.  

 

5.2.3 Electrochemical Tests 

The experimental setup for 2-electrode experiments is shown in Figure 5.1a. It involves 

only two electrodes: the working electrode (one of the graphite rods) and a counter
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electrode (the other graphite rod). The two graphite electrodes were immersed in 1 M NaCl. 

The container body was made of polypropylene.  An immovable center plate with a ca 0.3 

cm2 hole was made out of poly(methyl methacrylate) (PMMA).  The diode-like separator 

was held tight by another PMMA plate with a matching hole to ensure ion flow and a 

proper contact between the p-type and the n-type coated membranes. 

 

   

(a)      (b) 

Figure. 5.1 (a) Cell’s configuration.  (b) The separator holder is composed of two PMMA 

plates each having a hole.  The diode-like separator was held tight between the immovable 

plate and a removable plate.   

 

 

 

Electrochemical measurements were carried out using Metrohm Autolab 

PGSTAT204 compact model potentiostat/galvanostat system. For CV measurements, the 

working electrode was scanned from 0 V to 500 mV at rates of 50, 100, 200 300 and 500 

mV/sec, respectively. Chronopotentiometry tests were conducted in 2-electrode set up 

from 0 V to 0.5 V for various discharge currents: 50 µA, 75 µA, 90 µA and 100 µA. Both 

cyclic voltammetry and chronopotentiometry methods are carried out in two scenarios: (a) 

the overall cell capacitance with and without the structure on the separator membrane and

epoxy coated 

Cu electrode

PMMA plate

with a hole

diode-like 

membrane

hole
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(b) by applying an additional a gate voltage across the gate. Electrochemical impedance 

spectroscopy was performed using FRA32M module of the same electrochemical 

workstation. Measurements were carried out in the 100 mHz - 50 KHz frequency range 

with an AC perturbation signal of 10 mV. For 3-electrode set up, a reference electrode, 

made of Ag/AgCl is added to the configuration. 

Current-voltage characteristics of the diode like p-n structured film was measured using 

Keithely 236 source meter.  

 

5.3 Results 

Scanning Electron Microscope picture of CNT coated separator is shown in Figure 5.2. 

Scanning electron microscope of a p-n structure on TS80 membrane provides surface 

morphology of the film. The surfaces exhibit highly porous films. A magnified picture of 

the film's surface is also shown in Figure 5.4. The pore size ranges between 100 to 300 nm. 

The pores allow ion flow and the large surface area increases the interaction between the 

electronic charges on the gate with the flowing ions. The current-voltage (I-V) 

characteristic under dry conditions of either single p-type or n-type film on a polyamide 

TS80 membrane is shown in Figure 5.3. A single layer of either type behaves as a resistor 

and therefore, both types exhibit linear characteristics. The junctions were made by 

pressing two film types, together. A dry diode exhibits a nonlinear I-V curve as shown in 

Figure 5.4.  The interface between the pressed films is consisted of numerous nano-

junctions between individual functionalized CNT, and functionalized CNT bundles. The 

curve exhibits characteristics of a step-junction. It also exhibits a large diode resistance. 

Thermoelectric measurements of p-type and n-type layer are shown in Table 5.1 for two
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different temperatures; 135 ⁰F and 155 ⁰F respectively. The data demonstrate that, indeed 

the n- and p-type layers behave as semiconductors.  Raman spectra of the gate’s p-side, n-

side and the p-n junction(s) is shown in Figure 5.5. The G+ peak did not shift, exhibits a 

small down-shift for the more negatively charged n-type tubes. For n-type and p-type, the 

down-shift was about 10 cm-1. 

 

 

Table 5.1  Thermo-electric Measurement of p-type and n-type Layer 

 

 

  

Temperature 135⁰F 

 

Temperature 155⁰F 

 

n-type CNT 

 

+0.8mV 

 

+1.2mV 

 

p-type CNT 

 

-1.8mV 

 

-2.5mV 

Note: The positive lead was placed on the hot side 
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Figure 5.2 SEM picture of the diode-like film on top of the TS80 membrane on 1 µm scale 

and 100 nm scale.  The film was made of two layers pressed together: a p-type layer and 

an n-type layer each made of functionalized SWCNT.                                                       
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Figure 5.3  I-V characteristics of single p-type (red) and n-type (blue) carbon nanotube 

layer each imbedded in a PMMA matrix.  

 
Figure  5.4  I-V characteristics of pressed together p- and n-type CNT films to form a p-n 

diode-like structure.  
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Figure 5.5  Raman signal for n-type (blue) and p-type (red) single walled carbon nanotube 

layer.  

 

 

5.3.1 Aqueous Cells with Gate Electrodes  

A comparison was made between a bare and p-n structured gate at various scan rates 

without applying a bias to the gate.  2-electrode cyclic voltammetry (CV) was used.  The 

potential range was 0 to 0.5 V.  The potential range is chosen such that the cell remains 

stable throughout the experiment (namely, does not undergoes hydrolysis or any other 

chemical reaction). The cell was assembled and the wait time before taking the data was 

about one hour. The area under the CV plot has increased when the separator was interfaced 

with a p-n gate.  This is indicative of a higher cell capacitance for structured gate. The CV
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curve also exhibits no peak; this implies to a lack of reaction in this voltage range. This is 

important because the capacitor seems to operate at a non-Faradaic mode (namely, there is 

no charge transfer between electrolyte and electrodes, or put it differently, no chemical 

reaction is taking place). The CV curve shows quasi-rectangular features indicative of 

small equivalent series resistance in the low scan rates.  High scan rates exhibit larger  

 

  
 

(a)      (b) 

Figure 5.6  CV curve for various scan rates: 0.05 V/s (green), 0.1 V/s (magenta), 0.2 V/s 

(light blue), 0.3 V/s (yellow), 0.5 V/s (blue) for both bare (a) and p-n structured separators 

(b).  The larger area in (b) for the corresponding scan rate is indicative of the larger cell’s 

capacitor in the case of the p-n structured separator. 

                        

equivalent resistance (the overall curve is more slanted). The effect may be due to ion 

diffusion from the electrolyte to the electrode: at low scan rate, the ion have more time to 

reach the electrode than for high scan rates. As a result, the adsorption of ions in the 

electrode surface is incomplete.  

Two-electrode chronopotentiometry for bare and p-n structured gate at various 

current discharge rates were performed without a bias to the gate. The curves are shown in 

Figure 5.7.  The voltage range was set from 0 to +0.5V. The triangular curve of 

chronopotentiometry indicates the capacitive behavior of the cell. All the                           
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(a)       (b) 

Figure 5.7  2-electrode C-D at various current levels for both bare (a) and p-n structured 

separators (b): 50 A (blue); 75 A (red); 90 A (green); and 100 A (magenta).  The 

voltage ranged between 0 and +0.5V.   

 

 

chrono-potentiometry curves are well-defined and symmetric. It can be seen that charge 

and discharge time are decreased as the charge current increased (Figure 5.7a and b). For 

each discharge current, note the slightly longer cycle for the p-n structured separator when 

compared to the bare separator; this is attributed to an overall cell capacitance increase 

when the structured gate is introduced. Note that the ohmic drop for each case is negligible.  

An Ohmic drop is indicated by a potential drop from the end of the charge stage to the 

beginning of the discharge stage.  

 

5.3.2. Cell Capacitance Measurement with No Gate Bias  

The incorporation of SWCNT based, p-n junction(s) on a separator clearly increases the 

overall cell's capacitance (Figure. 5.8a-b).  CV is sensitive to the capacitance of the entire 

cell as indicated by the optimal scan rate of 0.2 V/sec. But in lowest scan rate 0.05 V/s, the 

increase of overall cell capacitance is more prominent with the inclusion of structured
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separator compared to a bare one. Similarly, using charge-discharge (also known as 

chronopotentiometry), the overall cell capacitance has increased when the gate was 

structured.  Thus, both methods exhibit capacitance increase between 4-10% for the 

structure gate with no voltage bias. Chronopotentiometry experiments consistently exhibit 

larger capacitance values.  

Equations (5.1) and (5.2) are used to calculate the capacitance of the cell for CV 

and chronopotentiometry, respectively. 

 

                                              𝐶 =   
1

𝑣 ∗ |𝐸2 − 𝐸1|
∫ 𝑖(𝐸) 𝑑𝑡

𝑡(𝐸2)

𝑡=0(𝐸1)

                                            (5.1) 

 

                                                            𝐶 =  
𝐼 

∆𝑉
∆𝑡

 
                                                                            (5.2) 

 

For CV, the value for E1 and E2 are 0 and 0.5 V and v is the scan rate. The scan rate varies 

from 0.05 V/s to 0.5 V/s. The integration part of Equation (5.1) is obtained by calculating 

the area under the enclosed CV curve of Figure 5.6. For chronopotentiometry, I is the 

applied discharge current and the denominator is assessed from the slope of the discharge 

profile. The decreasing of the cell's capacitance with the increasing charge/discharge 

current is due to slower diffusion at high charge/discharge current levels.  

Tables 5.2 and 5.3 compare the capacitance improvement when the structured separator 

was included in the cell. 
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(a)                                                                     (b) 

Figure 5.8  The effect of a p-n gate membrane on the cell's capacitance using: (a) 2-

electrode CV and (b) 2-electrode C-D.  Experiments were conducted with no gate bias. The 

red curve was obtained with p-n gate diode while the blue curve was obtained without it.  

 

 

Table 5.2  Cell Capacitance Increase Structured upon Introducing a Structured Separator 

and using CV Data from Figure 5.6 a,b 

 

 

Scan rate 

 

Ccell_with bare 

separator (mF) 

 

 

Ccell_with 

structured 

separator (mF) 

 

% Increase 

 

0.5 

 

0.527 

 

0.549 

 

4% 

 

0.3 

 

0.593 

 

0.614 

 

3.5% 

 

0.2 

 

0.62 

 

0.643 

 

3.8% 

 

0.1 

 

0.611 

 

0.638 

 

4.4% 

 

0.05 

 

0.53 

 

0.586 

 

10.6% 
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Table 5.3  Measuring Cell Capacitance Increase upon Introducing Structure Separator and 

using Chronopotentiometry Data from Figure 5.7 a,b 

 

 

Discharge Current 

in mA 

 

Ccell_with bare 

separator (mF) 

 

 

Ccell_with 

structured 

separator (mF) 

 

% Increase 

 

0.05 

 

1.139 

 

1.272 

 

11.6% 

 

0.075 

 

1.121 

 

1.237 

 

10.3% 

 

0.09 

 

1.099 

 

1.21 

 

10.1% 

 

0.10 

 

1.078 

 

1.183 

 

9.7% 

 

 

5.3.3. Cell Capacitance under Gate Bias 

In Figure 5.9(a), we show CV results for cell capacitance while the gate is under voltage 

bias.  The cyclic voltammetry curve was performed for multiple cycles back and forth. The  

 

 

(a) (b) 

Figure 5.9  Capacitance as a function of reference voltage, Vref: (a) using 2-electrode CV.  

(b) Using 2-electrode C-D at current level of 50 micro-Amps.  The gate voltage, Vg varied 

from -0.4 to +0.4 Volts.  Vg=0 is the starting point.                                                           
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scans were averaged over four cycles.  Similar curves for charge-discharge is shown in 

Figure 5.9(b).  Both curves clearly exhibit additional cell's capacitance of ca 15% as a 

function of gate bias near a gate bias of Vg~0 V.  This additional capacitance comes at 

some energy costs. 

The DC current-voltage curve for only the gate, Ig-Vg is shown in Figure 5.10 

while either the CV or the C-D experiments were running.  In Figure 5.10, a full cycle of 

the gate current as a function of the gate bias, Vg is shown.  The Ig-Vg curves were taken 

at various experimental times and the fact that they overlap on top of each other is proof to 

the stability of the experiment.  The gate current vs gate bias curve was performed using  

 

     
 

(a) (b) 

Figure 5.10  Gate current, Ig as a function of reference voltage, Vref.  Data were taken at 

30 sec (blue), 40 sec (red) and 50 sec (magenta) while either (a) CV or (b) C-D 

measurements were running. 

 

 

Agilient U2722A USB modular source measure unit. It measures the gate current while the 

source voltage is applied across the gate.  The measurements were also taken for four cycles 

during either the CV or chronopotentiometry. 
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5.3.4. Energy Considerations for a Biased Gate 

Biasing the gate creates additional polarizing effect, yet, costs energy.  From Figure 5.10 

and assuming a linear change at Vg~0 V, the largest change in the cell's capacitance under 

bias occurs for Vg between ±0.1 V, for which Ig~60 A.  The energy invested in charge 

separation at the biased gate is the area under the Ig-Vg curve, or, Ugate=½IgVg=6 J.   

Under gate bias, the additional stored energy in our cell may be estimated as follows: 

 

               Ucell=[Ccell(Vg)][Vcell]
2~{C0+[Ccell)/Vg)]Vg)}[Vcell]

2                   (5.3) 



 Ucell=[Ccell/Vg)Vg](Vcell)
2                                        (5.4) 

 

Ccell/Vg)=(0.2mF/0.2 V)=1x10-3 F/V; Vg=0.1 V; Vcell is linearly varying between 0 

and 0.5 V so, <Vcell>=0.25 V.  Plugging it into Equation (5.4) we get, Ucell=6.25 J ~ 

Ugate.  Thus, upon biasing the gate, the invested energy is completely utilized in additional 

energy storage through the increase in the cell’s capacitance. 

 

5.3.5. Cell Model and Impedance Spectroscopy 

Charge separation at the gate is the reason for the observed capacitance change.  The p-

type and n-type SWCNT have different chemical potentials.  They equate to one another 

when pressed together.  This results in electronic charge redistribution across the gate’s 

layers.  In terms of doping by the polymeric coatings, the functionalized SWCT are 

considered lightly doped, which means that the junction is extended across the entire two 

gate layers and not just at the interface alone.  The ions respond by creating a double layer
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throughout the porous gate and this may be viewed as placing a gate capacitor in parallel 

to a (large) resistor and the (rather small) capacitor that represents the insulating separator.  

Our cell model is presented in Figure. 11e. The diode is replaced by a capacitor for fitting 

purposes (Figure. 11e).  Nyquist plot and Bode plots are provided in Figure. 11c-d, for a 

p-n gate membrane at Vg=0 V.  Electrochemical impedance spectroscopy was performed 

at the overall cell from 50 kHz to 100 mHz at 10 mV of applied signal with a 2 electrode 

setup.  In general, adding a p-n gate structure reduces the cell's resistance, which may be 

attributed to the larger ion concentration at the gate. EIS characteristics of overall cell with 

and without the structured separator layer shows two distinct frequency zones, high 

frequency depressed semicircle and non-vertical line for low frequency values. Due to the 

non-vertical slope the capacitors can be modelled with a constant phase element (CPE) 

expression. EIS approaches to the low frequency region at 45⁰ due to the distributed 

resistance and capacitance of the porous electrode. The equivalent circuit with a permeable 

structured separator is replaced by combination of a permeable gate capacitor and diffusion 

capacitance.  C1 and C2 are the double layer interfaces at the cell's electrodes, Rs is the 

solution resistance of the electrolyte, Cd is the diffusion capacitance and Cg is the gate 

capacitance.   
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(a)          (c) 

    

(b)           (d) 

 

 

 

 

 

 

 

 

 (e)       

 

Figure 5.11 Electrochemical impedance spectroscopy for bare and structured separators. 

Blue:  experimental; Red:  fitted model.2-electrode cell is using (a, b) Nyquist and (c, d) 

Bode plots and (e) the equivalent circuit model. 

 

 

                                                                                                                                          

Rs Rs C1 C2 

Cd + Cg 

~Vcell 
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In Figure 5.12 EIS measurements with and without structured separator exhibit low 

equivalent series resistance (ESR). Incorporating the gate results in a reduction in the 

overall cell resistance.  This is correlated with a higher power cell's capacity according to 

Equation (5.5). 

 

                                                      𝑃 =  
𝑉2

4∗𝐸𝑆𝑅
                                                               (5.5) 

 

For both EIS curve, the knee frequency is at 1 kHz. At knee frequency the overall cell 

resistance with and without a structured separator is measured 220 Ω and 243 Ω, 

respectively shown in Figure 5.12a. The structured separator enhances the overall power 

capability of the cell by decreasing overall cell series resistance. 

 

  
    (a)      (b) 

 

Figure. 5.12  Experiment: Electrochemical impedance spectroscopy of cells using bare 

(blue) and p-n structured gate (red) in a 2-electrode cell: (a) Nyquist and (b) Bode plots.  

 

After 3 months, we re-assembled the gate (Figure 5.13) and examined the effect of 

interchanging the order of the p-layer and n-layer with respect to the working electrode.
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This was done simply by interchanging the positions of counter and working graphite rods 

in the cell, keeping the membrane in place.  Bare gate membrane experiments were used  

 

 

Figure 5.13  A gate structure after the conclusion of a set of experiments.                        

 

as reference.  We did not re-polish the graphite rods between measurements and note that 

their surface quality determines the overall cell's capacitance.  Also, the p-n junction(s) are 

formed by contact and are sensitive to local stress inserted on them by the two plastic plates.  

This means that re-assembling the cell may somewhat change the overall cell's capacitance 

but not the trend.  Figure 5.15 shows a larger cell capacitance when the n-layer faces the 

working electrode and alludes to the importance of gate's layers order with respect to the 

cell's electrodes (a capacitance increase of >5%).  The overall cell capacitance has reduced 

somewhat after reassembly. Cyclic voltammetry was performed for both cases for various 

scan rates and there was no reaction takes place in the cell which exhibits in Figure 5.14.  
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(a)                                                               (b) 

Figure 5.14 2- electrode cyclic voltammetry using p-n structured separator with 

interchanging the position, a) n-layer facing towards working electrode b) p-layer facing 

towards working electrode. 

 

 

  
 

Figure 5.15 Capacitance of cell vs scan rate for different orientation of structured layer 

near the working electrode, n-layer facing towards working electrode (green), p-layer 

facing towards working electrode (red) and bare separator (blue). 
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5.4 Measurement of Capacitance of Gate Electrode  

 

A gate, electrode consisted of p-n structured film is used as a separator in the cell with 1 

M sodium chloride electrolyte solution. To assess the capacitance of the the gate itself, 3-

electrode set up is employed: the working electrode is the p-side, platinum wire is the 

counter electrode and Ag/AgCl is used as a reference electrode. The goal here is to assess 

whether the order of the structured electrode with respect to the position of the reference 

and counter electrodes has an effect on the overall cell capacitance. The the experimental 

configuration is shown in Figure 5.16a where referenece and counter electrodes are close 

to n-type side of the gate. For the flip case, the reference and counter electrode are placed 

near the p-type side of the gate as shown in Figure 5.16b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

                                  (a)                                                                   (b) 

 

Figure 5.16  The experimental 3- electrode set-up used to measure capacitance of the gate 

electrode alone and the effect of working electrode position compared to reference 

electrode (red) and counter electrode (grey) position.  W, R and C are the working, 

reference and counter electrodes, respectively. 

            

W R C 
W R C 
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(a) 

 
    (b) 

 

Figure 5.17  CV for p-n gate electrode in 1 M sodium chloride solution using 3-electode 

set up for various scan rates: 0.5 V/s (blue), 0.3 V/s (yellow), 0.2 V/s(light blue), 0.1 

V/s(magenta), 0.05 V/s(green) when (a) the reference and auxiliary electrodes are placed 

near the n-type side and (b) reference and auxiliary electrodes are placed near the p-type 

side. 

 

The tests for a gate without bias have been carried out at various scan rates. CV 

curves shown in Figure 5.17. Further openings in the curves is exhibited for lower scan 

rate 0.05 V/s than for the higher scan rate of 0.5V/s for either p-n order (with respect to the
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counter electrode). In order to be consistent with the two electrode set up, the same 

potential range from 0 to +0.5 V is chosen. 

 

 
 

Figure 5.18 Capacitance of gate vs Scan rate. blue curve: p serves as working electrode; 

reference and counter electrodes are placed near the n side. Red curve: p-layer serves as 

the working electrode; reference and counter electrodes are placed near the p-side. 

 

 

As mentioned before, the order of the p-n junction with respect to the counter 

electrode varied.  In one case, the p served as a working electrode while the reference and 

counter electrodes were placed at the n side.  This case tends to have lower capacitance 

than the case where the reference and auxiliary electrodes are facing the p-side, as shown 

in Figure 5.18. This experiment indicates that the position of reference and counter 

electrode along with the ordering of structured gate play a role in the capacitance increase. 

The maximum capacitance is obtained at 0.05 V/s and is 0.1 mF.  
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5.5 Ionic Liquids Cells 

Ionic liquid was used as an electrolyte in a cell with copper electrodes. The configuration 

of the gate is shown in Figure 5.19. For both working and counter electrode, we used bare 

copper foil cut into two 5 cm × 3 cm  strips. In order to ensure a compact cell, we pressed 

electrodes with glass slides as shown in Figure 5.19. Ionic liquid (1-n-Butyl-3-methyl-

imidazolium hexafluro-phosphate) is drop casted onto the structured separator membrane. 

Two pieces of thin lens clothes (Bausch & Lomb)of 0.1 mm thickness between separator 

membrane and electrode were placed as well to isolate any contact between electrode and 

separator. After assembly, the sample was resting overnight.  

 

 

 
 

Figure 5.19  Freshly prepared sample put together with 2-electrode cell using bare TS80 

and p-n electrode and ionic liquid electrolyte. 

 

            

Cu Electrode only 

p-type on TS80 

n-type on TS80 

Membrane 

Bare TS80 
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The bare separator consists of only TS80 membrane, soaked with ionic liquid. 

Cyclic voltammetry is performed with a 2-electrode setup from 0 to 0.5V at various scan 

rates. The CV curves for bare and structured gates are shown in Figure 5.20 and Figure 

5.21. The opening of the curve is indicative of their capacitive nature; no reaction is 

observed in any of the CV curves (noted as absence of reduction peaks). Copper electrodes 

are not porous 

 

  

 

Figure 5.20 Cyclic voltammetry of cell with bare separator (TS80) soaked with ionic liquid 

at various scan rates, 0.5 V/s (Blue), 0.3 V/s (yellow), 0.2 V/s (light blue), 0.1 V/s 

(magenta), 0.05 V/s (green), 0.01 V/s (red). 
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Figure 5.21  Cyclic voltammetry of cell with p-n gate soaked in ionic liquid at various scan 

rates, 0.5 V/s (Blue), 0.3 V/s (yellow), 0.2 V/s (light blue), 0.1 V/s (magenta), 0.05 V/s 

(green), 0.01 V/s (red).     

 

 
 

Figure 5.22 Capacitance of cell vs Scan rate for bare (blue) and p-n structured gates (red) 

at various scan rates: 0.5 V/s, 0.3 V/s, 0.2 V/s, 0.1 V/s, 0.05 V/s, 0.01 V/s.
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Figure 5.23  Relative capacitance of a cell with p-n gate in ionic liquid at various scan 

rates, 0.5 V/s (Blue), 0.3 V/s (yellow), 0.2 V/s (light blue), 0.1 V/s (magenta), 0.05 V/s 

(green), 0.01 V/s (red).          

 

 

yet, the porosity of the gate increases the overall cell capacitance as assessed by Equation  

(5.1). The capacitance vs scan rate plot is shown in Figure 5.22 and exhibits a capacitance 

increase. The curve decreases with increased scan rate which is due to diffusion; high scan 

rates are impeded by the electrolyte viscosity.  Relative capacitance, which is the 

capacitance of structured gate normalized by the capacitance of a bare separator is shown 

in Figure 5.23. 
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5.5.1 Cell Electrodes with Carbon Powder 

 
Configuration of the sample is in Figure 5.19. Current collectors for the working and 

counter electrodes were made of copper foil, cut into two 5 cm × 3 cm  strips. The stripes 

were coated with double sided carbon tape. The carbon taped was coated with carbon 

powder to increase its porosity. The loose powder was scraped off to ensure a uniform  

coverage. The weight of the powder was 2 mg. The cell was compacted with two pressed 

glass slides as shown in Figure 5.19. Ionic liquid (1-n-Butyl-3-methyl-imidazolium 

hexafluro-phosphate) soaked in a TS80 membrane as well as two pieces of thin lens clothes 

(Bausch & Lomb) between separator membrane and electrode. Figure 5.24 shows the 

supercapacitor cell assembly. 

  

 
 
 
 

 
 
 
 
 
 

 

 

Figure 5.24  Supercapacitor cell assembly using structured separator and a copper 

electrode interfaced with carbon powder and two thin piece of lens clothes separates the 

electrode and separator. 

                                       

 

 

 

            

Cu with C-tape and C-powder electrode only 

  p-type on TS80 

  n-type on TS80 

 Membrane 

   Bare TS80 
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Figure 5.25 Cyclic voltammetry using two copper electrodes interfaced with carbon 

powder and p-n structured separator with ionic liquid at scan rates, 0.5 V/s, 0.3 V/s, 0.2 

V/s, 0.1 V/s, 0.05 V/s. 

 

 
 

Figure 5.26 Cyclic voltammetry using two copper electrodes interfaced with carbon 

powder with p-n structured separator soaked in ionic liquid scan rates, 0.5 V/s, 0.3 V/s, 0.2 

V/s, 0.1 V/s, 0.05 V/s. 
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Figure 5.24 shows the experimental set up using two copper electrodes interfaced with 

carbon powder. In this section, we interchanged the order of p-n layers with respect to 

auxiliary electrode . In Figure 5.25, the n side is near the auxiliary electrode; in Figure 5.26, 

the p side is near the auxiliary. Irrespective of the order of the layers, the overall cell 

capacitance has increased compared to a bare separator for any scan rate. In Figure 5.27, 

CV after interchaning layer layout along with bare membrane is shown for high scan rate 

(0.5V/s) and low (0.1V/s) for better visualization. It clearly indicates that irrespecting of 

any layer layout, the measured capacitance is increased compared to bare.  

 

  

(a)                                                                  (b) 

 

Figure 5.27 CV of cell with two copper electrodes and a separator. Blue curve: bare 

separator; Red curve: p-n structured film where the n-side is facing the auxiliary electrode; 

Green curve where the p-side interface the auxiliary electrode. Ionic liquid was used as 

electrolyte at (a) 0.5 V/s and (b) 0.1 V/s scan rates. 

 

 
 
 
 
 

            



 

90 

 
 

Figure 5.28  Capacitance of cell with two copper electrodes and a separator. Blue curve: 

bare separator; Red curve: p-n structured film where the n-side is facing the auxiliary 

electrode; Green curve where the p-side interface the auxiliary electrode. Ionic liquid was 

used as electrolyte at various scan rates, 0.5 V/s, 0.3 V/s, 0.2 V/s, 0.1 V/s. 

 

 
 

Figure 5.29  Capacitance of cell when the copper electrodes are covered with carbon 

powder. Structured separator case: Red: the n-side is facing the auxiliary electrode; Green: 

the p-side is facing the auxiliary electrode.  The electrolyte is an ionic liquid and the 

experiment was performed at various scan rates, 0.5 V/s, 0.3 V/s, 0.2 V/s, 0.1 V/s, 0.05 

V/s, 0.01 V/s, 0.005 V/s.                                                                           
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The stability of the cell is confirmed using cyclic voltammetry from 0 to +0.5 V for 

as many as 100 cycles at 10 mV/s scan rate for the configuration shown in Figure 5.30. 

Similar stability test is performed for the other configuration where n-side is facing the 

auxiliary electrode as shown in Figure 5.32. There was no reaction observed for either cases 

demonstrating that ionic liquid and the carbon nanotubes possess good stability over that 

many cycles. We calculated the overall cell capacitance for 100 cycles for either cases. 

Figure 5.31 shows that after the 10th cycle, the overall capacitance becomes stable and 

maintains its retentivity with small deviation. After 10th and 100th cycle the cell capacitance 

was 64.04 uF and 65.56 uF, respectively. The change of capacitance after 100th cycle is 

very small (~2%). Similarly, Figure 5.33 shows that after 10th cycle the overall cell 

becomes stable.  The cell capacitance for 10th and 100th cycle is measured to be 65.77 uF  

 

 

Figure 5.30  Cyclic voltammetry using copper electrodes interfaced with carbon powder a 

p-n structured gate immersed in ionic liquid.  Experiments were made at a scan rate of 

0.01V/s for 100 cycles.         
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Figure 5.31  Stability measurements. Capacitance of cell vs number of cycles performed 

using cyclic voltammetry; the p-side was facing the auxiliary electrode.  

 

 
 

Figure 5.32 Capacitance of cell vs number of cycles performed in using cyclic 

voltammetry; the n-side was facing the auxiliary electrode. Ionic liquid electrolyte was 

used and the scan rate was 0.01V/s.              
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Figure 5.33  Stability measurements for copper electrodes that are interfaced with a carbon 

powder. The n-side was facing the auxiliary side.  

 

 

and 63.69 uF. The deviation between the initial and final cycle is small (about 3%). 

EIS measurement is performed from 50 kHz to 50 mHz for 10 mV perturbation 

signal for ionic liquid based electrolyte cell with and without structured separator layer. 

The position of structured separator layer has been interchanged and EIS measurement and 

analysis has been performed. The knee frequency is measured to be 19 Hz (red) and 14.42 

Hz (green) when auxiliary electrode is near n- type layer and p-type layer, respectively. 

The equivalent series resistance for ionic liquid electrolyte based cells are quite high in the 

order of kΩ compared to the aqueous electrolyte based cells shown in Figure 5.34. 
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Figure 5.34  Nyquist plot of cell using carbon powder on carbon tape on copper as working 

and auxiliary electrode for both configuration (aux cu-np-work cu in red) and (work cu-

np-aux cu in green) for p-n structured film as separator in ionic liquid electrolyte.  

 

 

Figure 5.35  Nyquist plot magnified version of ionic liquid electrolyte based cell using p-

n structured electrode.                                                                                                              
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Figure 5.36  Bode plot of cell using carbon powder on carbon tape on copper as working 

and auxiliary electrode for both configuration (aux cu-np-work cu in red) and (work cu-

np-aux cu in green) for p-n structured film as separator in ionic liquid electrolyte.  

 

 

5.6 Multiple Structured Gate Electrode  

Multiple gate electrodes were placed in mid-position between the anode and the cathode 

of the cell. The gates tested were: p-n junction, p-i-n junction and metallic, Au/Pd film. 

The study describes the overall effect of incorporating those gate in the cell. 

 

5.6.1 Electrochemical Test 

Cyclic voltammetry is conducted with a 3-electrode set-up. Scans were performed from -1 

V to +1 V at scan rates of 10, 50, 100, and 500 mV/sec. Stability test was conducted at 0.01 
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V/s scan rate using p-n and p-i-n structured gate electrodes from -1 V to +1 V. All 

measurements were carried out at room temperature and using 1 M NaCl as an electrolyte.   

 

5.6.2 Three Electrode Measurement 

 

Comparison was made between a bare, p-n, p-i-n and Au/Pd structured gate at various scan 

rates without applying a bias to the gate.  3-electrode cyclic voltammetry (CV) was used.  

The potential range was -1 to +1 V.  The potential range is chosen such that the cell remains 

stable throughout the experiment (namely, does not undergoes hydrolysis or any other 

chemical reaction). The CV area has increased for a structured gate compared to a bare 

gate.  This is indicative of a higher cell capacitance for structured gate shown in Figure 

5.37. The CV curve also exhibits no peak, which implies to no reaction in this voltage 

range.  

 
 

Figure 5.37 3-electrode cyclic voltammetry curve for bare separator (red), p-n gate 

electrode (blue), p-i-n (magenta) and green (metallic film) at 0.01 V/s scan rates. 
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Table  5.4 Cell Capacitance Measurement for Multiple Gate Electrode in Cell   

 

Scan rate 

(V/s) 

C_Bare 

(in F) 

C_Au/Pd 

(in F) 

C_p-n 

(in F) 

C_p-i-n 

(in F) 

0.5 0.0014 0.0033 0.0043 0.0038 

0.1 0.0139 0.0258 0.0316 0.0296 

0.05 0.0352 0.0548 0.0640 0.0611 

0.01 0.1128 0.1265 0.1346 0.1315 

 

 

 

 
 

Figure 5.38  Cell capacitance vs scan rate from 3-electrode cyclic voltammetry curve for 

bare separator (red), p-n gate electrode (blue), p-i-n (magenta) and green (metallic film). 

 

 

Table 5.4 compares the overall capacitance of a cell using various gate electrodes. 

Figure 5.38 shows the trend of an increasing cell's capacitance  upon a decreasing scan rate. 

Incorporating a gate electrode improves the overall cell capacitance and the effect is more 

prominent for low scan rates. The Relative Cell’s Capacitance (RCC) is the capacitance 

ratio between cells interfaced with a structured film and a cell interfaced with only a bare
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membrane separators. Relative capacitance is larger for higher scan rates than for lower 

scan rates as shown in Figure 5.39. 

Stability test using cyclic voltammetry has been performed at 0.01 V/s scan rate 

from -1 V to +1 V for 80 cycles using p-n and p-i-n structured gateas shown in Figure 5.40. 

There was no reaction observed for either cases demonstrating that the carbon nanotube 

based gate possess good stability over that many cycles shown in Figure 5.40. After 1st and 

80th cycle the cell capacitance was 115 mF and 121 mF respectively for p-n gate electrode. 

For the p-i-n structured gate, the cell capacitance values after the 1st and 80th cycles were 

98 mF and 100 mF, respectively, as shown in Figure 5.41. 

 

 

 
 

Figure 5.39  Relative cell capacitance vs scan rate for p-n gate electrode (blue), p-i-n 

(magenta) and green (metallic film). 
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Figure 5.40  Stability test performed at 0.01 V/s scan rate for 80 cycles using p-n gate 

electrode (blue) and p-i-n (magenta). 

 

 
 

Figure 5.41  Cell capacitance measurement vs number of cycles performed at 0.01 V/s 

scan rate for 80 cycles using p-n gate electrode (blue) and p-i-n (magenta). 
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 5.6.3 Two Electrode Measurement 

2-electrode measurement was carried out using bare and p-n strcutured films using Cyclic 

voltammetry (CV) and Charge-discharge (CD). Chrono-potentiometry was performed for 

2-electrode configuration from 0 to 0.8 V at 1 mA discharge current. The effect of the gate 

electrode incorporation on the overall cell's capacitance has been assessed.  All 

measurements were carried out at room temperature and using 1 M NaCl as an electrolyte. 

2-electrode measurements were performed from 0 V to +1 V at 10, 50, 100, and 500 

mV/sec, various scan rates respectively using bare and p-n structured gate electrode. Figure 

5.42 and 5.43 show the CV curve for bare and p-n film, respectively. Both curve exhibit 

quasi-rectangular curve. The inclusion of p-n structured increased the overall cell 

capacitance when compared to a bare separator (Figure 5.44).   

 
 

Figure 5.42  2-electrode cyclic voltammetry curves for a bare separator at various scan 

rates, 0.5 V/s (red), 0.1V/s (green), 0.05 V/s (magenta) and 0.01 V/s (blue). 
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Figure 5.43  2-electrode cyclic voltammetry curves for p-n structured separator at various 

scan rates, 0.5 V/s (red), 0.1V/s (green), 0.05 V/s (magenta) and 0.01 V/s (blue). 

 

  

 
 

Figure 5.44 2-electrode cyclic voltammetry curve of the cell using bare (red) and 

structured film (blue) at 0.5 V/s scan rate. 
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Two-electrode chronopotentiometry for bare and p-n structured gate at 1 mA current 

discharge rates were performed without a bias to the gate. The curves are shown in Figure 

5.45.  The voltage range was set from 0 to +0.8 V. The triangular curve of 

chronopotentiometry indicates the capacitive behavior of the cell. All the chrono-

potentiometry curves are well-defined and symmetric.  Note an ohmic drop of ca 0.1 V at 

the end of the charge stage to the beginning of the discharge stage. In order to minimize 

the ohmic drop, a lower discharge current rate should be chosen. The measured cell 

capacitance for bare and structured p-n gate is 59.5 mF and 78 mF, respectively. 

 

 
 

Figure 5.45  2-electrode chronopotentiometry curve of the cell using bare separator (red) 

and p-n structured film (blue). 
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CHAPTER 6 

CONCLUSION 

 

A new concept of incorporating active separator layer into a supercapacitor is introduced 

and its effect and contribution to the capacitance of the overall cell is analyzed for aqueous 

and ionic liquid electrolytes. The comparative study has also been performed about using 

a passive separator and active separator. Active separator layer creates a potential barrier 

in the form of electronic structures made of functionalized semiconducting films. In the 

first case study, diode-like p-n junctions used as an active separator were fabricated and 

inserted into a 2-electrode configuration with non-porous graphite rod as working and 

auxiliary electrode and aqueous sodium chloride as supporting electrolyte. Here it was 

demonstrated that active separator provides higher overall cell capacitance than that of 

passive separator irrespective of scan rate. Two electrochemical methods, both cyclic 

voltammetry (CV) and Chronopotentiometry validates the claim. The overall improvement 

of capacitance is calculated to be as low as 4% for highest scan rate and as high as 10% for 

lowest scan rate. It is also shown that due to the active separator layer discharge time is 

prolonged. In another study, if any voltage is applied to the active separator layer the 

capacitance of the supercapacitor increases additionally 10-15%. Electrochemical 

impedance spectroscopy (EIS) method reported that equivalent series resistance decreases 

due to the active separator layer insertion which eventually increases the power capacity 

of the supercapacitor cell. A complex model which fits the experimental data has also been 

proposed to describe the cell. 

In another study, 3-electrode configuration is used to assess the capacitance of the 
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active separator layer made of p-n junction. It exhibits that the position of reference and 

counter electrode along with the ordering of structured gate play a role in the capacitance 

increase. Only cyclic voltammetry analysis was performed. 

In the second case study, similar active layer were fabricated but the electrodes 

were changed to copper electrodes with ionic liquid electrolyte. The idea here was to use 

CV and EIS method to compare the cell capacitance increase with and without active 

separator layer in ionic liquid electrolyte. It was indeed shown that active separator layer 

improves the overall cell capacitance.   

In the third case study, the electrodes were carbon taped copper electrode with 

carbon powder but the separator layer and electrolytes were kept same. In this study, the 

effect of the position of reference and counter electrode along with the ordering of 

structured gate was explored. Additionally for both cases stability test has been performed 

for as many as 100th cycles. Not only did the ordering exhibits the difference of cell 

capacitance increment but it was also demonstrated that the cell becomes stable and 

maintains its retentivity with small deviation. Finally, it was shown that there was no 

reaction observed for either cases demonstrating that ionic liquid and the carbon nanotubes 

possess good stability over that many cycles. 
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CHAPTER 7 

FUTURE WORK 

 

Carbon nanotube electronic junctions as an active separator layer in aqueous and ionic 

liquid electrolyte based supercapacitor has been demonstrated. Even after contact 

protection, aqueous NaCl solution is corrosive for the copper contact of the active separator 

when exposed for long time. An alternative metal electrode prone to corrosion in sodium 

chloride with ohmic contact with CNT film is required for longer life of the cell. The 

mechanical adherence of the CNT films to the metal contact needs to be further improved: 

a more robust method ought to be developed. The porosity of separator is important to the 

cell capacitance improvement but there is no standard method or process is established to 

control it. In addition to the already established passive layer, active layer with the 

electronic structures could help in increasing the cell capacitance of supercapacitor. 
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