
 

 

 
Copyright Undertaking 

 

This thesis is protected by copyright, with all rights reserved.  

By reading and using the thesis, the reader understands and agrees to the following terms: 

1. The reader will abide by the rules and legal ordinances governing copyright regarding the 
use of the thesis. 

2. The reader will use the thesis for the purpose of research or private study only and not for 
distribution or further reproduction or any other purpose. 

3. The reader agrees to indemnify and hold the University harmless from and against any loss, 
damage, cost, liability or expenses arising from copyright infringement or unauthorized 
usage. 

 

 

IMPORTANT 

If you have reasons to believe that any materials in this thesis are deemed not suitable to be 
distributed in this form, or a copyright owner having difficulty with the material being included in 
our database, please contact lbsys@polyu.edu.hk providing details.  The Library will look into 
your claim and consider taking remedial action upon receipt of the written requests. 

 

 

 

 

 

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 

http://www.lib.polyu.edu.hk 



 

 

 

 

 

CARBON BASED COMPOSITES 

FOR SUPERCAPACITOR 

ELECTRODES 

 

 

 

YANG QIN 

 

 

Ph.D 

 

 

The Hong Kong Polytechnic University 

 

 

2016 



 

 

 

The Hong Kong Polytechnic University 

Department of Industrial and Systems Engineering 

 

 

Carbon based Composites for Supercapacitor 

Electrodes 

 

 

 

Yang Qin 

 

 

 

A thesis submitted in partial fulfillment of the requirements 

 for the degree of Doctor of Philosophy 

 

 

February 2016 

 



CERTIGICATE OF ORIGINALITY 

I hereby declare that this thesis is my own work and that, to the best of my 

knowledge and belief, it reproduces no material previously published or 

written, nor material that has been accepted for the award of any other 

degree or diploma, except where due acknowledgement has been made in 

the text. 

(Signed) 

    YANG QIN   (Name of student)



 

  Abstract 

i 
 

Abstract 

Nowadays, renewable energy is being developed to satisfy the increasing demand for 

energy all over the world. In addition, energy storage devices are being designed for 

energy to be stored more stably and for more convenient and efficient use. The 

supercapacitor, as one of the main storage devices, is applied in many different 

application fields, like electric vehicles and portable electronic products, due to their 

high power density and quick-charging properties.  

However, the low energy density of supercapacitors limits further applications, 

when compared with batteries. The electric properties of supercapacitors mainly rely 

on the characteristics of the electrode materials. This research work is aimed at 

designing carbon based materials with high energy density and long cycle life for 

supercapacitor electrodes.  

 At present, there are three main materials which are used as electrode materials, 

carbon based materials, conducting polymers and transition metal oxides. However, 

these materials show certain flaws when they are fabricated as electrodes for 

supercapacitors. Carbon based material has high conductivity, but the specific 

capacitance is extremely low due to the ions only electrostatic adsorption and 

desorption. Conducting polymers can produce pseudocapacitance due to redox 

reactions, but their chemical stability is poor during the charging and discharging 
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cycles. The specific capacitance of carbonaceous materials also can be improved by 

modifying metal oxides, but the high resistance of metal oxides restricts the charging 

rate.  

This work investigates the capacitive performance of carbon based composites in 

aqueous solution and its capacitive performance improvement by electrochemical 

approaches.  

In the first part, the research focuses on capacitive performance of composites of 

multiwalled carbon nanotubes (MWCNTs) and the conducting polymer, 

poly-3,4-ethlyenedioxythiophene-polystyrene sulfonate (PEDOT-PSS), in aqueous 

solution. It is found that specific capacitance decreases due to the degradation of 

PEDOT-PSS during continuous cycling. In this case, the MWCNTs/PEDOT-PSS 

composite just behaves as a double-layer capacitor without pseudo-capacitance from 

PEDOT-PSS when the specific capacitance (Csp) gets stable. 

In the second part, the Csp of the MWCNTs/PEDOT-PSS composite is improved 

by high dynamic potential treatment in dilute acids. The Csp of treated 

MWCNTs/PEDOT-PSS composites is ~2.5 times higher than that of untreated 

composites, and the drop of Csp in cyclability for the treated electrodes is 0.8%, and 

much less than that for the untreated electrodes (16%).  

In the third part, three-dimension composites fabricated from electrochemical 

reduced graphene oxides (ecrGO) and MWCNTs are developed and used as 
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binder-free electrodes for supercapacitors in aqueous systems. MWCNTs, used as 

spacers, intercalate between graphene sheets so that the ions could diffuse to the 

surface of the graphene sheets more efficiently, thereby increasing the capacitance of 

the electrodes. The ecrGO/MWCNTs composite exhibits a high Csp of 177 F g
-1

 after 

1000 cycles of charge/discharge at a discharge current density of 1 A g
-1

, with 

retention of 93% after 4000 cycles of charge/discharge at varying current densities. 

In the last part, MWCNTs decorated with silver nanoparticles (AgNPs, diameter 

of ~15 nm) and manganese oxides (MnOx) are designed and used for supercapacitors 

with PEDOT-PSS as a binder. The MWCNTs/AgNPs/MnOx electrode has a 

significantly high specific capacitance of 120 F g
-1

, compared to the 

MWCNTs/AgNPs electrode or MWCNTs/MnOx electrode, but its specific 

capacitance decreases to 45 F g
-1

 after 100 cycles of charging and discharging. The 

poor capacitive stability of electrodes decorated with silver might be the result of 

silver flaking from the electrode during the redox reaction between the Ag and 

Ag2SO4. 

.
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Chapter 1 Introduction 

With the increasing demand for energy all over the world, petroleum, as the main 

finite energy source at present, has more and more disadvantages, such as 

exhaustibility, atmospheric pollution and oil age incidents. Therefore, it is crucial to 

develop renewable energy, such as solar, wind, geothermal and biological, to relieve 

the pressure on the energy demand.  

However, renewable energy cannot be utilized directly, and needs to be converted 

into stable utilization and long-time storage. In order to reserve energy stably and 

conveniently, many energy storage devices have been developed, such as fluid flow 

batteries, rechargeable batteries and supercapacitors. Figure 1.1 shows the specific 

power against the specific energy for different energy storage devices(Simon and 

Gogotsi 2008). It illustrates that electrochemical capacitors, also called 

supercapacitors, occupy very significant positions among these energy storage devices. 

Compared with conventional capacitors, they have higher specific power. At present, 

supercapacitors serve as energy storage devices, coupled with batteries in portable 

electric devices(Zhang and Zhao 2009). The key issue is to improve the specific 

energy so as to be as high as possible, so supercapacitors can fulfill their potential as 

batteries with high specific power. The underlying mechanism and structure of 

supercapacitors are introduced in detail in the following sections. 
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Figure 1.1 Ragone plot, specific power against the specific energy for different 

energy storage devices(Simon and Gogotsi 2008) 

 

1.1 Principle and Structure of supercapacitors 

1.1.1 Mechanism of supercapacitors 

Supercapacitors, also called electrochemical capacitors, consist basically of an 

electric double layer capacitor (EDLC) and pseudocapacitor, so positive or negative 

charges can be stored in the two types. For the pseudocapacitor, the capacitance is 

developed via electron transfer attributed to the reversible redox reaction on the 

interface of the electrodes(Zhang and Zhao 2009), and is also called faradic 
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capacitance. For the EDLC, also called a conventional capacitor, energy is contributed 

from electron accumulation on the surface of the electrode surface, without faradic 

capacitance.  

1) The EDLC mechanism 

Figure 1.2 shows a schematic of a supercapacitor, which consists of three parts; an 

electrode, an electrolyte and a separator. The charges can be absorbed and desorbed on 

the surface of the electrodes. A separator between the electrodes can prevent charges 

moving between two electrodes(Pan, Li et al. 2010).  

 

Figure 1.2. The schematic of supercapacitor(Pan, Li et al. 2010) 

 

Compared with conventional capacitors, supercapacitors based on EDLC can 

store more charge because of larger surface area and the atomic range of the charge 

separation distances. The mechanism of storing charge in EDLCs, shown in figure 

1.3(Zhang and Zhao 2009), was firstly proposed by Helmholtz. The Helmholtz model 
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(figure 1.3a) considers the double-layer capacitor can form at the electrode-electrolyte 

interface when separated by an atomic distance. The Helmholtz model was further 

modified by Gouy-Chapman considering the thermal motion of the cations and ions in 

electrolytes, as shown in 1.3b. However the Gouy-Chapman model overestimates the 

capacitance because the point charge ions adjacent to the electrode surface increase. 

Later, the Stern model, combining the Helmholtz model and Gouy-Chapman model, 

was proposed to distinguish these two different regions: the inner region is called 

compact layer or stern layer; and the outer region is called the diffuse layer, as shown 

in figure 1.3c (Zhang and Zhao 2009). So the inner region (IHP) and outer region 

(OHP) can be used to distinguish the ions of two different absorbed types. 

 

Figure 1.3. Models of EDLC at s positively charged surface, (a) the Helmholtz 

model; (b) the Gouy-Chapman model; and (c) the Stern model showing the IHP 

and OHP.(Zhang and Zhao 2009) 

The electrical double-layer capacitance on the interface of the electrodes can be 

expressed, as equation 1.1: 
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where A is the electrode surface, ε is medium dielectric constant, and d is the thickness 

of the electrical double layer. 

As mentioned above, the charge storage mechanism of the EDLC involves 

non-faradaic and no electrochemical reactions. The EDLCs have long life-cycles 

because only physical charge storage exists.  

2) The pseudo-capacitance mechanism 

The pseudocapacitor is based on the faradic redox reaction applied to some high 

energy materials like transition metal oxides and conducting polymers. Figure 1.4 

shows the schematic representation of pseudocapacitors (Manisha, Tonya et al. 2013). 

The charges deviate from one electrode, and flow toward to the other electrode, 

accompanied with redox reactions on the electrodes. Generally, there are three types 

for the faradic process: the reversible adsorption, redox reactions of transition metal 

oxides, and the electrochemical doping-dedoping in conducting polymers.(Wang, 

Zhang et al. 2012)  

  

Figure 1.4. The schematic representation of supercapacitor type. 
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Compared with EDLCs, pseudocapacitors possess high energy density at the price 

of the poor cycle life and lower rates of charge and discharge. In this study, carbon 

based materials is applied as supercapacitor electrodes, carbon nanotubes here perform 

as EDLCs, transition metal oxides and conducting polymers act as pseudocapacitors. 

1.1.2 Structure of supercapacitors 

As mentioned above, a supercapacitor consists of an electrode, electrolyte and a 

separator, as shown in figure 1.5(Manisha, Tonya et al. 2013). A supercapacitor 

involves both an EDLC and a pseudocapacitor. Among these three components, the 

performance of supercapacitors, including specific capacitance, lifecycles, energy 

density and power density, significantly depend on the properties of the electrodes and 

electrolytes. Generally, the capacity of supercapacitors relies on the electrode 

properties, such as the active surface area and pore size. The working potential 

window depends on the electrolyte, and supercapacitors can gain larger working 

potential windows when using ionic liquid.  

 

Figure 1.5. The structure of supercapcitors, consisted of electrodes, electrolyte 

and a separator. 
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1) Electrodes 

In order to improve the capacitance of supercapacitors, materials with better 

properties needs to be developed. Recently, carbon based material has received much 

attention as an electrode material for double layer capacitors. According to equation 

1.1, the capacity of double layer capacitors can be enhanced by enlarging the surface 

area(Wang, Zhang et al. 2012). However, the capacitance shows a non-linear increase 

with an enlarged surface area. The active surface area, which is the place electrolytes 

can reach, may still remain constant when the surface area of electrodes increases. In 

addition, the pore size of the electrode materials also plays an important role for the 

active surface area to advance the capacity of double layer capacitor. As previously 

reported (Largeot, Portet et al. 2008), a pore size close to the ion size of the electrolyte 

can produce maximum capacitance, while smaller or larger pore sizes can result in a 

decrease of the capacity of double layer capacitors. 

Also, the capacity of a supercapacitor can be improved by introducing the faradic 

capacity. At present, conducting polymer and transition metals have been widely used 

as electrode materials due to their high faradic capacities.  

Conducting polymers have many advantages as electrodes, such as low cost, high 

voltage window and high capacity. (Wang, Zhang et al. 2012). When the redox 

reactions are proceeding, the electrons transfer through the backbone of the 

conducting polymers. Electrons move to the backbone during the oxidation process, 

and are released from the backbone during the reduction process. Conducting 
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polymers, including polyaniline (PAN), polypyrrole (PPY), polythiophene (PTH) and 

poly-3,4-ethlyenedioxythiophene (PEDOT), have been studied as electrodes for 

supercapacitors. However, the intercalation and deintercalation of ions in conducting 

polymers can result in swelling and shrinking of the conducting polymers (Snook, Kao 

et al. 2011). Therefore, the chemical stability of the conducting polymer limits the 

lifecycle of a supercapacitor. 

Transition metal oxides with high dielectric constants, such as ruthenium oxides 

(RuO2), iridium oxides (IrO2), manganese oxides (MnO2) and stannum oxides (SnO2), 

also have been used as electrodes, together with carbon based material, to enhance the 

capacitance by introducing pseudocapacitance. The pseudocapacitance is generated 

from the redox reactions of the weakly attached surface ions, such as surface 

functional groups and grain boundaries(Zhi, Xiang et al. 2013). Although transition 

metal oxides have high pseudocapacitance, the poor conductivity limits their 

application in supercapacitors. They can achieve very high capacitance under slow 

scan rates or low current densities, but it decreases sharply under slow scan rates or the 

current density increase. Usually, transition metal oxides are employed together with 

carbon based materials to reduce these drawbacks. 

The materials, carbon nanotubes conducting polymers and transition metals 

mentioned above, are introduced in detail in the literature review chapter.       

2) Electrolyte  

Besides the electrodes, the electrolyte is one of the most important elements in 
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supercapacitors. Generally, there are three types of electrolytes used in 

supercapacitors: aqueous solutions, organic solutions and ionic liquids.  

i) Aqueous solutions 

Aqueous solutions, such as Na2SO4, KOH and H2SO4, can offer a higher 

concentration and low resistance when acting as an electrolyte in supercapacitors. So a 

supercapacitor containing aqueous solution exhibits a higher capacity than an organic 

electrolyte. Additional, environmental conditions required for the preparation of 

aqueous electrolytes are more rigorous than for organic or ionic electrolytes. However, 

the working voltage window for aqueous electrolytes is narrow, usually no higher than 

1.2 V, otherwise oxygen would evolve when the voltage rises beyond 1.2 V. Therefore, 

the energy density and power density in aqueous solutions are always very low.  

ii) Organic electrolytes 

In order to overcome the limits of aqueous electrolytes, organic electrolytes have 

been developed, such as acetonitrile and propylene carbonate(Wang, Zhang et al. 

2012). The working voltage window can be extended to 3.5 V when organic 

electrolytes are employed in supercapacitors. However, acetonitrile is toxic and not 

environmentally friendly. Besides, the water content in organic electrolytes should be 

kept below 3~5 ppm, otherwise the working voltage window will be significantly 

reduced.   

iii) Ionic liquids 

Ionic liquids are composed entirely of ions. These ionic liquids can be used in 
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chemical synthesis, energy storage devices and other applications because of the wide 

range of solvent properties(Rogers and Seddon 2003). The properties, such as a wide 

voltage window ranging from 2 V to 6 V, low flammability and high thermal and 

chemical stability, make ionic liquids promising electrolytes for supercapacitors 

(Wang, Zhang et al. 2012). The main challenge for ionic liquids being using as 

electrolytes in supercapacitors is in keeping its wide potential range and conductivity 

when the working temperature is lower than room temperature. One approach is to mix 

an ionic liquid with an organic solvent. The mixture shows an enhanced conductivity, 

as well as a high power density at a low temperature. However, it also brings some 

other problems, like toxicity, danger and flammability. Therefore, the properties of 

ionic liquids still need to be optimized further.     

3) Device assembling 

Generally, supercapacitor devices can be assembled in four steps: (1) coating 

electrodes; (2) filling with an electrolyte; (3) sealing devices; (4) testing. 

Firstly, electrodes, as the most key component in supercapacitors, can be prepared 

using the materials mentioned in section 1.2.1. Usually, aluminum foil is used as a 

current collector due to its high conductivity and low cost. Active materials, together 

with a binder, can be coated on the current collector, then dried in an oven or in air. 

After the electrodes are prepared, they are moved into a glove box, to standby for the 

next step. 

Secondly, a separator is placed in the middle, between the two electrodes, forming 
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a sandwich structure. Following that, the electrolyte is filled into the separator. The 

amount of electrolyte is crucial in assembling a supercapacitor device, because excess 

electrolyte can result in gas release and overflow when in operation.     

Thirdly, the devices should be sealed and tested to evaluate the performance. 

Electrochemical measurement is a common method to evaluate the performance, such 

as specific capacitance, charging and discharging speed, lifecycles and energy density. 

The measurement method is introduced in the next section in detail. In order to match 

the output of the voltage and energy density, supercapacitor devices can be connected 

with various modules, in series or parallel.  
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1.2 Research gaps   

As introduced above, supercapacitors occupy a functional position between 

batteries and conventional capacitors. Figure 1.6 displays the Ragone plot for various 

energy storage devices(Kötz and Carlen 2000). It can be observed that supercapacitors 

show higher energy density than conventional capacitors, however, the power density 

of supercapacitors is lower than that of conventional capacitors. In addition, the power 

density of supercapacitors is high, but their energy density is lower when compared 

with batteries and fuel cells. Therefore, supercapacitors can fill the applications gap 

between batteries/fuel cells and conventional capacitors. 

 

Figure 1.6. Ragone plot of various energy storage devices.(Kötz and Carlen 

2000) 
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Supercapacitors are employed in many applications where high power density is 

essential. For instance, they can be used as short-time energy storage devices in 

electric, hybrid electric and fuel cell vehicles. They have also been applied in 

telecommunication and personal entertainment instruments(Pan, Li et al. 2010). 

The properties of a supercapacitor are mainly limited by the characteristics of the 

materials used. As mentioned above, carbon-based material, conducting polymers and 

metal oxides are quite promising materials to use as electrodes for supercapacitors. 

However, some challenges, limiting the improvement of the energy density for 

supercapcitors, still exist. They are: 

1. Low specific capacitance of carbon materials as EDLCs 

Carbon materials have good chemical stability and conductivity, but the 

specific capacitance is low. Generally, Carbon materials act as double lay 

capacitors, such as graphite, graphene, carbon nanotubes and porous carbon. 

Electrons can transfer through C=C bonds of a six-member ring structure, also this 

structure gains high mechanical stability. So the specific structure of carbon based 

materials makes it a promising material for use as scaffolding for supercapacitors. 

However, ions and anions only can be adsorbed and desorbed electrostatically on 

the surface of carbon based materials, which results in the low specific capacitance 

of carbon materials.   

2. Poor chemical stability of conducting polymers as pseudo-capacitors 

Conducting polymers containing electro-active species can be used to 



 

  Chapter 1 Introduction 

14 
 

enhance the specific capacitance for providing pseudocapacitance. Redox 

reactions can be triggered between the active groups in conducting polymers and 

ions in the electrolyte during the process of charging and discharging, so the 

pseudocapacitance is produced by the redox reactions. However, during the 

process of charging and discharging, the continuous shuttling back and forth of 

electrons in conducting polymers results in their degradation. So the lifecycle of 

the conducting polymer is very poor, and the specific capacitance also decreases 

during the continuous cycles of charging and discharging.    

3. Limited conductivity of transition metal oxides as pseudo-capacitors 

Metal oxides exhibit high dielectric constant, so that more charges can be 

stored. At present, metal oxides have been applied as electrodes for 

supercapacitors by introducing high pseudocapacitance to improve the specific 

capacitance. However, metal oxides possess high resistance, which reduces the 

rate of charging and discharging, so the power density for metal oxides is low.    
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1.3 Research objectives 

This research aims to design and prepare carbon-based material to improve the 

properties of supercapacitors, such as specific capacity and stability. Carbon-based 

materials, including multiwalled carbon nanotubes and graphene, are to be applied as 

supercapacitor electrodes. 

In particular, there are four specific objectives as given below: 

1. To formulate the composites of carbon nanotubes and conducting polymers, 

and to investigate the electrochemical performance;  

2. To enhance the cycle stability of carbon-based materials with dynamic high 

potential treatment;  

3. To develop carbon-based composites (MWCNTs and reduced graphene 

oxides) with better capacitive performance of higher capacitance and stability 

as binder-free supercapacitor electrodes; 

4. To synthesize metal oxides to acquire higher energy density and rates of 

charging/discharging. 
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1.4 Presentation structure of this thesis 

This thesis focuses on the investigation of carbon-based materials as 

supercapacitor electrodes in aqueous systems.  

Chapter 1 introduces the background and significance, research gaps and the 

objectives of this study. Chapter 2 presents a comprehensive review on the relevant 

research on different materials, including carbon materials, conducting polymers and 

transition metals, which are applied for supercapacitor electrodes. Chapter 3 describes 

the facilities used in this study, and different characterization methods applied in the 

research, like electrochemical characterization and physical characterization. Chapter 

4 discusses the capacitive performance of multiwalled carbon nanotubes composites 

and conducting polymers in neutral systems. Based on the conclusions of chapter 4, 

chapter 5 provides a method to increase the capacity and cycle stability of the 

composites of multiwalled carbon nanotubes and conducting polymers. Chapter 6 

presents the fabrication of binder-free electrodes for supercapacitors using 

multiwalled carbon nanotubes and graphene oxides, and also investigates the 

capacitive performance of the binder-free electrodes in acidic solutions. Chapter 7 

describes the capacitive behavior of multiwalled carbon nanotube decorated with 

silver nanoparticles and transition metal oxides. Finally, chapter 8 outlines the overall 

conclusions of this study and also provides suggestions for further related work.  
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Chapter 2 Literature review 

2.1 Carbon based materials  

Various carbon based materials, including graphene (2D), carbon nanotubes (1D) 

and fullerenes (0D) have been investigated widely because of their dramatic electrical 

properties, mechanical stability and unique hexagonal structure. These different 

graphitic materials can be formed by rolling, wrapping and stacking from a grapheme 

sheet as shown in figure 2.1(Geim 2007). The structure and properties of carbon 

nanotubes and graphene will be introduced in the following parts.   

 

   Fullerene      Carbn nanotube     Graphene 

Figure 2.1. Graphitic forms from a grapheme sheet 
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2.1.1 Carbon Nanotubes 

Since their discovery in 1991(Iijima 1991), carbon nanotubes (CNTs) , including 

single walled carbon nanotubes, double walled carbon nanotubes and multi walled 

carbon nanotubes(Dresselhaus, Dresselhaus et al. 1996), have received wide attention. 

They can be formed from graphite sheet curled up as shown in figure 2.2. CNTs are 

promising materials due to their one-dimensional mesoporous structure, high specific 

surface area, low resistivity and good chemical and mechanical stability (Ye, Liu et al. 

2005). They can provide a nanotubular backbone for cooperating in some active phase, 

such as conducting polymers and transition metal oxides, which contribute 

pseudocapacitance to supercapacitors. Niu et al. first suggested that CNTs can be used 

in supercapacitors in 1997 (Niu, Sichel et al. 1997). It can be used as supercapacitor 

electrodes for three reasons, as follows (Hughes, Chen et al. 2002; Arabale, Wagh et al. 

2003; Lee, Tsai et al. 2005; Su, Zhang et al. 2008):  

1) They can perform as a double-layer capacitor in which ions and anions can be 

absorbed on the surface;  

2) Their mesporous structure can effectively allow ions to diffuse to the surface of 

the active phase;  

3) CNTs with high resiliency can drastically enhance the cycling performance of 

composite containing CNTs. 
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(a) Single walled carbon nanotubes 

 

(b) Double walled carbon nanotubes 

 

(c) Multi walled carbon nanotubes 

Figure 2.2. Carbon nanotubes rolled from grapheme sheets 
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The specific capacitance of CNTs is also related to their microporosity, 

functionalization and the shape engineering (Lota, Lota et al. 2007).  

Firstly, we focus on the structural features of CNT, including length, diameter and 

pore size. The electric capacity for double-layer capacitors depends on the area of the 

electrode/electrolyte interface, which means that a larger surface area brings a higher 

electric capacity. However, a larger surface area does not always result in a higher 

electric capacity. It is also related to the pore size. For instance, Zhang(Zhang, Cao et 

al. 2007; Zhang, Cao et al. 2008) reported that vertically aligned CNTs, with specific 

area of 69.5 m
2 

/g and diameter of 25 nm, exhibited a specific capacitance of 14.1 F/g, 

which was higher than that of entangled CNTs because of the more regular pore 

structure. 

Secondly, functional groups on the CNT surface can facilitate the electric capacity 

of CNTs. Because of its hexatomic ring structure, the carbon nanotube is almost 

insoluble and is easy to cluster in an aqueous solution, which limits its applications. 

Hydrophilicity, disperability and conductivity of CNT can be improved by modifying 

the CNT with some functional groups(Mickelson, Huffman et al. 1998; Unger, 

Graham et al. 2002; Pan, Li et al. 2010). For example, introducing surface carboxyl 

groups to CNTs showed a 3.2 times larger capacitance in aqueous electrolytes(Lee, An 

et al. 2003). The capacitance of a MWCNT electrode increased from 38.7 to 207.3 F/g 

through surface treatment using ammonia plasma(Yoon, Jeong et al. 2004). As a 

promising electrode material for supercapacitors, CNTs can be functionalized to 
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increase the specific surface area and dispersability, so that the capacitance and cycle 

life of a supercapacitor could be improved.  

Last but not least, shape engineering of CNTs also can improve the specific 

capacitance of CNTs. High-density and aligned CNTs show a higher specific 

capacitance and less capacitance drop at higher rate of charging and discharging, when 

compared with activated carbon(Subramanian, Zhu et al. 2006). During the process of 

charging and discharging, ions in electrolyte must diffuse through the pores of the 

interstitial regions, and CNTs with aligned pores offer a more effective access for ion 

diffusion than active carbon (Pan, Li et al. 2010). 

Carbon nanotubes possess many merits, such as the chemical stability and 

conductivity mentioned above due to its hexatomic structure. However, it is also very 

difficult for carbon nanotubes to disperse in both aqueous solution and organic media 

because of their six-ring member structure. The insolubility and aggregation limit their 

operation and application in supercapacitors. CNTs can be modified by introducing 

some functional groups, such as carboxyl (－COOH), hydroxyl (－OH), fluorine (－F) 

and amimo(－NH2) (Bahr, Mickelson et al. 2001), and these functional groups on 

carbon nanotubes can improve the hydrophilism of the functionalized CNT, so that 

functionalized carbon nanotubes can gain better disperability in aqueous solution. 

Functionalization of CNTs can be distinguished as convalent, including side wall 

functionalization and defect sites functionalization, and non-convalent 

functionalization based on the molecule complexation such as Van der Waals’ and 
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π-stacking interactions. Figure 2.3 shows the different types of functionalization of 

SMCNTs(Andreas Hirsch 

2005).

 

Figure 2.3. different types of the functionalization of SWCNTs. a, non-covalent 

functionalization; b, defect functionalization; c, π-stacking; d, sidewall 

functionalization; e, endohedral functionalization 

 

A widespread covalent functionalization is chemical oxidation, which is based on 

the covalent bonds of the functional groups on the carbon nanotubes. The covalent 

fictionalization can be performed on the ends of the CNTs or the defects on the 

sidewall of the CNTs via chemical oxidation(Jeon, Chang et al. 2011). Through 

ultrasonic treatment in strong acid, such as concentrate sulfuric acid or nitric acid, the 

gaps at the ends or the holes in sidewalls of carbon nanotubes are etched with carbon 

dioxide release and, at the same time, various functional groups can be connected on 

Non-covalent functionalization 

endohedral functionalization 

Defect functionalization 

π-stacking Sidewall functionalization 
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the sidewalls or defects of carbon nanotubes(Chen, Hamon et al. 1998). The 

introducing of functional groups can provide many active sites for further 

modification. Molecules can covalently couple with these functional groups, such as 

－COOH, －OH, －F and－NH2, through producing amide and ester bonds (figure 

2.4). More functional moieties can be decorated on the surface of CNTs, for instance, 

metal complexes, metal nanoparticles and enzymes(Balasubramanian and Burghard 

2005).  

 

Figure 2.4. chemical modification through thermal oxidation, followed by 

esterification and amidization of carboxyl groups  

 

Similarly, some different types of functional groups can also be generated on the 

side walls of CNTs through nucleophilic substitution reactions on fluorinated CNTs, as 

shown in figure 2.5(Balasubramanian and Burghard 2005).  
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Figure 2.5. Functionalization of CNTs through nucleophilic substitution reactions  

 

Another method of functionalization is electrochemical modification. CNTs can 

be functionalized more conveniently, safely and faster via electrochemical 

modification, compared with the thermal functionalization in strong acid. Generally, a 

constant/dynamic potential or current can be applied to the CNTs in reagents, and 

some new species or functional groups can be generated on the surface of 

CNTs(Balasubramanian and Burghard 2005). The main advantages can be concluded 

as follows(Moraitis, Špitalský et al. 2011):  

1) CNTs can serve as electrodes for electrochemical modification directly, without 

any other interconnections to the apparatus;  

2) Electrochemical modification can be conducted in a mild environment, such as 
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some strong acid in low concentrations, compared with the thermal oxidation in strong 

concentrated acid;  

3) The functionalized CNTs can be used immediately, and there is no need to wash 

out the residual acid in the CNTs.  

Functionalziation of CNTs can be conducted by electrochemical reduction of the 

aryl diazonium salts, and derivatization on the defects and end caps of CNTs was 

achieved through robust covalent coupling(Bahr, Mickelson et al. 2001). Dynamic 

potential(Ye, Liu et al. 2005) and constant potential(Shao, Yin et al. 2006) have been 

applied to electrochemical oxidation, and the results show that the specific capacitance 

of CNTs after electrochemical oxidation is 10 times than the pristine CNTs. During the 

electrochemical oxidation, some active anions attack the C＝C bonds of the aromatic 

rings, producing the quinodial structure on these active sites(Moraitis, Špitalský et al. 

2011). The increasing pseudo-capacitance is mainly attributed from the 

hydroquinone-quinone redox reaction, which can be formulated as follows(Shao, Yin 

et al. 2006): 

 

  ＝                                                             

 

Recently, carbon nanotubes (CNTs) have been widely used for energy storage due 

to the properties mentioned above. Niu et al. proposed that the CNTs could be used for 

supercapacitors for the first time in 1997(Niu, Sichel et al. 1997). Usually, the specific 
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capacitance of carbon materials is proportional to their active specific area. Although 

CNTs have high theoretical surface area (1315 m
2
 g

-1
), the measured surface area in 

practice is much lower (600 m
2
 g

-1
 for single-walled CNTs and 100 m

2
 g

-1
 for 

multi-walled CNTs(Birch, Ruda-Eberenz et al. 2013)) than the theoretical surface area 

due to the prose accessibility, bundling, purity and agglomeration. 

 

2.1.2 Graphene 

Graphene sheet, as an outstanding candidate for energy storage, is a 

one-atom-thick 2-demension single layer of sp
2
 carbon atoms.(Chabot, Higgins et al. 

2014) Since it was discovered for the first time in 2004 through a process of scotch 

tape peeling, graphene sheet has been widely used in various applications due to its 

unique structure and properties, such as extremely high electric and thermal 

conductivity, mechanical strength and large surface area (2675 m
2
 g

-1
)(Jiang, Lee et al. 

2013). All these features of graphene sheet make it a promising candidate for 

application in energy storage field. 

Generally, the preparation route of graphene is shown in figure 2.6(Chua and 

Pumera 2014). First, the graphite should be oxidized to enlarge the interlayer distance 

between the graphene sheets. Since the exfoliation of graphite needs to overcome the 

strong van der Waals force, the oxidation of graphite can weaken this force by increase 
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the interlayer distance. Then, graphite oxides are exfoliated to form graphene oxides. 

Finally, the graphene can be produced by reducing the graphene oxides.  

 

Figure 2.6. the synthesis route of graphene from graphite 

 

Graphite oxides can be produced by thermal oxidative treatment of graphite via 

Hummers’ method(William, Hummers et al. 1958). Graphite platelets (graphene 

oxides) are made from expanded graphite using a rapid evaporation of the intercalant 

under thermal conditions(Stankovich, Dikin et al. 2007). For instance, graphite is 

expanded with intercalation of sulfuric-acid, and then a suitable treatment is used to 

produce the platelets from the expaned graphite. This simple method is widely adopted 

in industrial production, but it never makes a complete exfoliation of graphite.  

Figure 2.7 shows the structure of graphene oxides, and the black balls indicate 

carbon atoms and red balls denote oxygen atoms. According the Mkhoyan et al.’s 
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study(Mkhoyan, Contryman et al. 2009), GO is a rough plane with average surface 

roughness of 0.6 nm, and the structure is amorphous due to distortion from sp
3
 bonds.  

 

Figure 2.7. The atom-structure of a single graphene oxides sheet 

 

A well-known model shown in figure 2.8a was proposed by Lerf and 

Klinowski(Dreyer, Park et al. 2010), and solid state nuclear magnetic resonance (NMR) 

spectroscopy is used to characterize graphene oxides. It is found that a strong 

interaction between the water and the graphene oxides is the main factor in 

maintaining stacked structure of graphene oxides. Then a revised Lerf-Klinowski 

model as shown in figure 2.8b was proposed by Lerf and his coworkers after reacting 

GO with different reactive species. And this revised Lerf-Klinowski model indicates 

that carboxylic acid groups are present in low quantities on the basal plane of graphene 

oxide sheets.  
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Figure 2.8. (a) Lerf-Klinowski model considering the presence or absence of 

carboxylic acids in graphene oxides; (b) proposed hydrogen bonding network 

formed between oxygen on graphene oxides and water.(Dreyer, Park et al. 2010) 

(a) 

(b) 
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Both graphite oxides and graphene oxides are electrically insulating due to the 

disrupted sp
2
 π-π bonds by the polarized groups such as carboxyl and carbonyl groups. 

Also the polar functionalized groups can make graphene oxides disperse 

homogeneously in water. In this case, the graphene oxides obtain both of the 

hydrophobic and hydrophilic groups. However, the electric insulation of graphene 

oxides limits its further application in electric devices. So that graphene oxides should 

be reduced to conducting graphene for the further application of energy storage 

Currently, various reduction routes of graphene oxides, such as chemical 

reduction, thermal reduction, microwave reduction and electrochemical reduction, are 

applied for reducing graphene oxides to graphene.(Toh, Loh et al. 2014) From the 

experimental observation, the color changes from brown to black for when graphene 

oxides are reduced into graphene, also reduced graphene oxides are more likely to 

agglomerate because of the hydrophobicity caused by the removal of oxygen 

containing groups.     

The goal of reducing graphene oxides it to remove the oxygen-containing groups 

and convert the sp
3
 carbon-carbon bonds to the sp

2
 carbon-carbon bonds(Chua and 

Pumera 2012). So the reduction of graphene oxides is to restore the π-network, which 

can recover the conductivity of graphene materials. The widely used reduction method 

is the chemical reduction with reducing agents, such as borohydrides (NaBH4, 

NH3BH3), LiAlH4 and hydrazine (N2H4). The mechanism of graphene oxides 

reduction using these chemical agents is shown in figure 2.9(Chua and Pumera 2012). 
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It is claimed that the oxygen containing groups (often hydroquinone) are removed 

from graphene oxides surface to restore the sp
2
 carbon-carbon bonds. However, these 

reducing agents, even the LiAlH4 with powerful reduced strength, are not able to 

remove the hydroxyl groups from the graphene lattice.    

 

Figure 2.9. Reduction mechanism of graphene oxides using (a) NaBH4, (b) 

LiAlH4, (c) N2H4, and (d) HBr-KOtBu 

 

Sodium borohydride (NaBH4)(Si and Samulski 2008) and hydrazine 

(N2H4)(Stankovich, Dikin et al. 2007) are the most common reducing agent for 



 

  Chapter 2 Literature Review 

32 
 

graphene oxides reduction. However, the integrity of graphene oxide film could be 

damaged via chemical reduction, and the reducing agents are harmful to human health 

and environment. So that a more facile and controllable reduction method was 

developed, it is electrochemical reduction. Also this method was applied in the thesis. 

Figure 2.10 shows the schematic of graphene oxide reduction using 

electrochemical reduction approach via two different routs: the one-step route (figure 

2.10 in right hand) and two-step route (figure 2.10 in left hand) (Toh, Loh et al. 2014). 

 

Figure 2.10. Schematic of graphene oxides reduction using electrochemical 

reduction approach, one-step electrochemical reduction approach (right hand) 

and two-step electrochemical reduction approach (left hand) 

For one-step electrochemical reduction of graphene oxides, the graphene oxides 

sheets are directly electrochemical reduced from an aqueous colloidal suspension. The 
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electrochemically reduced graphene oxides (ecrGO) can be produced on an electrode 

surface. The electrochemical reduction can be conducted using cyclic voltammetry 

(CV), linear sweep voltammetry (LSV), constant potential mode and so on. Graphene 

oxides can accept electrons when they are subjected to the electrode surface, 

producing the insoluble ecrGO directly on the electrode surface. Guo(Guo, Wang et al. 

2009) et al. reported that more negative potential could accelerate the reduction of 

graphene oxides. It is found that the C=O groups in graphene oxides can be reduced at 

potential of -1.3 V (vs. saturated calomel electrode, SCE), and C–O–C and –OH 

groups are supposed to be reduced when a more negative potential of -1.5 V (vs. SCE) 

is applied.  

For two-step electrochemical reduction of graphene oxides, firstly the graphene 

oxides are deposited on the substrate, then subsequently dried out to form a film. The 

graphene oxides-coated electrode is electrochemical reduced to produce the 

electrochemical reduced graphene oxides (erGO) using three-electrode system in the 

buffer or other supporting electrolyte. The applied reduction stimulation is similar to 

the one-step electrochemical reduction approach, such as CV, LSV, constant potential 

and so on. Also this two-step electrochemical reduction approach is applied in this 

thesis for fabricating the binder-free electrodes for supercapacitors.     

2.2 Conducting polymers 

Conducting polymers, such as polyaniline (PANI), polypyrrole (PPY), 
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polythiophene (PTH) and poly-3,4-ethlyenedioxythiophene (PEDOT), as electrode 

materials contribute to the pseudocapacitance of supercapacitors because the polymers 

undergo redox reactions during charging and discharging, (Snook, Kao et al. 2011). 

The specific capacitance and potential voltage range of these conducting polymers are 

given in table 2.1.  

 

Table 2.1 Specific capacitance and potential range of conducting polymers. (Snook, 

Kao et al. 2011) 

Conducting 

polymer 

Mw(g/mol) Potential 

range(V) 

Measured specific capacitance 

(F/g) 

PAN 93 0.7 240 

PPY 67 0.8 530 

PTH 84 0.8 - 

PEDOT 142 1.2 92 

Mw is molecular weight 

 

PANI based supercapacitors exhibit a wide range of specific capacitance from 30 

F g
-1 

to 3000 F g
-1

, and such deviation is related to various factors, like the 

polymerization process, structural morphology, dopant concentration, and ionic 

diffusion length of the electro-active materials(Wang, Zhang et al. 2016). PPY is 

another promising material for supercapacitors, also a high specific capacitance from 

395 F g
-1

 to 586 F g
-1

 can be achieved from others’ report (Shown, Ganguly et al. 

2015). Some effort has been made to design a flexible paper supercapacitor with 

PEDOT coated cellulose electrodes. And it shows a specific capacitance of 145 F 

cm
-3 

at 0.4 mA cm
-2 

(Wang, Carlsson et al. 2015). 
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Typically, conducting polymers can store more energy than carbon materials 

because the charge can be stored through redox reactions in polymers, but carbon 

materials do not have this property(Peng, Zhang et al. 2008). Meanwhile, high 

conductivity of the conducting polymers can lead to low equivalent series resistance 

(ESR) and high power density. However, the cyclability of conducting polymers is 

poor because electrochemical degradation occurs on the polymers, leading to 

decreases in both pseudocapacitance and conductivity(Lota, Khomenko et al. 

2004)(Lota, Khomenko et al. 2004)(Lota, Khomenko et al. 2004)(Lota, Khomenko et 

al. 2004). 

2.2.1 PEDOT-PSS  

Poly (3,4-ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) is a 

mixture which combines PEDOT and PSS, and its chemical structure is shown in 

figure 2.11. Electrons can transfer through the backbone(dash line in figure 2.11) of 

PEDOT, and the polarity of PSS can enhance the solubility in aqueous 

solution(Groenendaal, Jonas et al. 2000). So the PEDOT-PSS possesses both high 

conductivity and sufficient dispersibility in water or organic solutions. 
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Figure 2.11. The structure of the conducting polymer PEDOT-PSS 

 

PEDOT-PSS is one of promising materials for practical application due to the 

following features(Wang 2009): reversible doping state, excellent stability, low 

band-gap, effect of temperature on conductivity and electrochemical properties. It is 

reported that PEDOT has improved chemical and thermal stability, the study shows 

that the structure of PEDOT can not maintain stable until the temperature arise above 

150 ºC, and PEDOT would completely decompose when the temperature increase 

above 390 ºC. Its high stability is attributed to the thiophene ring and oxygen atoms 

stabilizing the positive charge in the backbone(Ahonen, Lukkari et al. 2000). The 

PEDOT polymers have a lower redox potentials and excellent stability in their doped 

state, when compared with other conducting polymers(Dietrich, Heinze et al. 1994). 

Recently, PEDOT composites with other materials, like carbon materials and other 

polymers have been developed for various applications, such as electrochromic 
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devices, actuators, photovoltaic cells and capacitors(Wang 2009).  

PEDOT-PSS is widely applied in developing electrodes for energy storage, such 

as solar cells, because of its high transparency in the visible range, mechanical 

flexibility and thermal stability. It is considered a promising material to replace indium 

tin oxide (ITO) in solar cells. 

Recently, it has been reported that the composites of CNTs and conducting 

polymers, such as PANI(Gupta and Miura 2006), PPY(Frackowiak, Jurewicz et al. 

2001) and PEOT-PSS(Sellam and Hashmi 2013), showed high specific capacitance. 

Among them, PEDOT has received the most attention due to its desirable properties 

(Ghosh and Inganäs 2000; Ryu, Lee et al. 2004), including good thermal and chemical 

stability, fast electrochemical kinetics and wide potential range. However, its 

cyclability is poor because of degradation of PEDOT during continuous charging and 

discharging. The maximum specific capacitance of PEDOT-PSS can attain 200 F g
-1

 

theoretically, depending on the counter ion content. The experimental values of 

specific capacitance of PEDOT-PSS are only in the range of 50~80 F g
-1

, and may be 

related to the electrolytes, as the values of the specific capacitance tested in aqueous 

solution are lower than in those ionic liquid(Sellam and Hashmi 2013). So the 

long-term stability of PEDOT-PSS is still a problem, the swelling and shrinking of 

electroactive polymers can lead to the degradation during the continuous cycling. 
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2.2.2 Polyaniline  

As a high-conducting polymer, Polyaniline (PANI) is one of the most investigated 

polymers in last five decades, Its chemical structure (figure 2.12) is shown below:  

* N

H

N

H

N

H

*

n
 

Figure 2.12. Chemical structure of PANI 

 

Due to its low cost, the high conductivity and flexibility (Macdiarmid, Chiang et 

al. 1987; Cao, Smith et al. 1992), PANI is widely applied in various fields, such as 

biosensors and actuators (Chang, Yuan et al. 2007), electric devices (Zhang, Zhang et 

al. 2010) and printable circuit board (Knobloch, Manuelli et al. 2004). PANI has a 

wide capacity range, which is related to the method of synthesis, morphology and 

thickness. PANI has varing specific capacitance, and normally, the specific 

capacitance of PANI electrochemically deposited is higher than for chemical 

synthesized(Snook, Kao et al. 2011). Because of the desirable properties like high 

electroactivity, high doping level and high conductivity, PANI is a promising 

candidate for application in supercapacitors, and its capacity is ranged from 44 mAh 

g
-1

to 270 mAh g
-1

 as previous report(Sivakkumar and Saraswathi 2004). While the 

disadvantage of PANI applied for supercapacitors is that a protic solvent or an acidic 

solution is required. 
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For its application in supercapacitors, vertically aligned conducting polymer 

PANI was synthesized in Wang’s study in 2010(Wang, Huang et al. 2010). This PANI 

nanowire arrays exhibited a high capacitance of 780 F g
-1

 at charge-discharge current 

of 40 A g
-1

. Also, some PANI and carbon materials composites were developed for 

supercapacitors, like graphene/PANI composites(Zhang, Zhang et al. 2010) and PANI 

coated carbon fiber cloth(Cheng, Tang et al. 2011). These composites obtained very 

high capacitance in organic solvent, but its capacity and stability is limited in aqueous 

system. PANI degrades fast during charging and discharging when used as a 

supercapacitor electrode in aqueous electrolyte, so that its poor chemical stability 

limits its application in energy storage. It was reported that PANI was modified with 

methyl groups in order to enhance its chemical stability, as shown in figure 2.13. 

Blocking of these methyl groups on the route of electron transfer can effectively retard 

degradation of PANI (Sivakkumar and Saraswathi 2004).  

* N

CH3

*
n

 

Figure 2.13. PANI modificated with methyl groups 

2.2.3 Polypyrrole 

Polypyrrole (PPY), the chemical structure as shown in figure 2.14, is considered 

as a material for an extensive applications due to its unique physical properties 

including ion exchange capacity, hydrophobic and adsorption abilities(Darzi, Larimi 
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et al. 2012). Also it has a great flexibility than most of other conducting polymers 

mentioned above(Hughes, Chen et al. 2004). 

 

N

H

n

 

Figure 2.14. the chemical structure of polypyrrole 

 

Because polypyrrole is not n-doped like thiophene derivatives, it is generally used 

as cathode material for battery (Snook, Kao et al. 2011). In order to improve its 

lifecycle during repeated charging and discharging, Iroh(Iroh and Levine 2003) 

combined polypyrrole with polyimide, the polyimide matrix protected polypyrrole 

from oxidative degradation during charging and discharging, thus more charges can be 

stored in polypyrrole.  

There are various methods for synthesizing PPY, such as chemical synthesis, 

potentiodynamic method, galvanostatic method and potentiostatic method.(Ramya, 

Sivasubramanian et al. 2013) The galvanostatic method and potentiostatic method are 

usually applied for electrodeposition on the substrate. For instance, pyrrole can be 

polymerized on substrates, like graphene, carbon nanotubes and porous carbon, and 

some transition metal as well by electrochemical deposition. Figure 2.15(Zang, Bao et 

al. 2008) shows the nanostructure tubular PPY electrochemical deposited on the RuO2, 
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and the specific capacitance of the Polypyrrole/RuO2 is around 12 mF cm
-2

. 

 

Figure 2.15. FESEM of well-aligned nanostructure of PPY at (a) low 

magnification and (b) high magnification 

Ritu P. Mahore et al. synthesized the PPY by in-situ chemical oxidation 

polymerization(Ritu P., Devendra K.  et al. 2014), the nanostructures of (a) PPY and 

(b) CNTs coated with PPY are shown in figure 2.16. And the cyclic voltammetry 

results show that the specific capacitance of CNTs coated with PPY is much higher 

than that of pure PPY. 
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Figure 2.16. Nanostructures of PPY and CNTs coated with PPY. 

 

This is a very simple and feasible way to improve the specific capacitance of a 

double layer capacitor by adding pseudocapacitance contributed from conducting 

polymer. Table 2 gives some examples of composites of carbon based material and 

conducting polymers, and their electrochemical properties.  
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Table 2.2 

Specific capacitance of composite of carbon based material and conducting polymers, 

cited from ref (Snook, Kao et al. 2011) 

Electrode material Specific 

capacitance (F g
−1

) 

Electrolyte 

PPy-SWNTs 144 Aqueous 

PPy-funct-SWNTs 200 Aqueous 

PEDOT-on-PPy 230 1 M LiClO4 (aq) 

PEDOT-on-PPy 290 1 M KCl (aq) 

PPy-Fe2O3 420 LiClO4 (aq) 

PPy 78–137 PVDF-HFD gel electrolyte 

PEDOT-MoO3 300 Non-aqueous Li
+
 

Non-irradiated HCl doped PAni 259 Gel polymer electrolyte 

Non-irradiated HCl doped PAni 210 (10 000 cycles) Gel polymer electrolyte 

Irradiated HCl doped PAni 243 Gel polymer electrolyte 

Irradiated HCl doped PAni 220 (10 000 cycles) Gel polymer electrolyte 

PPy-fast CV deposited 480 1 M KCl (aq) 

ACP-PAni 273 1 M H2SO4 

Non-treated PEDOT 72 1 M H2SO4 

Ultrasonicated synthesis of  100 1 M H2SO4 
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2.3 Transition metal oxides  

Transition metal oxides with high dielectric effect and capacity, such as ruthenium 

dioxide (RuO2), manganese dioxide (MnO2) and iridium dioxide (IrO2) (Zheng, Cygan 

et al. 1995), have been identified as promising electrode materials for supercapacitors. 

However the conductivity of transition metal oxides is poor. The high cost and scarity 

of novel metal oxides also limit their commercial acceptance, so researchers have 

focused on some low cost metals, such as vanadium, manganese and nickel. 

Manganese oxides have been widely studied recently due to its low cost and high 

dielectric constant. 

 

2.3.1 Charge storage mechanism of MnOx 

Recently, manganese dioxide (MnO2) has been widely investigated due to its 

considerable merits of non-toxicity, low cost, and high capacity. Also, manganese, as a 

transition metal, can exist in different stable oxides(King 1994) (MnO, Mn3O4, Mn2O3, 

MnO2), and their crystalline structures are shown in figure 2.17 (Wei, Cui et al. 2011). 

Electrons can be transfered and stored in these various manganese oxidized statuses, 

which can result in the pseudocapacitance to double layer capacitances during 

charging and discharging. 
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Figure 2.17. Crystal structure of manganese oxides, (a) rock salt; (b) spinel 

Mn3O4; (c) bixbyite (Mn2O3).(Wei, Cui et al. 2011) 

It was reported that MnO2 showed high charge-storage capacity due to enhanced 

proton diffusion in and out of the MnO2 lattice in unbuffered solutions(Rose, Kelliher 

et al. 1985) . A redox reaction occurring in MnO2 supercapacitor devices can be 

postulated as follows(Pang, Anderson et al. 2000): 

               
                
                                           

When n=0; δ=1; 

           
                
                                               

However, the poor conductivity of MnO2 limits its electric capacity. In order to 

enhance its charge store capability and conductivity, MnO2 can be chemically 

modified with methods as follows (Wei, Cui et al. 2011): 

1) Manganese oxides can be mixed with other metals, such as nickel, copper, 

cobalt and ruthenium to improve the conductivity, thus capacitance can be 

enhanced.  

2) Manganese oxides can be deposited on some carbon based materials, like 

(a) (b) (c) 

Oxygen A-atoms 
tetrahedral sites 

B-atoms 
Octahedral sites 

－O2-
 －Me2+
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porous carbon, carbon nanotubes and activated carbon, which can offer 

compensation to the electrical conductivity.  

For instance, the CNTs/MnO2 composite has been proposed and investigated 

widely. Subramanian et al prepared the SWCNT (40%)/MnO2 composite by the 

precipitation technique, and the capacitance value reached around 150 F/g at a scan 

rate of 2 mV/s (Subramanian, Zhu et al. 2006).  Yan et al. synthesize the 

MWCNT/15%MnO2 composite by microwave irradiation, and approximately 800 F/g 

specific capacitance at a scan rate of 2 mV/s was achieved (Yan, Fan et al. 2009).  

Kim et al developed the MWCNT sheet/MnOx composite by electrodeposition, and 

the specific capacitance of the composite was a minimum of 500 F/g (Kim, Lee et al. 

2011). Various technologies for MnO2 film preparation are introduced in detail in 

following sections. 

2.3.2 Synthesis of manganese oxides 

Since 1999, Lee and Goodenough(Lee and Goodenough 1999) for the first time 

reported the capacitive performance of MnO2 which was produced by reacting KMnO4 

with Mn(CH2COO)2. The coprecipitation reaction is shown equation 2.3: 

                
                
                                              

  Following this method, many methods of producing MnO2 were generated in the 

next decades(Brousse, Toupin et al. 2006). When Mn(II) solution was rapidly added 

into the Mn(VII) solution, a dark brown precipitation, manganese dioxide, generated 
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gradually. After being filtered and dried, it finally became manganese dioxide powder.  

Generally, this as-prepared hydrated MnO2 powders are poorly amorphous or 

crystalline. It was found that the morphology and chemistry can vary significantly 

when the drying temperatures varied(Ragupathy, Vasan et al. 2008). Figure 2.18 shows 

SEM images of MnO2 after dried at different temperatures. Among these MnO2 with 

different morphologies (from particles to nanorods), the MnO2 particles had the 

highest capacitance. 

 

Figure 2.18. SEM images of MnO2 (a) dried at 50°C in air (inset shows 
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energy-dispersive X-ray) and annealed at (b) 200°C, (c) 300°C,(d) 400°C, (e) 

500°C, and (f) 600°C for 3 h in air.(Ragupathy, Vasan et al. 2008)   

In addition to the chemical coprecipitation of MnOx, there are two methods for 

electrodepostion of MnO2 (Wei, Cui et al. 2011) ; anodic electrodeposition and 

cathodic electrodeposition. Manganese species can be oxidized or reduced into MnO2, 

when an electric field is applied. The morphology of MnO2 can be controlled by 

adjusting various parameters, such as voltage, time, temperature and concentration of 

Mn species in electrolytes (Nakayama, Tanaka et al. 2005; Wei, Chen et al. 2007; 

Babakhani and Ivey 2010). 

For anodic electrodepostion, a thin film of MnO2 can form on the anode surface, 

and the reaction is shown as follows: 

         
             
                                                

Based on this principle of anodic electrodepostion, much effort has been 

conducted to obtain MnO2 particles with more active sites and shortened diffusion 

lengths. Figure 2.19 shows SEM images of MnO2 with different morphologies (West, 

Myung et al. 2004; Nakayama, Tanaka et al. 2005; Babakhani and Ivey 2010). 
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Figure 2.19. Different morphology of MnO2, (A) nanowire of MnO2 (West, 

Myung et al. 2004), (B)particles of MnO2 (Nakayama, Tanaka et al. 2005), (C) 

Nanorodes of MnO2 (Babakhani and Ivey 2010)   

 

For cathodic electrodeposition, manganese species are reduced on the cathodic 

electrode surface.This reduction can be separated into two steps: 

1) Reduction reaction on the cathodic electrode surface. In this process, H
+
 ions are 

consumed with the increase of OH
-
 ions, so manganese hydroxide can form on the 

cathodic electrode surface.  

                   
                                                  

C 

A B 
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2) Thermal annealing can be conducted to vaporise the water in the hydroxides of 

manganese. A stable manganese oxide is finally produced. 

An alternative method is reducing the Mn(VII) on the cathodic electrode surface 

directly. The reaction is shown as below: 

    
          

          
                                             

Various electric stimulations, such as constant potential, constant current and 

pulse stimulations, can be applied for electrodeposition of MnO2. The morphology and 

structure of the MnO2 are related to the concentration of Mn(VII) ions in the 

electrolyte. It was reported (Jacob and Zhitomirsky 2008) that the MnO2 film formed a 

fibrous crystalline structure when the concentration of Mn(VII) was 0.02 M. When the 

concentration increased to 0.1 M, the MnO2 film became smoother and amorphous.  

 

2.3.3 MnOx-based composites for supercapacitors 

Although manganese oxides have high dielectric constant, the poor conductivity 

(~10
5
 Ω cm) and high charge transfer resistance limits its capacitive performance 

when used as supercapacitor electrodes(McEvoy, Long et al. 2006). Incorporation 

with other metal elements (Fe, Ni, Co) and conducting polymers (PANI, PPY, PPD) is 

alternative approach to improve its capacitive properties. It is reported(Lee, Chang et 

al. 2008) that the capacitance of Mn90Fe10 oxides has been improved into 255 F g
-1

 

from the 205 F g
-1

 for pure manganese oxides, it is attributed to the higher conductivity 
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of Mn90Fe10 oxides after introducing the iron. Wang(Wang, Chen et al. 2008) et al. 

prepared the iron-added MnOx powders using electrophoretic deposition, the results 

show that the specific capacitance of composites increased from 202 F g
-1

 to 232 F g
-1

 

when the 2 % Fe in composite was added. The pseudocapacitive performance could be 

improved by incorporating cobalt oxides in manganese oxides, its structure is shown 

in figure 2.20. A high capacitance of 256 F g
-1

 could be retained after 2000 cycles, it 

demonstrated that the Mn oxides composite with adding Co exhibited a good 

capacitance and high stability, when compared with pure Mn oxides.(Chuang, Huang 

et al. 2010)   

 

Figure 2.20. SEM image of Mn-Co oxide prepared by radio-frequency 

sputtering. 

 

In order to improve the electric conductivity and electrochemical capacitance of 

manganese oxides, conducting polymers have also been introduced, like PANI, PPY, 

PPD and so on.(Wei, Cui et al. 2011) The polyaniline-intercalated layers MnOx was 
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synthesized using the precursor, n-octadecyltrimethylammonium-MnOx 

(OCTA-MnOx), as previous report(Zhang, Ji et al. 2007) with the schematic 

illustration for PANI-intercalated MnOx (figure 2.21), the structures of (a) 

OCTA-MnOx and (b) PANI-MnOx are shown in figure 2.22. The specific capacitance 

of PANI-MnO2 is around 330 F g
-1

, much higher than the specific capacitance of the 

pure PANI (187 F g
-1

) and manganese oxides (208 F g
-1

).  

 

 

 

Figure 2.21. Schematic illustration for PANI-intercalated manganese oxides 
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Figure 2.22. SEM images of OCTA-MnOx and PANI-MnOx 

 

More efforts have been conducted to develop novel MnO2-based composites with 

higher the specific capacitance, better conductivity, higher mechanical stability and 

ultrathin thickness for supercapacitors, by introducing various conducting polymers 

and different metal elements, while the long-term stability of these composites is still a 

challenge. 
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2.4 Summary 

From the previous research, it is known that carbon materials, such as CNTs and 

graphene, are promising candidates for supercapacitors, due to their chemical 

stability, mechanical strength and large surface area. And they mainly act as EDLCs 

for electrochemical capacitors. Conducting Polymers, acting as pseudo-capacitors, 

are applied for supercapacitor electrodes to enlarge the specific capacitance. It is 

already known that, among those conducting polymers reported in previous studies, 

although PEDOT-PSS gains most attention due to its highest specific capacitance, 

poor chemical stability of PEDOT-PSS limits its further application in 

supercapacitors. However, the mechanism of PEDOT-PSS degradation is still unclear 

during continuous cycles of charge and discharge. So in this thesis, the mechanism of 

PEDOT-PSS degradation during cycles of charge and discharge is studied. Moreover, 

electrochemical treatment is applied for introducing functional groups on composites, 

then enlarging the specific capacitance. 

Graphene, as another potential material for supercapacitors, also has a lot of 

attraction for fabricating electrodes. Three-dimension materials fabricated from 

CNTs and graphene has been proposed and studied already. Graphene oxides, the 

graphene precursor, should be reduced first. According to the previous report, 

electrochemical reduction is a more facile and controllable approach. As a result, 

one-step approach for electrodes fabrication from electrochemical reduced GO and 
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CNTs is proposed and developed in this thesis. 

Transition metal oxides, due to stable existence of its various oxides, have been 

widely used in supercapacitors. However, the poor conductivity limits its further 

application in supercapacitors, especially under high rates of charge and discharge. In 

the thesis work, silver particles are synthesis on CNTs, and then manganese oxides 

are cathodically deposited on CNT/Ag composites. Also their electrochemical 

measurements are conducted to evaluate the capacitive performance of 

CNT/Ag/MnOx composites. 
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Chapter 3 Research Methodology  

3.1 Material characterization 

For materials applied as supercapacitor electrodes, it is crucial to evaluate the 

electrochemical performance, including specific capacitance (Csp), lifecycles, charge 

speed, power density (PD) and energy density (ED). Several electrochemical 

technologies, such as cyclic voltammetry (CV), galvanostatic charge and discharge 

(GC), electrochemical impedance spectroscopy (EIS), are applied for testing 

supercapacitors. As electrochemical behavior mentioned above, Csp, PD and ED can 

be calculated from the measured data. 

Besides, in order to detect the structural change of materials when used as 

capacitor electrodes, physical characterization is also carried out to deeply analyze 

the material characteristics.  

3.1.1 Electrochemical characterization 

Generally, CV is a very powerful technique to test the redox reaction occurred 

on electrodes, also the capacitive performance of electrodes under various rates of 

charge and discharge can be detected via CV measurements. So CV is widely used in 

this research to characterize the electrochemical behavior of carbon based 

composites. Impedance of electrodes is a key factor to the capability and stability of 
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energy storage, excessive internal impedance of energy storage could shorten the 

cycle life of energy storage. As a result, EIS here is applied to test the impedance of 

composites. Galvanostatic charge and discharge under constant currents is also 

conducted to test the capability and stability of energy storage, it is easy and fast 

approach to measure the specific capacitance of supercapacitors, also GC is the most 

close to daily use of energy storages. To sum up, the techniques of CV, EIS and GC 

are selected to characterize the electrochemical and capacitive performance of carbon 

based composites in this thesis.     

When active materials as the working electrode are tested under a three-electrode 

system, platinum and Ag/AgCl are used as the counter electrode and the reference 

electrode respectively. After the devices are assembled, one electrode of the device is 

commended to the working electrode, and the other electrode of supercapacitor is 

commended to the counter electrode and reference electrode together.   

 

(1) Cyclic voltammetry  

Cyclic voltammetry (CV) is a potentiodynamic measurement, in which the 

potential on the working electrode varies over time. CV is frequently used to test the 

relation between current and potential, and it also offers a wealth of information about 

the kinetic and thermodynamic mechanisms. A dynamic potential stimulation is 

applied on the working electrode, as in Figure 3.1 

(http://en.wikipedia.org/wiki/Cyclic_voltammetry). 
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Figure 3.1. Waveform of the dynamic potential in CV 

 

According to equation 3.1 as follows(Marken, Neudeck et al. 2002), the 

corresponding current can be formed, as shown in figure 3.2 

(http://en.wikipedia.org/wiki/Cyclic_voltammetry). When potentials sweep towards 

the higher voltage, the corresponding current is the anodic current (Ipa). When 

potentials sweep towards the lower voltage, the corresponding current is the cathodic 

current (I pc). 

                   
    

      
 

   
  
  

               
  
                                        

where I is the current, n is the number of molecules, A is the concentration of the 

electrolyte, D is the diffusion coefficient, and E is the potential on the working 

electrode. 
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Figure 3.2. Cyclic voltammogram under waveform of dynamic potential 

 

CV is a popular method to test the electrochemical performance of 

supercapacitors, and the specific capacitance also can be calculated via the CV curve. 

Equation 3.2 shows the calculation of Csp from the CV curves. 

    
       
  
  

         
                                                            

where Csp is the specific capacitance, V1 and V2 are the working potential range, m is 

the mass of the electrode, and υ is the scan rate of the CV. 

In addition, CV is a popular way to evaluate the lifecycles of supercapacitors, 

when the cyclic dynamic potentials are applied on the working electrode, the cyclic 

charging and discharging of supercapacitors can be tested. Therefore, the specific 

capacitance of supercapacitors can be determined after continuous cyclic charging and 

discharging. 
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(2) Galvanostatic charge and discharge  

Galvanostatic charge and discharge (GC) is also a popular method to calculate the 

specific capacitance. Figure 3.3 shows the potential response of supercapacitors under 

galvanostatic cycling. The electrical voltage increases when the supercapacitor is 

charging, and it discharges when the constant current reverses. Similar to the CV curve, 

the GC method also can be used to assess the electrochemical behavior of 

supercapacitors.  

 

 

Figure 3.3. Charging and discharging of supercapacitors under galvanostatic 

cycling. 

  

According to equation 3.3, as follows, the specific capacitance can be calculated 

when the electrode is discharging. 
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where I is the constant current applied on the working electrode, m is the mass of the 

active material, Δt is the duration of discharging, and ΔU is the potential difference 

when discharging.   

 

(3) Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a useful technique to analyze 

the electrode process and complex interfaces. When alternating voltage E(t) is applied 

to an electrode, the resulting I(t) can be formed. The impedance is defined as equation 

3.4 (Retter and Lohse 2002): 

                                                                       

where Z is the impedance in complex plane, E(t) is the alternating voltage, I(t) is the 

resulting current, θ is the phase difference between voltage and current, Z’ is the real 

part of the impedance, and Z” is the imaginary part of the impedance. 

Usually, the results of the impedance can be fitted using an equivelant circuit, 

the Randle circuits, as shown in figure 3.4(Pacios, Martin-Fernandez et al. 2011). 

The Randles circuit model is often used to interpret the simple electrochemical 

system. When an alternating interrupting voltage E(t) with a large range of frequency 

is applied to the electrode, usually from 1 MHz to 1 mHz, it can provide two types of 

curves, the Bode and Nyquist plots. The Bode plot shows the relation between the 

imaginary impedance Z”, and the Nyquist plot exhibits the imaginary impedance Z” as 

function of the real impedance Z’. They can offer insights into the dynamic system of 
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electrochemical interfaces. The Nyquist and Bode plots show the value of resistance of 

solution (Rs) and resistant of charge transfer (Rct). Also capacitance (Csp) can be 

calculated according the bode plot as the equation 3.5. 

    
 

       
                                                       

where f is the frequency, |Z| is the norm of Z, and m is the mass of the electrode 

 

Figure 3.4. Equivalent circuit at the electrochemical interface, Nyquisit plot and 

Bode plot. 

 

The Nyquist plot is also helpful for evaluating the performance of supercapacitors. 

It can be separated into three parts based on the frequency. In the high frequency 

region, often scaled higher than 10 kHz, the impedance indicates the resistance of the 

active materials and electrolyte. In the high to middle frequency region, ranging from 

10 kHz to 1Hz, the Nyquist plot displays the resistance of the charge transfer, 

corresponding to the diameter of the semicircle of Nyquist plot. In the low frequency 
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region, often lower than 1 Hz, the Nyquist plot shows the characteristics of an ideal 

capacitor, a theoretically straight line vertical to imaginary impedance Z”. However, 

the plot in the low frequency region is always inclined to real the impedance Z’ with an 

angle from 45º to 90º, attributed to ion diffusion between the Warburg diffusion and 

the ideal capacitive diffusion (Cui, Li et al. 2009).  

  All the electrochemical techniques mentioned above are popular for estimating 

the performance of supercapacitors, as well as calculating the specific capacitance. 

After the supercapacitor is assembled with a positive electrode and a negative 

electrode, the capacitance tested under two-electrode system should be as following 

equation 3.6: 

 

  
 

 

  
 

 

  
                                                                 

where Cd is the capacitance of the supercapacitor device, Cp and Cn are the 

capacitances of positive electrode and negative electrode respectively.  

When a symmetric device is fabricated with the same electrodes, Cd equals to half 

of the capacitance of either electrode. When the electrodes constitute asymmetric 

supercapacitor device, Cd is determined by the electrode with the smaller 

capacitance(Wang, Zhang et al. 2012). The theoretical energy density (ED) and power 

density (PD) of the device can be calculated when it is discharging, as equation 3.7 and 

3.8.  
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where ED is energy density, PD is power density, C is the capacitance of the 

supercapacitor device, Cs is the specifc capacitance, Vmax is the voltage applied during 

discharge measurement, VIR is the voltage drop at the beginning of the discharge 

process, M is the mass of the total electrodes, and Δt is the time during the charging 

process. 

3.1.2 Physical characterization  

Besides the electrochemical characterization mentioned above, physical 

characterization is also crucial for analyzing and evaluating composites for 

supercapaitors. In the section of literature review, it is known that the morphology of 

composites is related to the capacitive performance of composites. Also, conducting 

polymers and transition metal oxides are involved for fabricating carbon based 

electrodes. So the physical characterization is essential for analyzing composites and 

presenting the mechanism of composites applied as supercapacitor electrodes.  

(1) Transmission electron microscopy (TEM) 

Generally, transmission electron microscope (TEM) and scanning electron 

microscopy (SEM) can be applied to characterize the structure of electrodes. SEM is 

used for observe the surface morphology of electrode, while TEM can be conducted to 

observe the structure of individual components. 
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Beside, atomic force microscopy (AFM) can also be used to detect the surface of 

the electrode. 3D image can be provided using AFM, and no pretreatment is needed for 

samples. 

 

(2) Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIM) 

Time-of-Flight Secondary Ion Mass Spectrometry is a surface analytical 

technique that uses pulsed ion beam focusing onto the surface of sample, some 

particles are produced from the atomic monolayer, and second ions in the sputtering 

process is produced. These secondary ions provide the information about the 

molecular and element species presented on the surface. Spatial and depth 

distribution can be obtained by scanning the pulsed ion beam across the sample 

surface and by combining ToF-SIM with ion sputtering to characterize the structure 

respectively(https://www.phi.com/surface-analysis-techniques/tof-sims.html).  

ToF-SIM is widely used in material science, such as polymers, semi-conductors 

and pharmaceuticals. Particles generated closer to the location of impact are more 

likely to be dissociated ions. Secondary particles produced farther from the site of 

impact are more likely to be molecular compounds, especially fragments of larger 

organic molecules.(Mogk) In this research, ToF-SIM is mainly used to detect the 

conducting polymer, PEDOT-PSS, which is applied to fabricate carbon based 

electrodes. 
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(3) Fourier transform infrared spectrometer (FT-IR) 

Fourier Transform Infrared Spectroscopy (FTIR) can be used to determined the 

functional groups on the surface of CNTs, because their show the various specific 

peaks of absorption or transmission. Besides, Raman spectroscopy also can be applied 

to detect the types of functional groups. So in this study, these two techniques can be 

used to determine the new forming functional groups after electrochemical oxidation. 

 

(4) Brunauer-Emmett-Teller (BET) theory 

Since Stephen Brunauer, Paul Emmett and Edward Teller developed the BET 

theory for the first time in 1938(Brunauer, Emmett et al. 1938), it has been widely used 

to measure the surface area of materials using gas adsorption. Usually, the 

non-corrosive gases, such as nitrogen, argon, carbon dioxide and so on, are applied as 

adsorbates to determine the surface area of porous materials. As a result, BET theory is 

a technique using physical adsorption of gases, and aims to analysis the surface area of 

materials. 

The BET theory is very useful tool applied for measuring the surface area of 

carbon materials. For instance, the activated carbon can absorb nitrogen gases with 

cross section of 0.162 nm
2
 at liquid nitrogen at 77K. According BET theory, the 

surface area of activated carbon can be calculated, demonstrating around 3000 m
2
 g

-1
. 

In the work in this thesis, adsorption of nitrogen gases was applied to determine 

the surface area of the carbon based materials, using an Autosorb instrument 

(Quantachrome Instruments) at 77 K, and the surface areas were calculated based on 
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the Brunauer-Emmett-Teller (BET) method. 

(5) X-ray diffraction (XRD) 

X-ray diffraction is a very powerful technique primarily used for phase detection 

of crystalline materials, and also can provide the information of each unit of materials. 

When X-ray strikes an electron, it can produce secondary spherical waves, and this 

phenomenon is known as elastic scattering. And this elastic scattering follows the 

Bragg’s Law, as shown in equation 3.9: 

     θ                               (3.9) 

Here d is the spacing between two diffracting planes, θ is the incident angle of X-ray, n 

is any integer, and   is the wavelength of the beam.  

 

(6) X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy is kind of surface chemical analysis technique 

which can be used to detect the surface chemistry of materials in its as-received state. 

XPS is applied to determine the element composition of materials, electronic state of 

elements. X-ray spectra can be obtained by irradiating X-ray to materials, and 

simultaneously measuring kinetic energy and quantity of electrons which escape from 

the top 0-10nm of the materials. Usually, XPS technique needs ultra-high vacuum 

condition, while the pressure for analyzing is just a few tens of millbar.  

In the work for this thesis, PHI 5600 was applied for XPS measurements. And the 

incident radiation in the XPS study was by means of monochromatic Al Kα X-rays, 
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and the binding energy was calibrated using C 1s peak at 285.0 eV. 

(7) Raman spectroscopy 

Raman spectroscopy is used to analysis the vibrational, rotational and other 

low-frequency mode in system. Generally, Raman scattering is an inelastic scattering 

ranged from visible light, near infrared to near ultraviolet. Generally, the spontaneous 

Raman inelastic scattering is typically weak, so one challenge for Raman spectra is to 

filter out this inelastic scattering light from the strong Rayleigh scattered light. In the 

past, photomultiplier is widely used to detect the Raman light, while this technique is 

time consuming. Currently, some modern instruments and technologies have been 

developed for detecting the Raman scattering, such as Czerny-Turner monochromator, 

Fourier transform spectroscopy and CCD detectors.  

In the work for this thesis, Raman spectra of materials were recorded on a 

MicroRaman / Photoluminescence spectrometer (Renishaw InVia) equipped with a 

633 nm Ar ion laser.  
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3.2 Experiment 

3.2.1 Electrode fabrication  

As mentioned in previous chapters, carbon nanotubes are used as “scarffold” for 

supercapacitors, because of high chemical stability and high conductivity; conducting 

polymer and metal oxides are incorporated with CNTs to introduce the 

pseudocapacitance to supercapacitors. Therefore, the capacitance of supercapactior 

electrodes will be improved from following aspects: (1) incorporating CNTs with 

conducting polymers, PEDOT-PSS, with various mass ratios, determining the best 

formulation of CNTs and PEDOT-PSS; (2) dynamic high potential treatment of 

CNTs/PEDOT-PSS composites to enhance the pseudocapacitance and the stability; (3) 

incorporating oxidized CNTs with metal oxides to improve the capacitance; (4) 

developing carbon-based binder-free composites with high specific capacitance and 

stabilty for supercapcitors.  

Carbon nanotubes and graphene oxides are purchased from Cheaptubes. Inc and 

Graphene-supermarket. Inc of U.S. respectively. PEDOT-PSS, a conducting polymer, 

is bought from Aldrich. The precursor used for synthesizing manganese dioxides is 

potassium permanganate, also purchased from Aldrich. All the chemicals used in the 

research are analytical pure from Aldrich. The electrodes are fabricated using CNTs as 

following steps: 
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1. CNTs are dispersed in the solvent, and then stirred overnight. Then PEDOT-PSS is 

added into the dispersion with ultrasonic process of 5 min. The mixture of CNTs 

and PEDOT-PSS becomes slurry as shown in figure 3.5a. 

2. The slurry of the mixture is dipped onto the current collector, a platinum plate 

shown in figure 3.5b. 

3. After being dried in an oven at 150 ºC, the slurry becomes a film on the platinum, 

so the composite coating is applied as working electrode in the study.  

 

Figure 3.5. (a) the mixture of carbon based composites after ultrasonic process; (b) 

the current collector, a platinum plate. 

 

Since graphene oxides (GO) has adhesion, no binder (such as carbon black, 

PTFE, PVDF) is necessary. The detail processes for fabricating electrodes using GO 

are as follow: 
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1. dilute GO in deionized water (DI water) with ultrasonic process to obtain 1 g/L GO 

solution; 

2. mix GO solution with other active materials (such as CNTs or metal oxides) by 

ultrasonic processing for 30 min. Then the uniform suspension of mixture of GO 

and other materials can be obtained. Figure 3.6a shows the GO dispersion mixed 

with CNTs in various mass ratios. 

3. The mixture is dropped onto the platinum plate and dried in an oven at 150 ºC for 8 

min. Finally, working electrodes fabricated with GO and other active materials can 

be obtained as shown in figure 3.6b. 

        

Figure 3.6. (a) suspension of GO with CNTs in various mass ratios; (b) platinum 

plate coated with composites of GO and CNTs as a working electrode. 

 

For electrodeposition of Manganese oxides, working electrode fabricated with 

method mentioned above is immersed into the solution containing potassium 

permanganate, then cathodic current is applied onto the working electrode with 

platinum wire as counter electrode and Ag/AgCl as reference electrode. Then 

manganese oxide can form on the surface of the working electrode. The details will be 

shown in chapter 7. 

(b) (a) 
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For other physical measurements, powder-like samples are prepared for various 

structural tests. A time-of flight secondary ion mass spectrometer (ToF-SIM, TOF 

SIMS V, ION-TOF GmbH) was employed to analyze the MWCNTs/PEDOT-PSS 

composite before and after 600 CV cycles. A bismuth primary ion source was used to 

generate fragment ions. 

X-ray photoelectron spectroscopy (XPS, PHI 5600) measurements on the 

composite are carried out before and after treatment. The incident radiation in the XPS 

study was by means of monochromatic Al Kα X-rays, and the binding energy was 

calibrated using C 1s peak at 285.0 eV. 

The morphology of the composites is characterized by transmission electron 

microscopy (TEM, JEOL JEM-2010), referring to the appendix III. The samples were 

dispersed in ethanol with 10 min of ultrasonic vibration. The dispersion was placed on 

a holey-carbon coated copper grid, and dried in an oven at 60℃for 5 min. Then the 

samples for TEM measurement can be obtained. 

Raman spectra of composites were recorded on a MicroRaman / 

Photoluminescence spectrometer (Renishaw InVia) equipped with a 633 nm Ar ion 

laser, referring to the appendix III.  

The phase structures of the composites and their constituents are characterized by 

an X-ray diffraction (XRD) system (PANalytical) referring to the appendix II, ranging 

from 5º to 50º at a scanning rate 5º min
-1

.
  

The surface area of composites and their constituents are measured using 
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nitrogen adsorption/desorption approach. The nitrogen adsorption/desorption 

isothermal curves of the composites are obtained using an Autosorb instrument 

(Quantachrome Instruments) at 77 K, and the surface areas were calculated based on 

the Brunauer-Emmett-Teller (BET) method. 

These electrochemical and physical measurements will be introduced in details 

from the chapter 4 to the chapter 7.  
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3.2.2 Equipment for electrochemical measurements 

After electrode fabrication, the properties of electrodes, such as specific 

capacitance, rate of charging and discharging and lifecycles, should be detected to 

evaluate electrochemical performances. The potentiostat/galvanostat (VerSTAT 3, 

Princeton, U.S.A.) is applied to conduct the electrochemical measurements, as shown 

in figure 3.7. 

In this study, cyclic voltammograms, galvnostatic charging and discharging, 

electrochemical impedance spectroscopy are the main techniques to determine the 

electrochemical properties. Three-electrode system is applied to conduct the 

measurements using the potentiostat/galvanostat (figure 3.7a, VerSTAT 3, Princeton, 

U.S.A.), platinum and Ag/AgCl are used as counter electrode and reference electrode 

respectively, shown in figure 3.7b. 

 

  

Figure 3.7. (a) potentiostat/galvanostat (princetion, USA); (b) three electrode 

system, with platinum and Ag/AgCl used as counter electrode and reference 

electrode respectively. 
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Chapter 4 PEDOT-PSS Decorated Carbon Based 

Electrodes 

4.1 Introduction 

 Carbon nanotubes (CNTs), as carbon based materials, are a potential electrode 

material for supercapactors due to their great mechanical strength, high conductivity, 

good electrical stability and large surface areas. For pristine CNTs, only ion adsorption 

and desorption in electrical double layers contribute to charging and discharging, and 

no faradic process is involved. The specific capacitance of pristine CNT is related to 

their microporosity and purity, and the type of electrolyte (Lota, Lota et al. 2007). 

Conducting polymers as electrode materials contribute to the pseudocapacitance 

of supercapacitors because the polymers undergo redox reactions during charging and 

discharging. Typically, conducting polymers can store more energy than carbon 

materials because the charge can be stored through redox reactions for polymers, but 

carbon materials do not have this property (Peng, Zhang et al. 2008). Whereas, the 

cyclability of conducting polymers is poor because electrochemical degradation 

occurs on polymers, leading to decreases in both pseudocapacitance and conductivity 

(Lota, Khomenko et al. 2004).  

The feasibility of using composites of carbon nanotubes and conducting polymers 

as electrode materials for supercapacitors has been investigated recently (Lota, 
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Khomenko et al. 2004; Ginic-Markovic, Matisons et al. 2006; Snook, Kao et al. 2011). 

The aim of using composites is to make use of the merits of the two materials. The 

reviews from Chen et al (Peng, Zhang et al. 2008) and Snook et al (Snook, Kao et al. 

2011) summarized the work regarding the composites of CNTs and conducting 

polymers. They concluded that these composites could improve the specific 

capacitance, or conductivity when compared with each individual constituent but 

cycle-life of conducting polymers is poor compared with carbon based 

supercapacitor. , 

In the present study, a supercapacitor electrode made of the composite of 

multiwalled carbon nanotubes (MWCNTs) and poly(3, 

4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) was examined. 

PEDOT-PSS is a mixture of two polymers and can be used as a conducting polymer. 

According to Snook’s review (Snook, Kao et al. 2011), PEDOT-PSS has gained more 

attention because of its higher conductivity, wider potential window and faster 

electrochemical kinetics when compared with other conducting polymers. 

PEDOT-PSS can also act as a binder to fix electrode materials on current collectors. 

Conventionally, polytetrafluoroethylene (PTFE) is the most widely used as a binder 

due to its high chemical stability (Zhou, He et al. 2004; Stoller, Park et al. 2008; Zhu, 

Murali et al. 2011), but it correspondingly increases the electrical resistance of the 

electrodes because of its non-conductivity. In this study, the specific capacitance and 

cycliablity of the MWCNTs/PTFE electrodes made of MWCNTs and the PTFE binder 
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were also examined and compared with the MWCNTs/PEDOT-PSS composites. In 

addition, the electrochemical performances of the MWCNT/PEDOT-PSS composites 

with different mass ratios were investigated. Time-of-Flight Secondary Ion Mass 

Spectrometry (ToF-SIM), X-ray Photoelectron Spectrometry (XPS) and Transmission 

electron microscopy (TEM) were also applied to characterize the electrode materials 

before and after continuous cycling. 

 

4.2 Experimental 

4.2.1 PEDOT-PSS decorated carbon based electrodes fabrication 

Pristine MWCNTs with the length of 1-12 µm, purity > 99 wt% and outside 

diameter of  13-18 nm (Cheap Tubes Inc., USA) was dispersed in a mixture of ethanol 

and methanol (volume ratio 4:1), and then stirred overnight, thus obtaining a 8 mg/ml 

MWCNTs dispersion. The aqueous PEDOT-PSS solution with a concentration of 3.5% 

(Aldrich, USA) was placed into the MWCNTs dispersion followed by 15 min of 

ultrasonic processing to mix the MWCNTs and PEDOT-PSS well. The 

MWCNTs/PEDOT-PSS composites with different mass ratios can be achieved by 

adding various volumes of PEDOT-PSS solution into 8 mg/ml MWCNTs dispersion. 

A platinum plate as a current collector was covered with the dispersion of MWCNTs 

and PEDOT-PSS, and dried in an oven at 180 
o
C for 30 min, to form the 

MWCNTs/PEDOT-PSS electrode.  
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Similar to the MWCNTs/PEDOT-PSS fabrication, pristine MWCNTs was 

dispersed in isopropanol, and then stirred overnight. PTFE (Aldrich, USA) dispersion 

with a concentration of 17 mg/ml was obtained by suspending the PTFE in 

isopropanol with 3-min ultrasonication. The PTFE dispersion was then mixed with the 

MWCNT dispersion followed by 15 min of ultrasonic treatment. Lastly, a platinum 

plate was coated with the dispersion of MWCNTs and PTFE, and dried in an oven at 

180 
o
C for 30 min to get the MWCNTs/PTFE electrode. 

 

4.2.2 Transmission electron microscopy characterization 

The morphology of thecomposites was characterized by transmission electron 

microscopy (TEM, JEOL JEM-2011) referring to the appendix III. Samples for TEM 

measurements were prepared by dispersing composites in ethanol for 10 min of 

ultrasonic treatment. The resulting dispersion was then put on a holey-carbon coated 

copper grid, followed by drying in an oven at 60
 o

C for 5 min. 

 

4.2.3 Electrochemical measurements 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

were conducted to evaluate the electrochemical performance of the electrodes in a 

three-electrode system. All the electrochemical measurements were carried out using 
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an EG&G Prostat 2263 potentiostat/galvanostat (Princeton Applied Research, USA) 

referring to the appendix I. The MWCNTs/PEDOT-PSS composites and 

MWCNTs/PTFE composite were applied as working electrodes, a pure platinum wire 

and an Ag/AgCl electrode were used as the counter electrode and the reference 

electrode respectively. The EIS frequency ranged from 10 kHz to 100 mHz, and an ac 

amplitude of 10 mV superimposed on a dc voltage of 0.4 V was applied. The 1 M 

Na2SO4 electrolyte was used in all electrochemical measurements. 

 

4.2.4 Time-of flight secondary ion mass spectrometer measurement 

A time-of flight secondary ion mass spectrometer (ToF-SIM, TOF SIMS V, 

ION-TOF GmbH) was employed to analyze the MWCNTs/50 wt% PEDOT-PSS 

composite before and after 600 CV cycles. A bismuth primary ion source was used to 

generate fragment ions. 

 

4.2.5 X-ray photoelectron spectroscopy measurement  

X-ray photoelectron spectroscopy (XPS, PHI 5600) measurements on the 

composite of MWCNTS/50 wt% PEDOT-PSS were carried out before and after 600 

CV cycles. The incident radiation in the XPS study was by means of monochromatic 

Al Kα X-rays, and the binding energy was calibrated using C 1s peak at 285.0 eV. 
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4.3 Results and discussion  

4.3.1 Transmission electron microscopy characterization 

Figure 4.1 shows the TEM images of the composites of MWCNTs/10 wt% PTFE 

(Figure 4.1a), MWCNTs 10 wt% PEDOT-PSS (Figure 4.1b) and MWCNTs/50 wt% 

PEDOT-PSS (Figure 4.1c). The TEM images clearly display that the PTFE film and 

the PEDOT-PSS film can partly cover the MWCNTs surface, as marked with black 

arrows, and the PEDOT-PSS film on MWCNTs in the  MWCNTs/10 wt% 

PEDOT-PSS composite (Figure 4.1b) is thinner than that in the MWCNTs/50 wt% 

PEDOT-PSS composite (Figure 4.1c). Therefore, both the MWCNTs surface and the 

polymer are exposed to the electrolyte, and they together contribute to the 

electrochemical behavior of the composites. 
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 (a) 
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Figure 4.1. TEM images of (a) MWCNTs/10 wt% PTFE; (b) MWCNTs/10 wt% 

PEDOT-PSS; (c) MWCNTs/50 wt% PEDOT-PSS. 

 

4.3.2 Electrochemical measurements  

Cyclic voltammetry was used to determine the electrochemical cyclability of the 

composites. Figure 4.2 depicts the cyclic voltammograms of the composites in 1 M 

Na2SO4, using repeated potential scans between 0 V and 0.8 V vs. Ag/AgCl with the 

scan rate of 50 mV s
-1

. From Figure 4.2a-d, the MWCNTs/PEDOT-PSS composites 

express an anodic peak and a cathodic peak, which are attributed to the redox reactions 

occurring on the PEDOT-PSS (Cuentas Gallegos and Rincón 2006), and these faradic 

charge-transfer reactions contribute to the pseudocapacitance of the supercapacitors. 

Continuous cycling causes the redox peaks of MWCNTs/PEDOT-PSS to fade rapidly 
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due to the electrochemical degradation of the electroactive species in PEDOT-PSS, 

until a quasi-rectangular shape is obtained after 100 CV cycles (Figure 4.2a-d).This is 

a typical feature of an ideal electrical double-layer supercapacitor, in which the 

pseudocapacitance no longer exists. For the MWCNTs/10 wt% PTFE composite, no 

redox peaks appear during continuous cycling, hence there is only electrical double 

layer capacitance. The shapes of the cyclic voltammograms for the MWCNTs/10 wt% 

PTFE composite remains a qusi-rectangular over 600 CV cycles (Figure 4.2e). 
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Figure 4.2. Cyclic voltammograms of different composites in 1 M Na2SO4 with 

scan rate 50 mV s
-1

 vs. Ag/AgCl, composites of MWCNTs and (a) 5 wt% 

PEDOT-PSS; (b) 10 wt% PEDOT-PSS; (c) 30 wt% PEDOT-PSS; (d) 50 wt% 

PEDOT-PSS; (e) 10 wt% PTFE. 
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The specific capacitance (Csp) of the composites can be calculated based on the 

CV results, according to the following equation 4.1 (Li, Wang et al. 2009): 




2

1

)(
)(

1

12

V

V
sp dVVI

VVm
C


                  (4.1) 

where Csp is the specific capacitance (F g
-1

), v is the potential scan rate (V s
-1

), V1, V2 

are switching potential in cyclic voltammetry (V), and I (V) denotes the response 

current (A). 

The specific capacitances of the MWCNTs/PEDOT-PSS composites with 

different mass ratios and the MWCNTs/10 wt% PTFE composite as a function of the 

number of cycles are shown in Figure 4.2a. The specific capacitance of 

MWCNTs/PEDOT-PSS composites (Figure 4.3a) decreases and then become steady 

after 100 CV cycles. As reported previously, the specific capacitance of composites 

containing PEDOT-PSS underwent a sharp decline during initial 100 cycles of 

charging and discharging (Cuentas Gallegos and Rincón 2006; Liu 2008). The decline 

of the specific capacitance is due to the electrochemical degradation of the 

electroactive species in PEDOT-PSS, which is revealed in the cyclic voltammetry 

results (Figure 4.2). The general trend of specific capacitance of the 

MWCNTs/PEDOT-PSS composites with different PEDOT-PSS content is shown in 

Figure 4.3b, and the specific capacitance of MWCNTs/PEDOT-PSS composites 

increase with decreasing content of PEDOT-PSS in the MWCNTs/PEDOT-PSS 

composites. After 600 CV cycles, the MWCNTs/5wt% PEDOT-PSS composite 
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expresses the highest specific capacitance of 13.2 F g
-1

, which is 2.5 times larger than 

the specific capacitance of the composite containing 50 wt% PEDOT-PSS (5.3 F 

g
-1

).The specific capacitance of the MWCNTs in Na2SO4 electrolyte is consistent with 

the result reported previously (13.9 F g
-1

)(Xie and Gao 2007), and it can vary with 

different electrolytes or various CV scan rates or diverse types of CNT 

activation(Chen, Li et al. 2002; Lota, Lota et al. 2007; Peng, Zhang et al. 2008; 

Laheäär, Delpeux-Ouldriane et al. 2014). Also, the specific capacitance of the pure 

PEDOT-PSS depends on electrolyte types (0.02 F g
-1

 in Na2SO4 (Liu 2008) and 10 F 

g
-1

 in TBABF4/acetonitrile (Jalili, Razal et al. 2012)). So the specific capacitances of 

MWCNTs/PEDOT-PSS reported in some publications are higher than the values 

reported in this paper.  

In this study, the specific capacitance of the MWCNTs/PEDOT-PSS composites 

after 600 CV cycles mainly relies on the double layer capacitance of the MWCNTs and 

the ion adsorption of –SO3
- 

groups in PSS rather than the pseudocapacitance of 

PEDOT. The specific capacitance of the MWCNTs/10 wt% PTFE composite remains 

unchanged all the time (Figure 4.3a) due to its excellent chemical stability. And the 

specific capacitance of the MWCNTs/10 wt% PEDOT-PSS composite is higher than 

that of the MWCNTs/10 wt% PTFE composite, because the MWCNTs/10 wt% 

PEDOT-PSS composite can still adsorb more ions from electrolytes than the 

MWCNTs/10 wt% PTFE composite because the polarity of PSS originates from 

–SO3
-
 , although the PEDOT is degraded after 600 CV cycles. The evidence of the 
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integrity of –SO3
- 
in PSS and the degradation of PEDOT after continuous cycling is 

discussed in next sections (4.3.3) and (4.3.4). 
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Figure 4.3. (a) Specific capacitance of composites calculated from CV at a scan 

rate of 50 mV s
-1

; (b) specific capacitance as a function of the PEDOT-PSS 

percentage in the composites.  

The rate-dependent CVs for different composites were measured in 1 M Na2SO4 
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after 600 CV cycles. The cyclic voltammograms of all composites can maintain a 

rectangular shape at a scan rate of 10 mV s
-1

, as displayed in Figure 4.4a. As the scan 

rate rises to 400 mV s
-1

, the CV curve of the MWCNTs/10 wt% PTFE composite 

(Figure 4.4b) becomes severely distorted, while the MWCNTs/PEDOT-PSS 

composites can maintain a rectangular shape with little distortion (Figure 4.4b). 

However, the CV curve for the MWCNTs/5 wt% PEDOT-PSS composite dose not 

have a rectangular shape (Figure 4.4c) at 800 mV s
-1

, and the other 

MWCNTs/PEDOT-PSS composites with higher PEDOT-PSS content show distorted 

rectangular shapes. The results reflect that the MWCNTs/5 wt% PEDOT-PSS 

composite and the MWCNTs/10 wt% PTFE composite lose their capacitive 

characteristics when the scan rate rises to 800mV s
-1

 and 400 mV s
-1

 respectively. Also, 

more PEDOT-PSS in composites can better maintain the rectangular shape, hence, 

better capacitive characteristics (Figure 4.4b and c). The rectangular-shaped CV 

curves can be distorted at higher scan rates because of the ionic diffusion limitation 

(Du and Pan 2006). And the equivalent series resistance (ESR) also affects the 

rate-dependent CVs (Xie and Gao 2007), thus the higher resistance of the 

non-conductive polymer PTFE compared to the conducting polymer PEDOT-PSS 

makes the MWCNTs/10 wt% PTFE composite capacitive behavior deviate more 

easily at lower scan rates. In addition, the polarity of the composites due to the 

PEDOT-PSS causes a higher diffusion rate of ions from the electrolyte to the electrode 

surface, leading to a reduction of the effect of diffusion limitation. Hence, the CVs for 
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composites with lower PEDOT-PSS content deviate from the rectangular shape more 

severely than those with higher PEDOT-PSS content.   
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Figure 4.4. Cyclic voltammetry of the composites of MWCNTs and various 

polymers (5 wt% PEDOT-PSS; 10wt% PEDOT-PSS; 30 wt% PEDOT-PSS; 50 wt% 

PEDOT-PSS; 10 wt% PTFE) in 1 M Na2SO4 solution at diverse scan rates (a)10 mV 

s
-1

; (b) 400 mV s
-1

; (c) 800 mV s
-1

. vs. Ag/AgCl. 

 

The Nyquist plots for the MWCNTs/PEDOT-PSS composites and MWCNTs/10 

wt% PTFE composite at different CV cycles are shown in Figure 4.5. It is seen in 

Figure 4.5a-d that at the lower frequency, the straight lines for the composites of 

MWCNTs/PEDOT-PSS tend to be vertical during continuous cycling, implying that 

they become more capacitive (Yuan and Zhang 2006);  the data also agree with the 

results of CV in Figure 4.5. The change in the slope of the straight lines for the 

MWCNTs/PEDOT-PSS composites can be attributed to the charge transfer resistance 

(Rct) that is presented due to the redox reaction occurring on the freshly prepared 
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MWCNTs/PEDOT-PSS composites, and after 600 CV cycles, no redox reactions 

occur because of the electrochemical degradation of the electroactive species in the 

PEDOT-PSS, causing the Rct to diminish, hence the composites behave more 

capacitively. For the Nyqusit plot of the MWCNTs/10 wt% PTFE composite shown in 

Figure 4.5e, the straight line at the low frequency shifts along the real Z axis to lower 

resistance during continuous cycling. It may be attributed to the hydrophobic PTFE 

causing slow penetration rate of the electrolyte into the porous electrode, leading to a 

decrease in ESR with time(Taberna, Simon et al. 2003). 

A “knee” of Nyquist plot for the electronic double layer capacitor can be observed 

distinctly in Figure 4.5. The “knee” refers to the transition point between 

high-frequency region (45ºinclination) and low-frequency region (nearly vertical line: 

ideal capacitor), and it is commonly found in CNTs-based materials (Du and Pan 2006; 

Shen, Liu et al. 2011).  Figure 4.5 inserts show that knee frequency for 

MWCNTs/PEDOT-PSS composites after 600 CV cycles increases from 7.3 Hz to 28.7 

Hz when the content of PEDOT-PSS in MWCNTs/PEDOT-PSS composites rises from 

5 wt% to 50 wt%. It illustrates that the MWCNTs/PEDOT-PSS composites with more 

PEODT-PSS possesses better capacitive behavior in higher rate of charge and 

discharge, agreeing with the results of rate-depend cyclic voltammetry in section (2) 
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Figure 4.5. Nyquist plots of the MWCNTs/PEDOT-PSS composites with 

different PEDOT-PSS contents (a) 5 wt%, (b) 10 wt%, (c) 30 wt%, (d) 50 wt% 

and (e) MWCNTs/10 wt% PTFE after 0 CV cycles, 50 CV cycles and 600 CV 

cycles at 10 mV (ac) superimposed on 0.4 V (dc) vs. Ag/AgCl with a frequency 

range from 10 kHz to 100 mHz. 

 

Figure 4.6 depicts the Nyquist plots of the MWCNTs/PEDOT-PSS composites 

with different mass ratios and the MWCNTs/10 wt% PTFE composite after 600 CV 

cycles. The straight lines at low frequency shift along the real Z axis to higher 

resistance when the PEDOT-PSS content increases. This is because increasing the 

thickness of the MWCNTs/PEDOT-PSS will make the film more porous, resulting in 

increasing the ESR (Xiao, Cui et al. 2004; Yang and Martin 2004). The higher 

resistance of PTFE causes the straight line for the MWCNTs/10 wt% PTFE composite 

to lie at higher real Z value relative to the MWCNTs/10 wt% PEDOT-PSS composite.      
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Figure 4.6. Nyquist plots of MWCNTs/PEDOT-PSS with PEDOT-PSS content as 

5 wt%, 10 wt%, 30 wt%, 50 wt% and MWCNTs/10 wt% PTFE after 600 CV 

cycles at 10 mV (ac) superimposed on 0.4 V (dc) vs. Ag/AgCl, with a range of 

frequency from 10 kHz to 100 mHz.   

 

4.3.3 Time-of-Flight secondary ion mass spectrometry 

characterization 

Positive ToF-SIM spectra of the MWCNTs/50 wt% PEDOT-PSS composite 

before (Figure 4.7a) and after (Figure 4.7b) 600 CV cycles were compared. In Figure 

29a, the peak shown at m/z of 141 can be assigned to the repeated unit of PEDOT 

(Figure 4.7b). After 600 cycles, the peak at m/z of 141 disappears as shown in Figure 

4.7b, and it may be attributed to the electrochemical degradation of PEDOT during 

continuous cycling.  
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Figure 4.7. Positive ToF-SIM spectra of MWCNTs/50 wt% PEDOT-PSS 

composite (a) before and (b) after 600 CV cycles. 

The conductivity of PEDOT-PSS mainly relies on the conjugation path through 

the backbone in PEDOT (Figure 4.8 dash line). Therefore, the loss of the m/z = 141 

signal implies that the conjugation path in PEDOT may be destroyed, causing the 
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anodic peak and the cathodic peak in CV due to the occurrence of the redox reaction in 

PEDOT to diminish gradually during the continuous cycling. 

 

        

Figure 4.8. (a) Chemical structure of PEDOT-PSS; The dash line indicates 

charges move through the backbone in PEDOT. (b) Proposed chemical structure 

of the fragment ion with m/z = 141 generated from ToF-SIM. 

 

4.3.4 X-ray photoelectron spectroscopy characterization 

The XPS S 2p spectra of the MWCNTs/50 wt% PEDOT-PSS composite before 

and after 600 CV cycles are depicted in Figure 4.9. Two strong peaks appear around 

168.8 eV and 165.0 eV, which are ascribed to –SO3
-
 in PSS and C–S in PEDOT 

respectively (Denier van der Gon, Birgerson et al. 2002; Fu and Manthiram 2012; 

Zhang, Ji et al. 2012). The broad peak of C–S is an overlap of two peaks at 164.7 eV (S 

2p1/2)and 165.5 eV (S 2p3/2) (Fu and Manthiram 2012). In Figure 4.9, no peak shift is 
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observed in the S 2p XPS spectra, which indicates –SO3
-
 in PSS and C–S in PEDOT 

maintain integrity after 600 CV cycles.           
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Figure 4.9. XPS S 2p spectra of the MWCNTs/ 50 wt% PEDOT-PSS composite 

before and after 600 CV cycles 

 

Figure 4.10 shows the schematic of PEDOT degradation after 600 CV cycles. The 

conjunction path (dash line, figure 4.8) in PEDOT is destroyed after continuous 

cycling, while the –SO3
-
 groups in PSS retain integrity after CV cycles. The ions in 

electrolyte therefore can still be adsorbed on PSS. It explains the observation that the 

specific capacitance of the MWCNTs/10 wt% PEDOT-PSS composite is still higher 

than the MWCNTs/10 wt% PTFE composite, although no pseudocapacitance is 

produced by PEDOT after continuous cycling (Figure 4.2b). 
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Figure 4.10. Schematic of PEDOT degradation in MWCNTs/PEDOT-PSS 

composites after CV cycling.  

 

4.4 Concluding remarks 

Electrodes fabricated from the MWCNTs/PEDOT-PSS composites with different 

mass ratios and the MWCNTs/PTFE composite were examined electrochemically to 

evaluate their capacitive performance. Redox peaks in the CV for the 

MWCNTs/PEDOT-PSS composites decrease during continuous cycling, and their 

specific capacitance become stable after 100 CV cycles. The specific capacitance of 

the composites decrease with increasing content of PEDOT-PSS in the composites, it 

illustrates that the PEDOT-PSS make little contribution to overall specific 

capacitance of composites. However the composites containing more PEDOT-PSS 

can maintain better capacitive behavior at higher scan rates and frequencies, because 
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of the polarity of PEDOT-PSS. The specific capacitance of the 

MWCNTs/PEDOT-PSS composite is higher than the MWCNTs/PTFE composite, 

when their polymer contents are the same. From the EIS measurements on the 

composites, the ESR increases with the PEDOT-PSS content. 

TEM images of the composites show that the MWCNTs are partly covered with 

polymers. The ToF-SIM spectra of the MWCNTs/50 wt% PEDOT-PSS composite 

present that the peak at m/z of 141 disappears after 600 cycles, and it indicates that the 

repeated PEDOT unit may change after continuous cycling, and we therefore believe 

that the conjugation path in the backbone is destroyed, resulting in the decline of redox 

peaks in CV during continuous cycling. However, the polarity of PEDOT-PSS still 

exists, because the –SO3
-
 groups maintain integrity, as revealed by the XPS data, thus 

the specific capacitance of MWCNTs/10 wt% PEDOT-PSS is still higher than that of 

MWCNTs/10wt% PTFE.
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Chapter 5 Improved Capacitive Behavior 

of CNTs/PEDOT-PSS Electrodes 

5.1 Introduction 

From the Chapter 4, we know that carbon nanotubes (CNTs), possessing the 

advantages of large specific surfaces, high conductivity, mechanical strength and 

chemical stability(Moraitis, Špitalský et al. 2011), are considered as promising 

material for supercapacitor electrodes. Pristine CNTs perform as a typical electric 

double layer capacitor (EDLC) during charge and discharge(Peng, Zhang et al. 2008). 

The larger surface area of pristine CNTs relative to other carbon materials can 

facilitate adsorption and desorption of abundant ions in the interface between the 

electrodes and electrolytes, leading to an increase in capacitance. However, since the 

capacitance of pristine CNTs is only contributed by simple physical adsorption of ions 

on the surface of CNTs, and the hydrophobicity of CNTs limits their electric capacity, 

the specific capacitance of pristine CNTs in aqueous electrolytes is not 

satisfactory.(Yang, Pang et al. 2014)
  

Poly-3,4-ethlyenedioxythiophene-polystyrene sulfonate (PEDOT-PSS) is a 

mixture of polymers, PEDOT and PSS. PEDOT, a conducting polymer, contains a 

conjunction chain made of thiophene derivatives for electrical conduction(Frackowiak, 

Metenier et al. 2000), and it also have good thermal stability(Ma, Yang et al. 2005; 
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Hokazono, Anno et al. 2014). PEDOT-PSS is a promising material for supercapacitor 

electrodes because it can be used as a binder to fix CNTs onto substrates(Yang, Pang et 

al. 2014), and is an electroactive material that contributes pseudocapacitance to 

supercapacitors(Snook, Kao et al. 2011; Fisher, Watt et al. 2013). The specific 

capacitance of PEDOT-PSS varies in different electrolytes (0.02 F g
-1

 in Na2SO4 (Liu 

2008)  and 10 F g
-1

 in TBABF4/acetonitrile (Jalili, Razal et al. 2012)). The drawback 

of conducting polymers is the poor cyclability because electrochemical degradation on 

the polymers causes decreases in both pseudocapacitance and 

conductivity.(Frackowiak, Khomenko et al. 2006) 

In earlier publications, study of composites of carbon nanotubes and conducting 

polymers as supercapacitor electrodes has been reported.(Xiao and Zhou 2003; Swain 

and Jena 2010; Ding, Lu et al. 2012; Gao, Yang et al. 2013) Recently, some novel 

carbon-based materials, such as graphene paper, graphite sheets, mesoporous carbon 

and their composites, and doped carbon materials, have also been used to develop high 

performance supercapactior electrodes (Mi, Wang et al. 2012; Peng, Zhang et al. 2012; 

Wang, Mu et al. 2012; Nagamuthu, Vijayakumar et al. 2013; Sun, Yan et al. 2013; Yu, 

Goh et al. 2013; Alabadi, Yang et al. 2014; Wang, Shi et al. 2014). The composites of 

multiwalled carbon nanotubes (MWCNT) and PEDOT-PSS as supercapacitor 

electrodes in neutral aqueous solutions have also been investigated in the Chapter 4 of 

this thesis. The advantage of composites is the possession of the merits of the two 

materials, and the aqueous solutions are safer and environmentally friendlier than 
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organic solvents. The results of the Chapter 4 show that the MWCNTs/5 wt% 

PEDOT-PSS composite has the highest specific capacitance in neutral aqueous 

electrolytes, while the MWCNTs/50 wt% PEDOT-PSS composite can maintain the 

best capacitive behavior at higher scan rates. The pseudocapacitance of the 

MWCNTs/PEDOT-PSS composites decreases during continuous cycling due to the 

chemical degradation of PEDOT. The –SO3
-
 groups in PSS can retain the integrity 

during continuous cycling so they can still contribute to the capacitance of the 

composites through the ion adsorption and desorption in the electrical double 

layer.(Yang, Pang et al. 2014) 

In order to find a way to further increase the capacitance and the stability of the 

MWCNTs/PEDOT-PSS composites as supercapacitor electrodes in aqueous 

electrolytes, the performance of composites with and without treatment of dynamic 

high potentials in dilute acidic electrolytes was investigated.In addition, Raman 

Spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR), X-ray Photoelectron 

Spectroscopy (XPS) and Transmission electron microscopy (TEM) were also used to 

characterize the MWCNTS/PEODT-PSS composites before and after the dynamic 

high potential treatment. 
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5.2 Experimental 

5.2.1 MWCNTs/PEDOT-PSS electrode fabrication 

The fabrication of MWCNT/PEDOT-PSS electrodes was described 

previously.(Yang, Pang et al. 2014) Briefly, MWCNTs (length: 1-12 µm, outside 

diameter: 13-18 nm, purity: > 99 wt%, Cheap Tubes Inc., USA) and PEDOT-PSS (3.5 

wt% in solution, Aldrich, USA) with a mass ratio of 95:5 were dispersed in a mixture 

of ethanol and methanol (volume ratio of 4:1). The dispersion was subjected to 15 min 

of ultrasonic processing and then stirred overnight. A platinum plate, as a current 

collector, was covered with the dispersion of MWCNTs and PEDOT-PSS, and dried in 

an oven at 180 
o
C for 30 min to form the MWCNTs/PEDOT-PSS electrode. 

 

5.2.2 Dynamic high potential treatment on MWCNTs/PEDOT-PSS 

electrodes 

MWCNTs/PEDOT-PSS electrodes were treated with dynamic high potentials in a 

three-electrode system. A platinum wire and an Ag/AgCl electrode were used as a 

counter electrode and a reference electrode respectively. The treatment was conducted 

with a VersaSTAT potentiostat/galvanostat (Princeton Applied Research, USA) 

referring to the appendix I. MWCNTs/PEDOT-PSS electrodes were immersed in 

HNO3 solutions with different concentrations of 0.05 M, 0.1 M, 0.2 M and 0.5 M, and 
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the potential was continuously cycled from 1 V to 2 V at a scan rate of 50 mV s
-1

. 

Figure 5.1 shows the CV curves of MWCNTs/PEDOT-PSS electrodes in HNO3 

solutions during dynamic high potential treatment, and the Figure 5.1 insert is the 

schematic representation of dynamic high potential treatment.  
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Figure 5.1. The CV curves describing the dynamic high potential treatment on 

MWCNTs/PEDOT-PSS electrodes in HNO3 solutions, and schematic 

representation of dynamic high potential treatment (insert). 

 

5.2.3 Electrochemical measurements   

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

were conducted to evaluate the electrochemical performance of the 

MWCNTs/PEDOT-PSS electrodes. All the electrochemical measurements were 
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carried out using a VersSTAT 3 potentiostat/galvanostat (Princeton Applied Research, 

USA). A pure platinum wire as a counter electrode and an Ag/AgCl electrode as a 

reference electrode were employed. The EIS frequency ranged from 100 kHz to 0.1 Hz, 

and an ac amplitude of 5 mV, superimposed on a dc voltage of 0.4 V (the middle value 

of the operating potential window: 0 V ~ 0.8 V described in the CVs shown in Figures 

5.1 and 5.2), was applied. All the electrochemical measurements were conducted in 1 

M HNO3. 

5.2.4 Transmission electron microscopy characterization 

The morphology of the MWCNTs/PEDOT-PSS composites was characterized by 

transmission electron microscopy (TEM, JEOL JEM-2011) referring to the appendix 

III. The samples were dispersed in ethanol with 10 min of ultrasonic vibration. The 

dispersion was placed on a holey-carbon coated copper gird, and dried in the oven at 

60℃ for 5 min. 

5.2.5 Raman spectroscopy measurement 

Raman spectra of the MWCNTs/PEDOT-PSS composites were recorded on a 

MicroRaman / Photoluminescence spectrometer (Renishaw InVia) equipped with a 

633 nm Ar ion laser, referring to the appendix IV.  
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5.2.6 X-ray Photoelectron spectrometry measurement 

X-ray Photoelectron spectroscopy measurements on the MWCNTs/PEDOT-PSS 

composites were carried out by an Axis Ultra DLD X-ray photoelectron spectrometer 

(Kratos). The Al K X-ray source was used, and the binding energy was collected and 

calibrated using the C 1s peak at 284.5 eV.   

5.2.7 Fourier transform infrared spectroscopy measurement 

The MWCNTs/PEDOT-PSS composites were mixed with KBr powder and 

pressed to form pellets for subsequent FTIR measurements. FTIR spectra were 

obtained using a Spectrum 100 FTIR spectrometer (PekinElmer).  

 

5.3 Results and discussion 

5.3.1 Electrochemical behavior of the MWCNTs/PEDOT-PSS 

electrodes 

Figure 5.2 shows the cyclic voltammetry (CV) curves of the 

MWCNTs/PEDOT-PSS electrodes before and after the dynamic high potential 

treatment with different concentrations of HNO3 solutions and various cycles. Before 

the treatment, a couple of redox reactions occurred in PEDOT at ~0.7 V in the forward 

and backward scans. The location of this pair of redox reaction peaks (~0.7 V) in 
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acidic solutions is somewhat different from that in neutral solutions (~0.55 V)(Yang, 

Pang et al. 2014). There were another couple of redox reactions happen in PEDOT at 

~0.5 V in the forward scan and ~0.1 V in the backward scan. After the treatment, only 

a pair of broad redox peaks at ~0.45 V in the forward scan and ~0.3 V in the backward 

scan of the CV curves of the MWCNTs/PEDOT-PSS electrodes was observed (Figure 

5.2). Also, the treatment caused a significant increase in the capacitance of the 

MWCNTs/PEDOT-PSS electrodes. However, when the number of treatment cycles 

increased to certain values (40
th

 cycle in 0.05 M HNO3; 20
th

 cycle in 0.1 M HNO3; 10
th

 

cycle in 0.2 M HNO3; 5
th

 cycle in 0.5 M HNO3), the CV curves of the 

MWCNTs/PEDOT-PSS electrodes changed to a spindle shape from a quasi-rectangle 

shape. It means that the MWCNTs/PEDOT-PSS electrodes lose their capacitive 

characteristics after excessive treatment. 
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Figure 5.2. Cyclic voltammograms of the MWCNTs/PEDOT-PSS electrodes in 1 

M HNO3 with a scan rate of 50 mV s
-1

, obtained using an Ag/AgCl reference 

electrode, before and after the dynamic high potential treatment with (a) 0.05 M; 

(b) 0.1 M; (c) 0.2 M; (d) 0.5 M HNO3 for various cycles. 

 

The specific capacitance of the MWCNTs/PEDOT-PSS electrodes was calculated 

from the CV curves using the following equation (5.1) (Li, Wang et al. 2009; Yang, 

Pang et al. 2014): 

    
 

         
       
  

  
                     (5.1) 

where Csp is the specific capacitance (F g
-1

), v is the potential scan rate (V s
-1

), V1, V2 

are switching potential in cyclic voltammetry (V), and I (V) denotes the response 

current (A). 

 

Figure 5.3 shows the specific capacitance of the MWCNTs/PEDOT-PSS 

electrodes subjected to the dynamic high potential treatment with different HNO3 



 

 Chapter 5 Improved Capacitive Behavior of CNTs/PEDOT-PSS Electrodes 

112 
 

concentrations (0.05 M, 0.1 M, 0.2 M, 0.5 M), as a function of the number of treatment 

cycles. From Figure 5.3, the specific capacitance of the MWCNTs/PEDOT-PSS 

electrodes before treatment is ~18 F g
-1

, and increase to optimum values: ~36 F g
-1

, 

~38 F g
-1

, ~38 F g
-1

 and ~30 F g
-1

 after the treatment with 0.05 M HNO3 for 25 cycles, 

0.1 M HNO3 for 15 cycles, 0.2 M HNO3 for 5 cycles and 0.5 M HNO3 for 3 cycles 

respectively. From the previous study, the specific capacitance of PEDOT-PSS in 

Na2SO4 is only 0.02 F g
-1

 (Liu 2008). When combining with MWCNTs, the specific 

capacitance of the MWCNTs/PEDOT-PSS composite can reach 12 F g
-1

 in 

Na2SO4(Yang, Pang et al. 2014). In this study, the specific capacitance of 

MWCNTs/PEDOT-PSS after the treatment can be enhanced to 38 F g
-1

, around two 

times higher than the untreated MWCNTs/PEDOT-PSS electrode (18 F g
-1

). The 

improvement of specific capacitance of the treated electrodes may result from the 

formation of polar functional groups in PEDOT in the MWCNTs/PEDOT-PSS 

composites, and it will be discussed in the sections 5.3.4 and 5.3.5. Further increase in 

the number of cycles causes the specific capacitance to decline dramatically because 

of the loss of the capacitance characteristics (Figure 5.2). Such loss of the capacitance 

characteristics after excessive treatment may be attributed to the severe 

electrochemical degradation of PEDOT-PSS, which leads to an increase in the 

equivalent series resistance (ESR) of the MWCNTs/PEDOT-PSS electrodes. The 

increase in the equivalent series resistance will be elaborated with the electrochemical 

impedance data in the section 5.3.5, the XPS spectra in the section 5.3.4 and the FTIR 
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spectra in the section 5.3.5.  
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Figure 5.3. The specific capacitance of the MWCNTs/PEDOT-PSS electrodes as 

a function of the number of the dynamic high potential treatment cycles. 

 

From Figure 5.3, the dynamic high potential treatment with dilute acids can 

further improve the specific capacitance of MWCNTs/PEDOT-PSS electrodes in 

acidic solutions. Also, the 15-cycle dynamic high potential treatment with 0.1 M 

HNO3 and the 5-cycle dynamic high potential treatment with 0.2 M HNO3 can attain 

the same and optimal specific capacitance. Herein, the treatment with 0.2 M HNO3 for 

5 cycles was chosen in the cyclability study (section 5.3.5) and other characterization 

study (sections 5.3.2 – 5.3.5). 

Figure 5.4 shows the cyclability of the MWCNTs/PEDOT-PSS electrodes before 

and after the dynamic high potential treatment with 0.2 M HNO3 for 5 cycles. For the 

untreated MWCNTs/PEDOT-PSS electrodes, the redox peaks at ~0.7 V diminish with 
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increasing CV cycles (Figure 5.4a), and it reflects the gradual electrochemical 

degradation of the PEDOT-PSS in the untreated MWCNTs/PEDOT-PSS composites 

during cycling, and causing a 16% (3 F g
-1

) drop of specific capacitance in the first 300 

cycles (Figure 5.4c). In addition, the specific capacitance of the untreated 

MWCNTs/PEDOT-PSS electrodes becomes stable after 100 CV cycles. After the 

5-cycle dynamic high potential treatment with 0.2 M HNO3 (conditions for achieving 

the optimum specific capacitance according to Figure 5.3), the pair of broad redox 

peaks at ~0.45 V in the forward scan and ~0.3 V in the backward scan in nitric acid 

solutions can remain stable over 500 CV cycles (Figure 5.4b), and only a 0.8% (0.3 F 

g
-1

) drop in specific capacitance in the first 300 cycles was observed (Figure 5.4c); 

therefore there is almost no change in the specific capacitance of the treated 

MWCNTs/PEDOT-PSS electrodes for 500 CV cycles (Figure 5.4c). This pair of 

highly reversible broad redox peaks at ~0.45 V may be attributed to the newly formed 

functional groups in PEDOT in the treated MWCNTs/PEDOT-PSS electrodes, and this 

electrochemically modified structure of PEDOT in the treated MWCNTs/PEDOT-PSS 

electrodes in nitric acid solutions shows more stable in the cyclability test than the 

original structure of PEDOT in the untreated MWCNTs/PEDOT-PSS electrodes.  
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Figure 5.4. Cyclic voltammograms of the MWCNTs/PEDOT-PSS electrodes in 1 

M HNO3 with a scan rate of 50 mV s
-1

, obtained using an Ag/AgCl reference 

electrode, (a) before and (b) after the 5-cycle dynamic high potential treatment 

with 0.2 M HNO3. (c) Cyclability of the treated and untreated 

MWCNTs/PEDOT-PSS electrodes. 

 

Table 5.1 shows the Csp and the drop of Csp for the MWCNTs/PEDOT-PSS 

electrodes with and without the dynamic high potential treatment in dilute acidic 

solutions. The Csp of the treated MWCNTs/PEDOT-PSS electrodes (38 ± 1.62 F g
-1

; 

triplicate) is ~2.5 times significantly higher than that of the untreated electrodes (16 ± 

0.63 F g
-1

; triplicate) at the 300
th

 cycle because of the newly formed polar functional 

groups in PEDOT in the treated MWCNTs/PEDOT-PSS electrodes. The 

characterization of these newly formed polar functional groups in PEDOT will be 

discussed in sections 5.3.4 and 5.3.5.  

According to our previous study, the Csp of the MWCNTS/PEDOT-PSS 



 

 Chapter 5 Improved Capacitive Behavior of CNTs/PEDOT-PSS Electrodes 

117 
 

electrodes in neutral solutions is 12 ± 0.5 F g
-1

 (triplicate), and the drop of Csp in the 

first 300 cycles is 23%(Yang, Pang et al. 2014). In the current study, the Csp of the 

MWCNTs/PEDOT-PSS electrodes operating in acids is 16 ± 0.63 F g
-1

 (triplicate), 

which is 1.4 times significantly higher than that in neutral solutions, and the drop of 

Csp in acids is only 16% (Figure 3a). Furthermore, the Csp and the stability of the 

treated MWCNTs/PEDOT-PSS electrodes operating in acids (38 ± 1.62 F g
-1

; 0.8 % 

drop in the first 300 cycles) is significantly greater than those in neutral solutions (12 ± 

0.5 F g
-1

; 23% drop in the first 300 cycles). Thus, the MWCNTs/PEDOT-PSS 

electrodes can achieve higher stability and specific capacitance in acidic electrolytes 

relative to neutral solutions, and they can be improved further after the dynamic high 

potential treatment with dilute acids.   

 

Table 5.1. Csp and its drop of MWCNTs/PEDOT-PSS electrodes with and without 

treatment in different electrolytes, measured at a scan rate of 50 mV/s. 

Electrode treatment Electrolyte Csp after 300 cycles (F g
-1

) Drop of Csp at the 300
th

 cycle 

NA 1 M Na2SO4 
12 ± 0.5(Yang, Pang et al. 

2014) 
23% 

NA 1 M HNO3 16 ± 0.63 16% 

Dynamic high 

potentials in acid 
1 M HNO3 38 ± 1.62 0.8% 

 

The rate-dependent CV curves of the MWCNTs/PEDOT-PSS electrodes before 

and after dynamic high potential treatment were measured in 1 M HNO3. The 

rectangular-shaped CV curves can be distorted at higher scan rates because of the 
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ionic diffusion limitation(Du and Pan 2006), and the equivalent series resistance (ESR) 

also affects the scan rate-dependent CV curves(Xie and Gao 2007). The CV curves of 

the untreated MWCNTs/PEDOT-PSS electrodes and the MWCNTs/PEDOT-PSS 

electrodes subjected to the treatment with 0.2 M HNO3 for 3 cycles can retain a 

quasi-rectangular shape when the scan rate increases from 10 mV s
-1

 to 400 mV s
-1

 

(Figure 5.5a-e). This means that they can preserve capacitive characteristics up to a 

scan rate of 400 mV s
-1

. When the treatment cycle increases to 5, the CV curves of the 

treated MWCNTs/PEDOT-PSS electrodes become slightly distorted from a 

quasi-rectangular shape when the scan rate rises to 200 mV s
-1 

(Figure 5.5d), and are 

severely deformed to a spindle shape at a scan rate of 400 mV s
-1 

(Figure 5.5e). After 

10 cycles of the treatment, the MWCNTs/PEDOT-PSS electrodes lose their 

quasi-rectangular CV curves at the scan rate of 10 mV s
-1 

or higher (Figure 5.5b-e). 

The results reflect that the greater number of the treatment cycles makes the 

MWCNTs/PEDOT-PSS electrodes difficultly maintain the capacitive characteristics 

at higher scan rates. This may be attributed to a large number of treatment cycles 

leading to more severe electrochemical degradation of PEDOT-PSS, hence higher 

ESR of the MWCNTs/PEDOT-PSS electrodes results. The higher ESR of 

MWCNTs/PEDOT-PSS electrodes caused by more treatment cycles can also be 

demonstrated with the electrochemical impedance results shown in the section 5.1.5. 
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Figure 5.5. Cyclic voltammograms of the MWCNTs/PEDOT-PSS electrodes 

before and after the dynamic high potential treatment (0.2 M HNO3; 3 cycles, 5 

cycles and 10 cycles) at diverse scan rates: (a) 10 mV s
-1

; (b) 50 mV s
-1

; (c) 100 

mV s
-1

; (d) 200 mV s
-1

; (e) 400 mV s
-1

 in 1 M HNO3 solutions, obtained using an 

Ag/AgCl reference electrode. 

 

Figure 5.6 shows the specific capacitance of the MWCNTs/PEDOT-PSS 

electrodes with and without the dynamic high potential treatment, as a function of the 

scan rate. When comparing with the treated electrodes, the untreated electrodes 

express a minor drop at higher scan rates. However, the specific capacitance of the 

treated electrodes decreases rapidly with increasing the scan rate, and this drop of 

specific capacitance becomes severe when the number of treatment cycles increases. It 

may be attributed that the treatment raises the ESR of the MWCNTs/PEDOT-PSS 

electrodes, which is revealed by the electrochemical impedance data in the section 

5.1.5.  
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Figure 5.6. The specific capacitance of the MWCNTs/PEDOT-PSS electrodes 

before and after the dynamic high potential treatment (0.2 M HNO3; 3 cycles, 5 

cycles and 10 cycles) under various scan rates (10 mV s
-1

, 50 mV s
-1

, 100 mV s
-1

, 

200 mV s
-1

, 400 mV s
-1

). 

 

Nyquist plots of the MWCNTs/PEDOT-PSS electrodes, before and after the 

dynamic high potential treatment with 0.2 M HNO3 for different cycles, are depicted in 

Figure 5.7a. The Nyquist plots consist of semicircles in high frequency regions (Figure 

5.7a insert) and quasi-vertical lines in low frequency regions (Figure 5.7a). At the high 

frequency intercepts on the real axis show an internal resistance including the 

resistance of the electrolytes, electrode materials and the contact resistance between 

the electrode materials and the current collector(Zhang, Kong et al. 2010). The 

quasi-vertical lines in the low frequency range reflect that the treated and untreated 

MWCNTs/PEDOT-PSS electrodes possess capacitive characteristics(Wang, Jiao et al. 
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2012). The diameters of the semicircles corresponding to the charge transfer resistance 

(Rct)(Zhang, Xu et al. 2006) in the medium frequency range for the 

MWCNTs/PEDOT-PSS electrodes increase with the number of the treatment cycles. It 

can be explained by the electrochemical degradation of PEDOT after the repeated 

treatment, reducing the rates of faradic reactions at PEDOT. 

The imaginary capacitances of the electrodes before and after the treatment as a 

function of frequency are ploted in Figure 5.7b. The time constants τ were calculated 

from the frequencies f0 (τ = (2πf0)
-1 

) at which the imaginary capacitance reaches the 

maximum values(Kurig, Jänes et al. 2010). According to Figure 5.7b, the frequencies 

f0 decrease when the electrodes are subjected to more cycles of the treatment. In turn, 

the calculated time constants τ increase with the treatment cycles: 0.08 s before 

treatment; 0.32 s after treatment for 5 cycles; 0.64 s after treatment for 10 cycles and 

1.27 s after treatment for 15 cycles. Shorter time constants mean quicker faradic 

processes (Taberna, Simon et al. 2003; Laheäär, Delpeux-Ouldriane et al. 2014), so 

rates of faradic reactions at electrodes decrease with increasing treatment cycles. The 

conduction mechanism of PEDOT-PSS involves the faradic reactions at the PEDOT 

backbone (Vitoratos, Sakkopoulos et al. 2009), the depression of the PEDOT faradic 

reaction rates caused by repeated treatment can lower the conductivity of PEDOT-PSS. 

Hence, the ESR of the MWCNTs/PEDOT-PSS electrodes becomes higher. 
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Figure 5.7. (a) Nyquist plots of the MWCNTs/PEDOT-PSS electrodes after the 

treatment with 0.2 M HNO3 for different cycles, at 5 mV (ac) superimposed on 0.4 V 

(dc) vs. Ag/AgCl with frequencies ranged from 100 kHz to 0.1 Hz, measured in 1 M 

HNO3 solutions; (b) Evolution of imaginary capacitance of the 

MWCNTs/PEDOT-PSS electrodes before and after the treatment vs. frequency, where 

the calculated characteristic time constants τ are indicated. 
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5.3.2 Transmission electron microscopy characterization 

Figure 5.8 shows the TEM images of the structure of MWCNT in the 

MWCNTs/PEDOT-PSS composites before (Figure 5.8a) and after the dynamic high 

potential treatment with 0.2 M HNO3 for 5 cycles (Figure 5.8b) and 15 cycles (Figure 

5.8c). The structures of MWCNTs in the treated MWCNTs/PEDOT-PSS composites 

can maintain the integrity, and no defects on the sidewalls of MWCNTs appear after 

the treatment. It implies that the repeated treatment with cycling from 1 V to 2 V in 

dilute nitric acid solutions cannot damage the structure of MWCNTs in the 

MWCNTs/PEDOT-PSS composites. 
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Figure 5.8. TEM images of the structure of MWCNTs in MWCNTs/PEDOT-PSS 

composites before (a) and after the dynamic high potential treatment with 0.2 M 

HNO3 for 5 cycles (b) and 15 cycles (c). 
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5.3.3 Raman spectroscopy analysis 

Figure 5.9 shows the Raman spectra of the pristine MWCNTs and the 

MWCNTs/PEDOT-PSS composites before and after the dynamic high potential 

treatment with 0.2 M HNO3 for 5 cycles and 15 cycles. The spectra were normalized to 

the D band. The typical Raman features of MWCNTs including the D band (~1340 

cm
-1

), G band (~1580 cm
-1
) and D’ band (~1620 cm

-1
)(Liu, Pan et al. 2004) were 

revealed when the MWCNTs, and the treated and untreated MWCNTs/PEDOT-PSS 

composites, were characterized. Amorphous carbon and structural defects in 

MWCNTs result in the D band, and the G band originates from the tangential in-plane 

stretching of C=C bonds(Dementev, Osswald et al. 2009). The D’ band on the 

stretching of G band corresponds to the defects on the sidewalls of MWCNTs(Hussain, 

Amade et al. 2012). The D/G ratios of the MWCNTs/PEDOT-PSS composites, before 

and after the treatment, are almost the same. These results indicate that the surfaces of 

MWCNTs in the MWCNTs/PEDOT-PSS composites keep unchanged after the 

treatment, and there are no additional functional groups such as carbonyl, carboxyl or 

hydroxyl forming on the surfaces of MWCNTs during the treatment. Unlike the 

oxidation of MWCNTs in thermal acids with high concentrations reported in other 

papers (>60 wt%, ~16 M)(Zhang, Zou et al. 2003; Rosca, Watari et al. 2005), the 

dynamic potential treatment in dilute HNO3 with a low concentration (0.2 M) cannot 

induce any chemically changes on the MWCNT surfaces. Therefore, the MWCNTs in 
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the MWCNTs/PEDOT-PSS composites remain chemically unchanged during the 

repeated treatment, with cycling from 1 V to 2 V, in dilute nitric acid solutions.   

1000 1200 1400 1600 1800 2000

after treatment for 15 cycles

after treatment for 5 cycles

before treatment

pristine MWCNTs

In
te

n
s
it
y
 /

 a
.u

.

Wavenumber / cm
-1

D

G D'

 

Figure 5.9. Raman spectra of the pristine MWCNTs and the 

MWCNTs/PEDOT-PSS composites before and after the dynamic high potential 

treatment with 0.2 M HNO3 for 5 cycles and 15 cycles. 

 

5.3.4 X-ray photoelectron spectroscopy analysis 

The XPS spectra of the pristine MWCNTs and the MWCNTs/PEDOT-PSS 

composites before and after the dynamic high potential treatment with 0.2 M HNO3 for 

5 cycles and 15 cycles are displaced in Figure 5.10. 

The main peaks in the C 1s spectra are observed at 284.5 eV (Figure 5.10a), and 
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they originate from the carbon atoms in the sp
2
-hybridized graphitic structure of 

MWCNTs and the carbon atoms binding to hydrogen atoms in PEDOT-PSS(Moraitis, 

Špitalský et al. 2011),(Tehrani, Kanciurzewska et al. 2007) . The peaks in the range 

from 286 eV to 290 eV correspond to the carbon atoms bonding to oxygen atoms(Shen, 

Liu et al. 2011; Qin, Lu et al. 2013). The insert in Figure 5.10a shows the signals range 

from 286 eV to 290 eV for the treated and untreated MWCNTs/PEDOT-PSS 

composites, and they can be assigned to the C-O-C, the C-OH and the C=O in PEDOT 

generated by the treatment.  

From Figure 5.10b, depicting the O 1s spectra, the strong broad peaks for the 

MWCNTs/PEDOT-PSS composites contain two main features: the signal at 532 eV 

attributed to the oxygen atoms in the sulfonic groups in PSS, and the peak at 533.4 eV 

resulting from the oxygen atoms binding to carbon atoms in PEDOT(Tehrani, 

Kanciurzewska et al. 2007). The ratios of the intensity of the peak at 533.4 eV to the 

peak intensity at 532 eV for the treated MWCNTs/PEDOT-PSS composites are higher 

than the corresponding ratio for the untreated MWCNTs/PEDOT-PSS composites. It 

can be explained by more C-OH and C=O groups being produced during the treatment. 

According to the Raman results, there is no chemical change in MWCNTs in the 

MWCNTs/PEDOT-PSS composites during the treatment; therefore, the newly formed 

functional groups (C-OH and C=O) are deemed to be generated by the oxidation of 

PEDOT. 

The S 2p spectra are depicted in Figure 5.10c. A peak at 168.8 eV is ascribed to the 
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S atoms in S－O/S=O in PSS (Park, Ko et al. 2013; Ling, Lu et al. 2014). The two 

peaks at 163.8 eV (S 2p1/2) and 165.2 eV (S 2p3/2), which are attributed to the S atoms 

in C-S-C(Park, Ko et al. 2013; Ling, Lu et al. 2014) in PEDOT in the untreated 

MWCNTs/PEDOT-PSS composites. For the treated MWCNTs/PEDOT-PSS 

composites, the two peaks at 163.8 eV and 165.2 eV disappear. It is suggested that the 

S atoms in PEDOT are oxidized to S-O/S=O during the treatment. 
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Figure 5.10. The XPS spectra of (a) C 1s,  (b) O 1s and (c) S 2p for pristine MWCNTs 

and the MWCNTs/PEDOT-PSS composites before and after the dynamic high 

potential treatment with 0.2 M HNO3 for 5 and 15 cycles. 
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5.3.5 Fourier transform infrared spectroscopy analysis 

The FTIR was conducted to identify the functional groups on the pristine 

MWCNTs and the MWCNTs/PEDOT-PSS composites before and after the dynamic 

high potential treatment with 0.2 M HNO3 for 5 and 15 cycles. The MWCNTs in the 

MWCNTs/PEDOT-PSS composites remain chemically unchanged during the 

treatment according to the Raman data, so the chemical changes observed in the FTIR 

spectra occur in PEDOT-PSS (Figure 5.11). From Figure 5.11, the two broad peaks at 

1720 cm
-1

 and 1580 cm
-1

, assigned to the C=O stretching from COOH 

groups(Mawhinney, Naumenko et al. 2000) and C=O groups respectively, are 

observed for the treated MWCNTs/PEDOT-PSS composites, but these two peaks do 

not appear for the untreated MWCNTs/PEDOT-PSS composites. It is suggested that 

the carbon atoms in PEDOT are electrochemically oxidized to form COOH and C=O 

during the treatment(Tehrani, Kanciurzewska et al. 2007). The peak at 1640 cm
-1

 

originates from the C=C stretching (Shen, Liu et al. 2011; Xiao, Lin et al. 2012), and 

peaks at 1400 cm
-1

 refer to the bond C-OH. The broad peak in the range from 1050 

cm
-1

 to 1200 cm
-1

 is assigned to the S(=O)2 stretching(Tehrani, Kanciurzewska et al. 

2007), and its intensity after treatment is larger than before the treatment. It can be 

explained by the S atoms in C-S-C in PEDOT being oxidized to form S=O during the 

treatment.  
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Figure 5.11. FTIR spectra of pristine MWCNTs and the MWCNTs/PEDOT-PSS 

composites before and after the dynamic high potential treatment with 0.2 M 

HNO3 for 5 cycles and 15 cycles.   

 

5.3.6 Mechanisms of lifting the capacitive performance 

Figure 5.12 shows the schematic of introducing newly formed polar functional 

groups (COOH, C=O, and S=O) in PEDOT after the high dynamic potential treatment 

with dilute acids. These polar functional groups in the treated MWCNT/PEDOT-PSS 

composites contribute to the faradic processes during charge and discharge (CV curves 

on the right of Figure 5.12) compared with the untreated composites (CV curves on the 

left of Figure 5.12), exerting pseudo-capacitance on the treated electrodes. In addition, 

the newly formed polar functional groups can provide more active sites to adsorb more 

ions from electrolytes on the electrodes, hence increase the electrostatic double-layer 



 

 Chapter 5 Improved Capacitive Behavior of CNTs/PEDOT-PSS Electrodes 

134 
 

capacitance of the treated MWCNTs/PEDOT-PSS electrodes relative to the untreated 

ones.  

 

Figure 5.12. Schematic of MWCNTs/PEDOT-PSS before and after the dynamic 

high potential treatment with dilute acids, and their corresponding 

electrochemical performance. 

 

5.4 Concluding remarks 

The specific capacitance of the MWCNTs/PEDOT-PSS electrodes operated in 

acids is 1.4 times higher than that in neutral solutions. After the dynamic high potential 

treatment with dilute nitric acid solutions for appropriate cycles, the specific 

capacitance can be elevated further, and the optimum specific capacitance is ~2.5 

times higher than the specific capacitance without treatment. The cyclability of the 

electrodes after the optimum treatment is better than the electrodes without the 

treatment. Also, the cyclability for operation in acids is superior to that in neutral 
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solutions. However, the specific capacitance decreases by increasing the number of 

treatment cycles because of the loss of the capacitive characteristics (spindle-shaped 

CV curves). The larger number of the treatment cycles also causes the 

MWCNTs/PEDOT-PSS electrodes to lose their capacitive characteristics more easily 

at higher rates of charge and discharge. 

According to the results of TEM and Raman spectroscopy, the morphology of the 

MWCNTs/PEDOT-PSS composites and the chemical structure of MWCNTs in the 

MWCNTs/PEDOT-PSS composites remain unchanged respectively after the treatment. 

The XPS and FTIR data reveal that the treatment causes the formation of polar 

functional groups COOH, C=O and S=O in PEDOT. And the newly formed functional 

groups should be generated from C atoms and S atoms in the C-S-C bonds. It is 

suggested that these newly formed functional groups in PEDOT reflect the damage to 

the original conjunction path in PEDOT by electrochemical oxidation (chemical 

degradation of PEDOT) during the treatment, leading to the larger Rct and hence the 

greater ESR of the treated MWCNTs/PEDOT-PSS electrodes. On the other hand, these 

polar functional groups in PEDOT in the treated MWCNTs/PEDOT-PSS electrodes 

provide more active sites to adsorb more ions from electrolytes on the electrodes, 

resulting in the higher specific capacitance, when compared with the untreated 

MWCNTs/PEDOT-PSS electrodes. Therefore, achieving an optimum specific 

capacitance is due to the interplay between these two effects produced by the 

formation of the aforementioned polar functional groups in PEDOT.
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Chapter 6 Binder-free Carbon Based 

Electrodes 

6.1 Introduction 

Supercapacitors, as energy storage devices, involve two energy storage 

mechanisms: electric double layer capacitors (EDLCs) by storing energy through the 

simple physical adsorption of ions, and pseudocapacitors by producing energy from 

redox reactions during charge/discharge (Liu, Yu et al. 2010; Wang, Zhang et al. 2012). 

Carbonaceous materials, such as carbon nanotubes, carbon fibers, graphene and 

activated carbon, have been widely investigated for supercapacitors (Portet, Taberna et 

al. 2005; Zhang and Zhao 2009; Wang, Zhang et al. 2012; Yang, Pang et al. 2014), 

because they exhibit good conductivity, chemical stability and mechanical strength. 

So in Chapter 4 and Chapter 5, carbon nanotubes are all used as scarffold for 

supercapacitors, and conducing polymers are used as binder to fix electrode materials 

on the current collector. While in this Chapter 6, a binder-free electrode is developed 

only using carbon based materials, carbon nanotubes and graphene oxides. The 

advantages and reasons of this free-binder electrode fabricated from carbon based 

materials are introduced in the following paragraphs.  

Multiwalled carbon nanotubes (MWCNTs) are considered as a promising 

electrode material for supercapacitors, due to the large surface area, good conductivity 

and mechanical strength.(Zhang and Zhao 2009) However, one limitation of pristine 
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MWCNTs is its low capacitance (~38 F g
-1

 (Zhao, Chu et al. 2009; Niu, Zhou et al. 

2011; Bose, Kuila et al. 2012), varying with scan rates and types of electrolytes(Bose, 

Kuila et al. 2012)), because only the electrostatic adsorption of ions contributes to the 

energy storage mechanism, and the hydrophobicity of MWCNTs also limits ions to 

accessing the electrode surfaces.(Aboutalebi, Chidembo et al. 2011) In order to 

overcome these limitations, functionalization of MWCNTs with strong thermal acids 

is widely used to improve their specific capacitances (Shao, Yin et al. 2006; Shen, Liu 

et al. 2011). In addition, the capacitance of MWCNTs can also be improved by 

decorating with conducting polymers or transition metals (Xiao and Zhou 2003; Fisher, 

Watt et al. 2013), but these methods are time consuming and cumbersome to operate. 

Theoretically, graphene can possess high double-layer capacitance due to its 

exceptional surface area (~2630 m
2
 g

-1
)(Cheng, Tang et al. 2011). However, the 

capacitance of graphene reported in experimental measurements is much lower than 

expected. This is because graphene sheets easily stack together, resulting in difficulty 

for the ions in permeating to the surface of graphene.(Jung, Kwon et al. 2013) In this 

study, MWCNTs were used as spacers to intercalate between graphene sheets, so that 

ions could diffuse to the surface of the graphene sheets more efficiently, thereby 

increasing the capacitance of electrodes. The graphene was prepared by 

electrochemical reduction of graphene oxide in GO/MWCNTs composites to form 

electrochemically reduced GO (ecrGO), hence ecrGO/MWCNTs composites were 

obtained. The capacitive performance of the composites was investigated in acids. 
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Additionally, Raman spectroscopy, X-ray diffraction (XRD) and Transmission 

electron microscopy (TEM) were also used to characterize the composites of 

ecrGO/MWCNTs.  

The reasons of the use of GO as a graphene precursor are as follows. GO can 

disperse homogeneously in water due to the hydrophilic groups, such as carboxyl and 

carbonyl groups on the surface of GO(Petit, Seredych et al. 2009). On the other hand, 

the basal plane of GO is hydrophobic(Pei and Cheng 2012), and contains π carbon 

bonds which can attract the π carbon bonds of MWCNTs through the π-π 

interaction(Wu, Huang et al. 2013). GO, therefore, can serve a surfactant to disperse 

MWCNTs in water to form GO/MWCNTs suspension in fabrication of electrodes. 

Furthermore, GO can form a membrane after drying, thus no binder is necessary to 

fabricate electrodes. However, GO has extremely poor conductivity (typical insulator, 

10
12 
Ω/sq or higher(Pei and Cheng 2012)) because of the disruption of the sp

2
-bonded 

carbon matrix by polar functional groups. To achieve better conductivity and higher 

capacitance, it is usually reduced to graphene. At present, various methods can reduce 

the GO, such as chemical reduction(Chua and Pumera 2014), thermal processing(Zhao, 

Liu et al. 2012), and electrochemical reduction(Zhou, Wang et al. 2009; Shao, Wang et 

al. 2010). Among these methods, electrochemical reduction is more facile, and has low 

cost and is environmentally friendly. This is because it does not damage the integrity 

of the film when comparing to the chemical reduction with reducing agents such as 

sodium borohydride (NaBH4) and hydrazine (N2H4), and it does not require special 
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equipment or conditions unlike the high-vacuum thermal treatment.(Zhou, Wang et al. 

2009)  

Based on the results of the Chapter 4 and Chapter 5, conducting polymer, the 

PEDOT-PSS here, indeed can introduce faradic capacitance, but its stability is so poor 

in aqueous system that pseudo-capacitance almost completely fades only after 100 

cycles of charge and discharge. So the major function of the conducting polymer here 

is acting as a binder. Usually, binders (such as PTFE and PVDF) are used as binders 

in industry, so the active mass reduces because of binders. In this Chapter, a 

binder-free electrode is developed using graphene oxides and MWCNTs, also the 

specific capacitance of the binder-free electrode has been enhanced a lot. The 

schematic illustration of the electrode fabrication is shown in figure 6.1. Binder-free 

GO/MWCNTs electrodes were fabricated from graphene oxides (GO) and multiwalled 

carbon nanotubes (MWCNTs), and then converted to the ecrGO/MWCNTs electrodes 

for supercapacitors via a facile and controllable electrochemical method. These 

MWCNTs as “spacers” intercalate between the ecrGO sheets to explore more surface 

areas of ecrGO, elevating the specific capacitance of ecrGO from 88 F g
-1

 to 120 F g
-1

. 

 

 

Figure 6.1. The schematic illustration for fabricating the electrode. 
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6.2 Experimental  

6.2.1 GO/MWCNTs electrode fabrication 

Multiwalled carbon nanotubes (length: 1-12 µm, outside diameter: 13-18 nm, 

purity: > 99 wt%,) and graphene oxide (5 g/L, containing 79% carbon and 20% 

oxygen,) were obtained from Cheap Tubes Inc., USA and Graphene-supermarket Inc., 

USA respectively. 5 g/L GO was diluted to 1 g/L with DI water and subjected to a 

5-min ultrasonic process. The stable suspension of GO/MWCNTs were obtained by 

mixing 1 g/L GO and MWCNTs with different mass ratios (GO : MWCNTs = 1:0, 10:1, 

5:1, 1:1, 1:5, 1:10) with 2-h ultrasonic treatment. A platinum plate, used as a current 

collector, was covered by suspension of GO/MWCNTs, and dried in an oven for 8 min 

at 150 ℃ to form the GO/MWCNTs binder-free electrodes.  

 

6.2.2 ecrGO/MWCNTs electrode preparation 

The electrochemical reduction of GO/MWCNTs on electrodes was carried out 

with cyclic voltammetry (-1.2 V − 0 V) in a 0.5 M NaCl solution at a scan rate of 50 

mV s
-1

. A three-electrode system (platinum wire as a counter electrode and Ag/AgCl 

as a reference electrode), and a VersaSTAT potentiostat/galvanostat (Princeton 

Applied Research, USA, referring to the appendix I) were employed.   
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6.2.3 Electrochemical measurements 

The electrochemical performance of the electrodes was measured in 1 M HCl by a 

VersaSTAT potentiostat/galvanostat (Princeton Applied Research, USA), using a pure 

Pt wire and Ag/AgCl as a counter electrode and a reference electrode respectively. The 

electrochemical techniques employed in this study included cyclic voltammetry (CV), 

chronopotentiometry (charge and discharge at constant currents) and electrochemical 

impedance spectroscopy (EIS). The EIS was applied in a frequency range from 100 

kHz to 0.1 Hz using a dc voltage of 0.4 V (the middle voltage of the operating potential 

window 0 V − 0.8 V), superimposed with an ac amplitude of 5 mV. 

 

6.2.4 Materials characterization  

The morphology of the ecrGO/MWCNT composites was characterized by 

transmission electron microscopy (TEM, JEOL JEM-2010), referring to the appendix 

III. The samples were dispersed in ethanol with 10 min of ultrasonic vibration. The 

dispersion was placed on a holey-carbon coated copper grid, and dried in an oven at 60℃

for 5 min. Raman spectra of the GO/MWCNTs composites and ecrGO/MWCNTs 

were recorded on a MicroRaman / Photoluminescence spectrometer (Renishaw InVia) 

equipped with a 633 nm Ar ion laser, referring to the appendix III. The phase 

structures of the composites and their constituents were characterized by an X-ray 

diffraction (XRD) system (PANalytical) referring to the appendix II, ranging from 5º 
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to 50º at a scanning rate 5º min
-1

.
 
The nitrogen adsorption/desorption isothermal 

curves of the composites were obtained using an Autosorb instrument (Quantachrome 

Instruments) at 77 K, and the surface areas were calculated based on the 

Brunauer-Emmett-Teller (BET) method. 

6.3 Results and discussion 

6.3.1 Electrochemical reduction of GO films 

GO films were immersed in 0.5 M NaCl and electrochemically reduced to ecrGO 

films by cycling between -1.2 V and 0 V at a scan rate of 50 mV s
-1

, as shown in the CV 

curves in Figure 6.2. The GO films are dark brown, whereas the ecrGO films has a 

grey metal luster, so the results indicate the efficient reduction of GO to ecrGO.(Liu, 

Hao et al. 2014) As shown in the CV curves in Figure 6.2, the current increases with 

the number of CV cycles because more conductive ecrGO is formed from 

non-conductive GO(Shao, Wang et al. 2010).  
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Figure 6.2. Electrochemical reduction of GO in 0.5 M NaCl at a scan rate of 50 

mV s
-1

, obtained using an Ag/AgCl reference electrode, and images of GO (left) 

and ecrGO (right). 

Figure 6.3a shows the CV behavior of ecrGO films in 1 M HCl at a scan rate of 10 

mV s
-1

 between 0 V and 0.8 V, after different numbers of electrochemical reduction 

cycles for GO. Pairs of redox peaks appear around +0.4V, corresponding to the redox 

reactions of ecrGO. The specific capacitance can be calculated based on the CV curves 

according to the following equation(Yang, Pang et al. 2014), 

    
 

         
       
  

  
                       (6.1) 

where Csp is the specific capacitance (F g
-1

), v is the potential scan rate (V s
-1

), V1, V2 

are the switching potential in cyclic voltammetry (V), and I (V) denotes the response 

current (A). As shown in Figure 6.3b, the specific capacitance of GO is ~5 F g
-1

, and 

that of ecrGO can achieve ~88 F g
-1

 after 90 cycles of electrochemical reduction of GO, 

indicating that GO has poor capacitive performance relative to ecrGO. The Csp 

increases with the number of electrochemical reduction cycles for GO, and begin to 

get stable after 70 electrochemical reduction cycles (Figure 6.3b). In the later 

electrochemical evaluation, the composites of GO/MWCNTs were reduced to 

ecrGO/MWCNTs composites by 70 electrochemical reduction cycles. There are three 

advantages in employing the ecrGO as electrodes for supercapacitors: (i) the 

preparation of ecrGO is easily operated through adjusting the number of CV cycles; (ii) 

the pseudo-capacitance from ecrGO can contribute to the overall capacitance; (iii) no 

binders (PTFE or carbon black) are necessary because they may affect the properties 
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of the electrodes.  
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Figure 6.3.  (a) Cyclic voltammograms of ecrGO films in 1 M HCl at a scan rate 

of 10 mV s
-1

 after various CV cycles for electrochemical reduction of GO, 

obtained using an Ag/AgCl reference electrode. (b) the specific capacitance of 

ecrGO as a function of the number of electrochemical reduction cycles for GO.   
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6.3.2 Electrochemical performance of ecrGO/MWCNTs composites 

The cyclic voltammograms of ecrGO/MWCNTs composites with different mass 

ratios (GO : MWCNTs = 1:0; 10:1; 5:1; 1:1; 1:5; 1:10) are shown in Figure 6.4a. When 

comparing with GO (Figure 6.4a, black line), the CV curve of ecrGO shows much 

larger current density (Figure 6.4a, red line). This is attributed to the much higher 

conductivity of ecrGO than GO. Broad redox peaks around +0.4 V can be observed for 

ecrGO/MWCNTs composites, indicating the existence of a faradic process in ecrGO. 

Based on the CV curves in Figure 6.4a, the specific capacitance of the 

ecrGO/MWCNTs composites can be calculated according to equation (6.3). Figure 

6.4b shows the specific capacitance of ecrGO/MWCNTs composites with different 

mass ratios of GO to MWCNTs as a function of the number of CV cycles. The Csp of 

the composites become stable after 300 CV cycles. Figure 6.4c depicts the specific 

capacitance of the ecrGO/MWCNTs composites with various mass ratios of GO to 

MWCNTs (all the Csp values in Figure 6.4c are calculated based on the corresponding 

first CV cycles). The specific capacitance of ecrGO is ~90 F g
-1

.  When the mass ratio 

of GO to MWCNTs decreases from 10:1 to 5:1, the Csp of the ecrGO/MWCNTs 

composites elevates to the highest value (~120 F g
-1

). However, the Csp of the 

composites declines to 89 F g
-1

, 80 F g
-1

 and 43 F g
-1 

when the ratio further decreases to 

1:1, 1:5 and 1:10 respectively. Theoretically, ecrGO/MWCNTs composites containing 

more MWCNTs may display lower specific capacitance because carbon nanotubes 
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have smaller specific capacitance than graphene(Birch, Ruda-Eberenz et al. 2013; 

How, Pandikumar et al. 2014); however, there is an optimum mass ratio of GO to 

MWCNTs (5:1). It can be attributed to the higher specific surface area of 

ecrGO/MWCNTs (GO : MWCNTs = 5:1) compared to ecrGO. MWCNTs, here, act as 

“spacers” between the graphene sheets to prevent the sheets from stacking together, 

thus enlarging the specific surface areas of electrode materials. When the content of 

MWCNTs in the composites increases further, the MWCNTs dominate the capacitive 

performance of ecrGO/MWCNTs composites, causing the decrease in specific 

capacitance.  
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Figure 6.4. (a) Cyclic voltammograms of ecrGO/MWCNTs composites with 

different mass ratios of GO to MWCNTs in 1 M HCl at a scan rate of 10 mV s
-1

, 

obtained using an Ag/AgCl electrode. (b) Cyclability of ecrGO and 

ecrGO/MWCNTs composites. (c) Specific capacitance of GO/MWCNTs 

composites and ecrGO/MWCNTs composites as a function of the mass ratio of 

GO to MWCNTs. 
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The capacitive performance of the composites with different mass ratios of GO to 

MWCNTs at  various scan rates (50 mV s
-1

, 100 mV s
-1

, 200 mV s
-1

, 400 mV s
-1

) in 1 

M HCl are shown in Figure 6.5. At 50 mV s
-1

 and 100 mV s
-1

, all the ecr/MWCNTs 

composites can more or less maintain the quasi-rectangular shape of the CV curves, 

except ecrGO (Figure 6.5a and 6.5b). The ecrGO/MWCNTs composites with the mass 

ratios of GO to MWCNTs equal to 10:1 at 200 mV/s (Figure 6.5c), and 5:1 at 400 

mV/s (Figure 6.5d) lose the quasi-rectangular shape of the CV curves. (Figure 6.5d). 

The results indicate that the composites containing more ecrGO are difficult to resist 

the distortion of the quasi-rectangular shape of the CV curves at high scan rates. In 

addition, Figure 6.6 shows that the specific capacitance of the ecrGO/MWCNTs 

composites containing more ecrGO (GO : MWCNTs = 1:0, 10:1, 5:1) decreases more 

rapidly with increasing the scan rate when comparing with the composites with less 

ecrGO (GO : MWCNTs = 1:1, 1: 5 and 1:10). The distortion of the CV curves and the 

greater drop of Csp of the composites with more ecrGO at high scan rates may be 

caused by the ion-diffusion limitation because the resistance of ion permeability to the 

electrode surfaces increases when more ecrGO sheets stack together. This 

ion-diffusion limitation will be revealed by the EIS data later. Moreover, there are 

crossovers in Figure 6.6 that the Csp of the composites with more MWCNTs (GO : 

MWCNTs = 1:1 and 1:5) become the greatest at the highest scan rate (400 mV s
-1

). 

Therefore, it is proposed that those composites with more MWCNTs can be used in the 

application of high charge/discharge rates.   
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Figure 6.5. Cyclic voltammograms of the ecrGO/MWCNTs composites with 

different mass ratios of GO : MWCNT (1:0, 10:1, 5:1, 1:1, 1:5, 1:10) at diverse 

scan rates: (a) 50 mV s
-1

; (b) 100 mV s
-1

; (c) 200 mV s
-1

; (d) 400 mV s
-1

 in 1 M 

HCl solutions, obtained using an Ag/AgCl reference electrode.  
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Figure 6.6. The specific capacitance of the ecrGO/MWCNTs composites with 

different mass ratios (1:0, 10:1, 5:1, 1:1, 1:5, 1:10) at various scan rates (50 mV 

s
-1

, 100 mV s
-1

, 200 mV s
-1

, 400 mV s
-1

). 
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The electrochemical impedance spectroscopy (EIS) was measured from 100 kHz to 

0.1 Hz, at 0.4 V d.c. superimposed with an AC amplitude of 5 mV. Nyquist plots of the 

ecrGO/MWCNTs composites with different mass ratios of GO to MWCNTs are 

depicted in Figure 6.7. The semicircles in the high-frequency range (the insert in 

Figure 6.7a) and the inclined lines in the low-frequency range (Figure 6.7) correspond 

to the charge transfer resistance (Rct) regarding the faradic process in ecrGO and the 

diffusion-controlled process respectively.(Yang and Gunasekaran 2013) The higher 

inclination of the lines from the vertical in the low-frequency region reflects the 

greater resistance of the ion permeability to electrode surfaces(R, M et al. 2013) 

because more ecrGO sheets stack together. Therefore, the slopes of the lines in the 

low-frequency region become more vertical when the content of ecrGO decreases, 

indicating that composites containing more MWCNTs (less ecrGO) exhibit a more 

ideal double-layer capacitor. This also can explain why the composites containing 

more MWCNTs are more likely to maintain their capacitive performances (the 

quasi-rectangular shape of CV curves in Figure 6.5) at higher scan rates. The distorted 

semicircles in the high frequency region become the quasi-semicircles when the 

ecrGO content in the composites decreases. These results reflect that the intercalation 

of MWCNTs between ecrGO sheets can affect the mechanism of the faradic process in 

ecrGO. 

Figure 6.7b shows the imaginary part of the specific capacitance as a function of 

frequency. The relaxation time constant τ0 is a characteristic of the capacitive system: 
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the minimum time needed for discharge with efficiency greater than 50% of its 

maximum value. It can be obtained through τ0 = (2πf0)
-1

 where f0 is the value at which 

the imaginary capacitance C” is maximum.(Kurig, Jänes et al. 2010; Sheng, Sun et al. 

2012) The ecrGO/MWCNTs (GO : MWCNTs = 1:10) composites exhibit the shortest 

time constant of 0.1 s, and the relaxation time constant τ0 increases to 0.16 s, 0.25 s and 

1.27 s when the mass ratio of ecrGO : MWCNTs increases to 1:5, 1:1 and 5:1 

correspondingly. It indicates that ecrGO/MWCNTs composites containing more 

MWCNTs can behave like double-layer capacitors at higher rates of charge and 

discharge. These results align with the data of the scan rate-dependent CV curves 

(Figure 6.5), that composites containing more MWCNTs can maintain a 

quasi-rectangular CV curve at higher scan rates. 
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Figure 6.7. (a) Nyquist plots of ecrGO/MWCNTs composites with different mass 

ratios of GO : MWCNTs (10:1, 5:1, 1:1, 1:5, 1:10), at 5 mV (ac) superimposed on 

0.4 V (dc) vs. Ag/AgCl with frequencies ranged from 100 kHz to 0.1 Hz, 

measured in 1 M HCl solutions; (b) imaginary part of capacitance (C”) as a 

function of frequency.   

 

The galvanostatic charge/discharge curves of the ecrGO/MWCNTs composite 

(GO : MWCNTs = 5:1) at current densities (1 A g
-1

, 2 A g
-1

, 4 A g
-1

) are plotted in 

Figure 6.8a. All these curves exhibit a triangular shape with little distortion, implying a 

good capacitive behavior for the composite. According to equation (6.4), the specific 

capacitance of the ecrGO/MWCNTs composite (GO : MWCNTs = 5:1) at different 

constant current densities were obtained. 

    
    

        
                           (6.2) 

where I/m is the constant current density for discharge, 2 
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and V1 are the initial and final potentials for discharge.  

4000 cycles of charge/discharge of the ecrGO/MWCNTs composite (GO : 

MWCNTs = 5:1) were measured (Figure 6.8b). The specific capacitance of the 

composite is 177 F g
-1

 (98.9% of the initial value) at a current density of 1 A g
-1

 after 

1000 cycles of charge/discharge. Csp of 162 F g
-1

 (~10% drop) at 2 A g
-1

 and 145 F g
-1

 

(~20% drop) at 4 A g
-1

 were obtained at the 2000
th

 cycle and the 3000
th

 cycle 

respectively. Csp of 165 F g
-1

 was measured at the 4000
th

 cycle when returning to a 

current density of 1 A g
-1

, and retention of 93% could be achieved.  
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Figue 6.8. (a) Galvanostatic charge/discharge for the ecrGO/MWCNTs 

composites (GO : MWCNTs = 5:1) at current densities of 1 A g
-1

, 2 A g
-1

, 4 A g
-1

; 

(b) Cycling performance of the ecrGO/MWCNTs composite (GO : MWCNTs = 

5:1) at varying current densities. 

6.3.3 Structural characterization  

Figure 6.9 shows the TEM images of the structures of ecrGO (Figure 6.9a), the 

ecrGO/MWCNTs composites with a mass ratio of GO : MWCNTs = 5:1 (Figure 6.9b) 

and MWCNTs (Figure 6.9c), with a measuring scale of 200 nm. It can be clearly seen 

that the ecrGO is a continuous film with wrinkles at this scale (Figure 6.9a), and the 

MWCNTs, as indicated by the black arrows, scatter well throughout the ecrGO sheets 

(Figure 6.9b), while the MWCNTs prefer to agglomerate without ecrGO (Figure 6.9c). 

From Figure 6.9b, MWCNTs can intercalate between the ecrGO sheets to form a 

sandwich-like structure which results in exploring more surface areas of ecrGO in the 
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ecrGO/MWCNTs composites.     

 

     

 

Figure 6.9. TEM images of structures of (a) ecrGO; (b) ecrGO/MWCNTs with 

mass ratio of GO : MWCNTs = 5:1; (c) MWCNTs. 

 

The Raman spectra of GO and ecrGO are depicted in Figure 6.10. Two main peaks 

of the band D (~ 1340 cm
-1

) corresponding to the structural defects (How, Pandikumar 

et al. 2014), and the band G (~ 1560 cm
-1

) denoting the in-plane vibration of sp
2
 carbon 

atoms(Ai, Liu et al. 2011), can be observed in Figure 6.10. The ratio of ID : IG for GO is 
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1.06, and then it increases to 1.58 for ecrGO. When comparing with GO, the increased 

ID : IG ratio for ecrGO demonstrates the formation of structural defects (Ji, Shen et al. 

2013; How, Pandikumar et al. 2014) after electrochemical reduction of GO. The 

MWCNTs exhibit the highest ratio of ID : IG (2.06), then its ratio of ID:IG decreases to 

1.21 after mixing with GO to fabricate the GO/MWCNTs composite (GO : MWCNTs 

= 5:1). It is attributed that more sp
2
 carbon atoms from GO make the G peak higher. 

When GO/MWCNTs are electrochemically reduced to ecrGO/MWCNTs, the ratio of 

ID : IG increases from 1.21 to 1.33 due to the structural defects from ecrGO.  
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Figure 6.10. Raman spectra of MWCNTs, GO, ecrGO, GO/MWCNTs (GO: 

MWCNTs = 5:1) and ecrGO/MWCNTs (GO : MWCNTs = 5:1). 

 

 

Figure 6.11 shows the XRD patterns of GO, ecrGO, GO/MWCNTs (mass ratio of 
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GO : MWCNTs = 5:1), ecrGO/MWCNTs (mass ratio of GO : MWCNTs = 5:1) and 

MWCNTs. A diffraction peak of MWCNTs at 25.9° is observed, reflecting the 

characteristic of graphite(Xia, Wang et al. 2012). The peak at 26°indicates the 

characteristics of graphite due to the 002 plane. After graphite being oxidized into 

graphene GO, this peak disappear and a new peak is observed at 10°, corresponding to 

the lattice of GO. It indicates that graphite was converted into GO. Sharp peaks for GO 

alone and GO in the GO/MWCNTs composite appear around 10°, while the XRD 

angle for the GO/MWCNTs (10.12°) is slightly smaller than GO (10.4°) as shown in 

the Figure 10 insert, indicating the larger distance between GO sheets in the 

GO/MWCNTs composite than the GO alone, and it may be attributed to the MWCNTs 

intercalating between GO sheets. These peaks disappear for ecrGO and are replaced 

by a broad peak around 24.5° for ecrGO alone and ecrGO in the ecrGO/MWCNTs 

composite. It is attributed that the spatial arrangement of the GO sheets is different 

from that of ecrGO sheets. The GO/MWCNTs composites also express a broad peak at 

around 24.5°, and it implies that the intercalation of MWCNTs changes the spatial 

arrangement of the GO sheets to the arrangement similar to the ecrGO sheets in some 

regions. 
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Figure 6.11. XRD patterns of GO, ecrGO, GO/MWCNTs (GO : MWCNTs = 5:1), 

ecrGO/MWCNTs (GO : MWCNTs = 5:1) and MWCNTs. 

 

To further confirm the higher surface area of the ecrGO/MWCNTs composites 

compared to the ecrGO, the BET surface areas of them were obtained using the 

nitrogen adsorption-desorption isothermal  curves shown in Figure 6.12. It is a type I 

curve at low relative pressure (0.01~0.4), then a hysteresis loop appears at high 

relative pressure from 0.4 to 1, indicating the existence of microporosity, mesoporosity 

and macroporosity.(Srinivas, Zhu et al. 2010) The BET surface area of GO is 362 m
2
 

g
-1

 after fabricating the electrode. After electrochemical reduction, the surface area of 
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ecrGO is 50.7 m
2
 g

-1
, lower than the surface area of GO (362 m

2
 g

-1
). It may be 

attributed to the removal of the functional groups isolated on the GO sheets, leading to 

the ecrGO sheets to stack together closely. When the MWCNTs intercalate between 

the GO sheets, the surface area of the ecrGO/MWCNTs composite (GO : MWCNT = 

5:1) is 113.5 m
2
 g

-1
, which is two times higher than the surface area of ecrGO (50.7 m

2
 

g
-1

). The results demonstrate that the intercalation of MWCNTs between ecrGO sheets 

can explore more surface areas of ecrGO in the ecrGO/MWCNTs composites, 

resulting in uplifting the capacitive performance. Although the isothermal curve for 

MWCNTs indicates that MWCNTs have greater surface area (224 m
2
 g

-1
) than ecrGO 

(50.7 m
2
 g

-1
), the proportion of the MWCNTs in the ecrGO/MWCNTs composite (GO : 

MWCNT = 5:1) is small (one sixth of the composite mass), so MWCNTs themselves 

in proportion cannot significantly contribute to the two-fold increase in the surface 

area. 

Overall, the surface areas of the materials do not always dominate the specific 

capacitance. This is because when the MWCNT content in the ecrGO/MWCNTs 

composites increases beyond the optimum point, the specific capacitance lowers 

instead (Figure 6.5) although MWCNTs (224 m
2
 g

-1
) have larger surface area than 

ecrGO (50.7 m
2
 g

-1
). Furthermore, even though the surface area of GO (362 m

2
 g

-1
) is 

greater than that of ecrGO (50.7 m
2
 g

-1
), the specific capacitance of GO is much 

smaller than ecrGO (Figure 6.3a). Therefore, the specific capacitance of the 

ecrGO/MWCNTs composites can be the interplay of the faradic process in ecrGO, the 
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polar functional groups left in ecrGO due to incomplete electrochemical reduction, the 

conductivity of the materials and the surface areas of the materials. 
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Figure 6.12. Nitrogen adsorption-desorption isothermal curves of GO, ecrGO, 

MWCNTs and ecrGO/MWCNTs composite (GO : MWCNT = 5:1). 

 

6.4 Concluding remarks 

ecrGO/MWCNTs composites were fabricated as binder-free electrodes for 

supercapacitors. A facile and controllable electrochemical reduction method was 

applied to convert the GO to ecrGO. When comparing with the Csp of GO (~ 5 F g
-1

), 

the Csp of ecrGO increases to ~ 88 F g
-1

 in 1 M HCl. Among the ecrGO/MWCNTs 

composites with different mass ratios of GO to MWCNTs (GO : MWCNTs = 10:1, 5:1, 

1:1, 1:5, 1:10), the ecrGO/MWCNTs composite (GO : MWCNTs = 5:1) exhibits the 
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highest Csp from the CV results when the CV scan rate is 50 mV s
-1

. At a discharge 

current density of 1 A g
-1

, the Csp of the ecrGO/MWCNTs composite (GO : MWCNTs 

= 5:1) is 177 F g
-1

 after 1000 cycles of charge/discharge, with retention of 93% after 

4000 cycles of charge/discharge at varying current densities. As the BET surface areas 

were calculated from the nitrogen adsorption-desorption isothermal curves, the 

surface area of the ecrGO/MWCNTs composites with a mass ratio of GO : MWCNT = 

5:1 (113.5 m
2
 g

-1
) are higher than that of ecrGO alone (50.7 m

2
 g

-1
), because MWCNTs 

intercalate between the ecrGO sheets to explore more surface areas of ecrGO. The Csp 

of the ecrGO/MWCNTs composites decreases with further decreasing the ratio of GO 

to MWCNTs (GO : MWCNTs = 1:1, 1:5, 1:10) from the CV results obtained using a 

scan rate of 50 mV s
-1

. However, the composites, containing more MWCNTs, can 

behave more like a double-layer capacitor, maintain a better capacitive behavior at 

higher scan rates and resist a drop of Csp better. The binder-free electrode with high 

specific capacitance and good stability reported in the part can be promising 

candidate for fabricating supercapacitors. Also the electrochemical reduction 

approach described in the section could be applied further in industry. 
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Chapter 7 Manganese Oxides and Silver 

Particles Decorated Carbon Based 

Electrodes  

7.1 Introduction 

Carbon nanotubes (CNTs) are considered to have high potential use as for 

supercapacitor electrodes, due to good chemical and mechanical stability. Generally, 

pristine CNTs perform as a typical electric double layer capacitor (EDLC) when 

charging and discharging, and also act as a “scaffold” when fabricating electrodes for 

supercapacitors (Xie and Gao 2007). However, the capacitance of pristine CNTs is 

only produced by simple physical adsorption of the ions on the surface of the CNTs, 

and the hydrophobicity of CNTs limits the ions/anions diffusion to its surface, 

resulting in low specific capacitance. (Aboutalebi, Chidembo et al. 2011) 

In Chapter 4 and Chapter 5, the conducting polymer (PEDOT-PSS) is applied for 

fabricating the supercapacitor electrodes with carbon nanotubes. Also, the capacitive 

performance of such a CNTs/PEDOT-PSS composite is improved by producing polar 

functional groups via the electrochemical approach. However, the results show that 

the specific capacitance of CNTs/PEDOT-PSS composites in an aqueous system 

reaches an upper limit (38 F g
-1

) after 600 cycles of charge and discharge, because 

the PEDOT-PSS degrades with cyclic of charging and discharging. 
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 In order to further enhance the specific capacitance, pseudo-capacitance can also 

be produced via the faradic process, by introducing transition metals. Manganese 

dioxide (MnO2), as a promising candidate, exhibiting a high dielectric constant and 

chemical stability, can be used for supercapacitor electrodes. Also, MnO2 is more 

environmentally friendly and cheaper, so it can be used to replace other transition 

metal oxides, like ruthenium oxides. Presently, supercapacitor electrodes fabricated 

from CNTs and MnO2 have been extensively developed and studied in order to 

increase the specific capacitance. (Tan, Cheng et al. 2014) The pseudocapacitance of 

manganese oxides is generated from the redox reaction of the oxycation species, 

between the various oxidation statuses of manganese, such as Mn(IV)/Mn(III) and 

Mn(VI)/Mn(IV) (Wei, Cui et al. 2011). The storage mechanism can be achieved in two 

ways: the adsorption of positive ions on the surface of hydrous manganese (equation 

[7.1]) and the intercalation of protons in MnOx (equation [7.2]).  

 

                          
                       (7.1) 

                                         (7.2) 

 

Manganese oxides can be obtained in various ways, like chemical coprecipitation, 

cathodic deposition and anodic deposition. Compared with other methods, the 

synthesis of metal oxides can be more easily controlled by simply adjusting the 

current or time when using electrochemical deposition. In addition, manganese oxides 
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synthesized via electrochemical deposition are more likely to be nano-structured. And 

the capacitive behavior of nano-structured MnOx can be enhanced due to its larger 

surface area, shorter diffusion path and good pore shape (Chou, Wang et al. 2008). The 

carbon based composite decorated with MnOx can yield a specific capacitance of 

1070 F g
-1

 at 10 mV s
-1

 (Han, Seo et al. 2014). However, the poor conductivity of 

MnO2 (10
-4

 ~10
-6 

S cm
-1

) (Tan, Cheng et al. 2014) limits its capacitive characteristics 

at high rates of charging and discharging. 

Silver, as a conductor offering electron-transferring channels, due to the high 

conductivity, improves the capacitive performances of MnOx and MWCNTs (Zhang, 

Zheng et al. 2012), and can be applied in MWCNTs and MnOx composites for 

enhancing the conductivity. Silver nanoparticles (AgNPs, diameter ~15nm) are 

chemical deposited on multi-walled carbon nanotubes (MWCNTs) to fabricate the 

MWCNTs/AgNPs composites in this study. Manganese oxides (MnOx) are then 

electrodeposited on the surface of the MWCNTs/AgNPs composites to fabricate 

MWCNTs/AgNPs/MnOx electrodes for supercapacitors. The electrochemical 

behavior of MWCNTs/AgNPs/MnOx electrodes in neutral solutions is investigated, 

and the morphology of the composites is characterized by transmission electron 

microscopy (TEM). 

7.2 Experimental  

MWCNTs/AgNPs/MnOx electrodes were measured in 1 M Na2SO4 in a 
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three-electrode system, and a platinum wire and an Ag/AgCl electrode were separately 

used as the counter electrode and reference electrode in all electrochemical 

measurements. The following sections give a description of preparation, and 

electrochemical and structural characterization of the MWCNTs/AgNPs/MnOx 

electrodes.  

7.2.1 Synthesis of silver particles on MWCNTs (AgNPs/MWCNTs) 

MWCNTs (40 mg) and Sodium Dodecyl Sulfonate (SDS, 8 mg) as a surfactant 

were dispersed in DI water in an ultrasonic process for 30 min. [Ag(NH3)]
+
 solution, 

prepared using 1 mM 10 mL AgNO3, 1 M NaOH and 1 M NH3·H2O, that was slowly 

dropped in the MWCNTs suspension and stirred constantly for 2 h. Then 

formaldehyde (HCHO, 20mM 10 mL) was added slowly in droplets and stirred for 2 h. 

The suspension was washed with DI water several times and then dried in an oven at 

60℃, thereby obtaining the MWCNTs/AgNPs composites.   

7.2.2 Electrochemical synthesis of MnOx  

Following the coating method reported previously (Yang, Pang et al. 2014), the 

MWCNTs or its composites were mixed with PEDOT-PSS as a binder, with a 9:1 

mass ratio of the composite to PEDOT-PSS. After the ultrasonic process, the mixture 

was dripped on the platinum plate layer by layer, and then dried in an oven at 120°C. 

The MnOx was electrochemically deposited on the electrode using 20 mM KMnO4 
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under a cathodic current density of 20 mA cm
-1

 for 600 s, and the platinum wire and 

Ag/AgCl were used as the counter electrode and the reference electrode 

correspondingly. Finally, the MWCNTs/AgNPs/MnOx or the MWCNTs/MnOx 

electrode was obtained after being dried in an oven at 90°C for 5 min.    

7.2.3 Morphology characterization 

The morphology of the composites was characterized by transmission electron 

microscopy (TEM, JEOL JEM-2011) referring to the appendix III. The composites 

were dispersed in ethanol ultrasonically process for 5 min, and the suspension was 

dripped onto the copper grid. The specimens for TEM tests were then obtained after 

drying in an oven at 50 °C for 2 h. 

7.2.4 Electrochemical measurements  

MWCNTs and its composite decorated with silver, using PEDOT-PSS as 

binder(Yang, Pang et al. 2014), were placed on platinum plates layer by layer. The 

MWCNTs and MWCNTs/AgNPs were then obtained after drying in an oven at 

150 °C for 15 min. The MWCNTs/AgNPs/MnOx electrode was fabricated following 

method described in section 7.2.2.  

All these electrodes were measured in 1 M Na2SO4 in a three-electrode system via 

a VersaSTAT potentiostat/galvanostat (Princeton Applied Research, USA) referring to 

the appendix I. And a platinum wire and an Ag/AgCl electrode were separately used as 
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the counter electrode and reference electrode in all electrochemical measurements.  

7.3 Results and discussion 

7.3.1 Cathodic deposition of manganese oxides  

Manganese oxides were electrodeposited on the AgNPs/MWCNTs composites with 

20 mM KMnO4 under a constant cathodic current of 20 mA cm
-2

. In figure 7.1, the 

voltage of the working electrode is seen to decreases sharply to -0.04 V (vs. Ag/AgCl) 

and then decreases more gradually. The MnO4
-
 acquires electrons and is reduced to 

MnO2 when the voltage slowly decreases from -0.04 V to a lower voltage. According 

to previous reports, MnO4
-
 species are reduced to manganese dioxide in neutral 

aqueous solutions, as shown in equation 7.3. Usually, the structure of the products 

has a near-MnO2 composition, AxMnO2+y(H2O)z, where A is the cation existing in the 

solution.(Wei, Nagarajan et al. 2007) 

    
                                (7.3) 
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Figure 7.1 Potential response of cathodic deposition of MnOx on 

MWCNTs/AgNPs, under constant current density of 20 mA cm
-2

 for 600 s. 

7.3.2 Morphology characterization 

Figure 7.2 shows the TEM images of the MWNCTs/AgNPs composites and 

MWCNTs/AgNPs/MnOx composites. It can be observed that some particles with 

diameters of ~15nm, as shown the black arrows in figure 7.2a, were deposited on the 

MWCNTs. Figure 7.2b shows a wrinkled layer on MWCNTs after cathodic 

deposition from the KMnO4. The EDX pattern (figure 7.2c) of 

MWCNTs/AgNPs/MnOx composite shows the peaks of the Ag and Mn elements on 

the MWCNTs. It demonstrates that these particles (diameters of ~15 nm) in figure 

7.2a could be silver, and the film is probably MnOx. 
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Figure 7.2. TEM images of (a) MWNCTs/AgNPs composites and (b) 

MWCNTs/AgNPs/MnOx composites, (c) EDX pattern of 

MWCNTs/AgNPs/MnOx composites.  

(C) 
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7.3.3 Electrochemical measurements 

Cyclic voltammetry (CV) was undertaken to evaluate the capacitive performance 

of the composites in 1 M Na2SO4, as shown in figure 7.3. A pair of redox peaks 

appears at ~0.7 V in positive scanning and ~0.3 V in negative scanning for the 

MWCNTs/AgNPs composites, and can be attributed to the redox reaction between 

Ag
0
 and Ag

+1
. The MWCNTs and MWCNTs/MnOx composites show a rectangular 

shape without readox peaks. Also, the silver may serve as a better electron conductor 

to enhance the electron transfer, because the redox current of the MWCNTs/AgNPs 

composite is much higher than that of the MWCNTs. The specific capacitance can be 

calculated from the CV curves, according equation 7.5. The MWCNTs/MnOx 

composites have a higher specific capacitance of ~47 F g
-1

 than the MWCNTs (~15 F 

g
-1

) because of the pseudo-capacitance generated from the oxycation species between 

the different oxidation statuses of the manganese oxides. The 

MWCNTs/AgNPs/MnOx composites, having the advantages of Ag and MnOx, have 

the highest specific capacitance of 122 F g
-1

. 
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Figure 7.3. Cylic voltammograms of MWCNTs, MWCNTs/MnOx, 

MWCNTs/AgNPs and MWCNTs/AgNPs/MnOx composites in 1 M Na2SO4 at a 

scan rate of 50 mV s
-1

, vs. Ag/AgCl  

The stability of different composites (MWCNTs, MWCNTs/AgNPs, 

MWCNTs/MnOx, and MWCNTs/AgNPs/MnOx) was investigated in 1 M Na2SO4. 

Figure 7.4 depicts the cyclic voltammograms of the composites, vs. Ag/AgCl 

reference electrode, using repeated scans from 0 V to 0.8 V, at a scan rate of 50 mV s
-1

. 

As shown in figure 7.4a, the CV curves of the MWCNTs remain stable in a rectangular 

shape over 100 cycles of charging and discharging. After depositing with MnOx, the 

MWCNTs/MnOx composites have a higher specific capacitance, calculated from the 

area of the CV curves, than MWCNTs, and also exhibit high stability over 100 cycles 

of charging and discharging (figure 7.4b). In figure 7.4b, the CV curves of the 

MWCNTs/MnOx composites show a pair of redox peaks around +0.5 V, which can 
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be assigned to reversible redox transitions involving protons or cations with 

electrolytes, as shown in equation 7.4 (Wei, Nagarajan et al. 2007; Liu and Hu 2013). 

 

                                           (7.4) 

where    α      and    α δ      δ indicate the MnO2·H2O at high and low 

oxidative states respectively. 

Obvious anodic peaks of MWCNTs/AgNPs appear at ~0.7 V and cathodic peaks 

at ~0.3 V when the MWCNTs are decorated with silver (figure 7.4c), due to the redox 

reaction between Ag
0
 and Ag

+1
. With the increased number of CV cycles, the redox 

peaks gradually fade until the CV curves become rectangular shaped. It is likely a 

result of the flaking of Ag/Ag2SO4 from the electrodes during the redox reaction 

between the silver and silver sulfate, resulting in the poor stability of the 

MWCNTs/AgNPs electrodes.   
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Figure 7.4. Continuous cyclic voltammograms of (a) MWCNTs, (b) 

MWCNTs/MnOx, (c) MWCNTs/AgNPs and (d) MWCNTs/AgNPs/MnOx in 1 M 

Na2SO4, from 0 V to 0.8 V at a scan rate of 50 mV s
-1

, vs. Ag/AgCl 
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The specific capacitance can be calculated based on the CV curves(Yang, Pang et 

al. 2014), according the equation (7.5): 

    
 

         
       
  

  
                   (7.5) 

where Csp is the specific capacitance (F g
-1

), v is the potential scan rate (V s
-1

), V1, V2 

are the switching potentials in cyclic voltammetry (V), and I (V) denotes the response 

current (A). The specific capacitance of the composites as a function of the number of 

cycles of charging and discharging is shown in figure 7.5. The specific capacitance of 

MWCNTs deposited with MnOx (MWCNTs/MnOx) and silver particles 

(MWCNTs/AgNPs) can be increased to 47 F g
-1

 and 62.5 F g
-1

 respectively, much 

higher than that of the MWCNTs (~15 F g
-1

). The capacitive performance of the 

MWCNTs/MnOx electrode remains stable over 100 cycles of charging and discharging, 

while the specific capacitance of the MWCNTs/AgNPs electrode decreases rapidly 

and stabilizes at ~7 F g
-1

 after 40 cycles of charging and discharging. The 

MWCNTs/AgNPs/MnOx electrode has the highest specific capacitance (~122 F g
-1

), 

compared with the MWCNTs/AgNPs electrode and the MWCNTs/MnOx electrode 

(Figure 7.5), but its specific capacitance decreases to 45 F g
-1

 after 100 cycles of 

charging and discharging. The specific capacitance of the MWCNTs/AgNP/MnOx 

composite decreases in electrodes decorated with silver, and is likely due to the flaking 

of Ag/Ag2SO4 from the electrodes during the redox reaction between the silver and 

silver sulfate.  
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Figure 7.5. The specific capacitance of different composites as a function of the 

number of reduction cycles.   

 

7.4 Concluding remarks 

Summarizing, MWCNTs decorated with either AgNPs with diameter of ~15 nm 

or MnOx film can improve the specific capacitance of the MWCNTs electrodes. The 

specific capacitance of MWCNTs can be elevated to 62.5 F g
-1 

and 47 F g
-1 

separately, 

when decorated with silver and manganese oxides correspondingly, while decorating 

MWCNTs with AgNPs and MnOx together can attain a significantly higher specific 

capacitance (120 F g
-1

) than with AgNPs or MnOx. The MWCNTs/MnOx electrode 

possesses better cyclability than both the MWCNTs/AgNPs electrode and the 

MWCNTs/AgNPs/MnOx electrode. The poor capacitive stability of electrodes 

decorated with silver might be the result of silver flaking from the electrode during the 
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redox reaction between the Ag and Ag2SO4.  

In future work, non-aqueous solutions can be used as electrolytes, such as 

propylene carbonate(Kim, Ju et al. 2014). Also, the degradation of silver during 

charging and discharging could be resisted when the size of silver particles is 

reduced to ~5 nm or less, or the content of silver in composites is lowered(Zhi, Zhao 

et al. 2014). For a further improved method, the MWCNTs/AgNPs/MnOx composite 

can be applied as a negative electrode for supercapacitors in order to prevent the 

oxidation of the silver.
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Chapter 8 Conclusions and Suggestions for 

Future Research 

8.1 Overall Conclusions 

Carbon based materials (MWCNTs) combined with conducting polymers 

(PEDOT-PSS) and transition metal oxides (MnOx) were investigated in aqueous 

solution. The carbon nanotubes were found acting as a “scaffold” for supercapacitor 

electrodes to provide double layer capacitances, and conducting polymers and 

transition metal oxides were introduced to produce pseudo-capacitance for improving 

the capacitance further. Also, a binder-free electrode fabricated with MWCNTs and 

graphene oxides was developed to enhance its capacitive performance.  

(1) Formulation and investigation of PEDOT-PSS decorated carbon based 

electrodes 

Composites of MWCNTs and PEODT-PSS with different mass ratios were 

studied in neutral solutions, and the optimal proportion of PEDOT-PSS in the 

composites was confirmed. The degradation mechanism of MWCNTs/PEDOT-PSS 

composites in aqueous solution was also investigated. The major findings in this part 

are as below: 

i) Electrodes fabricated from MWCNTs/PEDOT-PSS composites with different 

mass ratios were examined electrochemically, and the redox peaks in the CV curves 
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for MWCNTs/PEDOT-PS composites decrease during continuous cycling. Their 

specific capacitance becomes stable after 100 cycles. 

ii) The specific capacitance of the composites decreases with increasing content 

of PEDOT-PSS in the composites, while the composites containing more PEDOT-PSS 

can maintain better capacitive behavior at higher rates and frequencies, due to the 

polarity of the PEDOT-PSS. 

iii) The ToF-SIM spectra that peaks at m/z of 141 disappear after 600 cycles, and 

it indicates that the repeated PEDOT unit may change after continuous cycling. So we 

believe that the conjugation path in the backbone is destroyed, that is the reason why 

the redox peaks in the CV curves of MWCNTs/PEDOT-PSS composites decrease 

during continuous cycling. While the polarity of PEDOT-PSS still exits, it means that 

the －SO3
-
 groups maintain integrity. The degradation mechanism of the composites 

has been illustrated in figure 4.10.  

(2) Improvement of capacitive performance of MWCNTs/PEDOT-PSS 

electrodes with dynamic high potential treatment 

In order to improve the capacitive performance of MWCNTs/PEDOT-PSS 

composites, electrochemical treatment of the composites was applied to produce some 

function groups on the MWCNTs/PEDOT-PSS composites. Although the specific 

capacitance of the treated MWCNTs/PEDOT-PSS was enhanced, 

MWCNTs/PEDOT-PSS composites suffer more capacitive distortion under higher 

rate of charge and discharge because of the generated functional groups, at the cost 
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of back bone breaking in the PEDOT. The major findings in this part are as below: 

i) The specific capacitance of the MWCNTs/PEDOT-PSS composites operating in 

acidic solution is 1.4 times higher than that in neutral solution. After dynamic high 

potential treatment with dilute acidic solution for an appropriate number of cycles, the 

specific capacitance of MWCNTs/PEDOT-PSS composites can be increased into 38 F 

g
-1

, ~2.5 times higher than the specific capacitance of the composites without 

treatment. However, when the number of treatment cycles increases further, the 

specific capacitance decreases, and can be attributed to the excessive destruction of 

the conjunction backbone. 

ii) The stability of MWCNT/PEDT-PSS composites after treatment is much higher 

than that of composites without treatment, and the decrease of Csp after being treated 

is only 0.8%, much lower than that of Csp without treatment (16%). 

iii) The dynamic high potential treatment caused the formation of polar functional 

groups COOH, C=O and S=O in PEDOT. These functional groups in PEDOT can 

produce faradic capacitance, enhancing the specific capacitance of treated 

MWCNTs/PEDOT-PSS composites. In addition, the functional polar groups can 

provide more active sites, and hence increase the double-lay capacitance. Figure 5.12 

shows a schematic of introducing newly formed functional groups in PEDOT after 

dynamic high potential treatment. On the other hand, these newly formed functional 

groups in PEDOT also reflect the damage to the original conjunction path in PEDOT 

by electrochemical oxidation. As a result, the optimal specific capacitance of treated 
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MWCNTs/PEDOT-PSS composites is due to the interplay between two effects 

produced by the formation of these newly formed functional groups.  

(3) Development of binder-free carbon based electrodes with better capacitive 

performance 

The MWCNTs/PEDOT-PSS composites mentioned above were used 

PEDOT-PSS as a binder, while this conducting polymer made little contribution after 

100 cycles of charge and discharge, because the PEDOT-PSS degraded rapidly during 

charge and discharge cycles. So a binder-free electrode fabricated with MWCNTs and 

reduced graphene oxides was developed, and the MWCNTs here acted as “spacers” 

intercalating between graphene sheets, enlarging the surface area of the composites. 

This binder-free electrode exhibited much higher specific capacitance than either the 

MWCNTs or reduced graphene oxides. However, the Csp of MWCNTs/ecrGO 

composites do not only depend on the surface area, but also rely on the faradic 

process, the residual functional groups remaining after being electrochemically 

reduced, and the conductivity. The major findings in this part are as below: 

i) Since the PEDOT-PSS in the composites just performs as a binder, with little 

contribution after 100 cycles, a binder-free electrode is developed and fabricated with 

graphene oxides and MWCNTs. Facile and controllable electrochemical reduction is 

applied to converted the graphene oxides to electrochemical reduced graphene oxides 

(ecrGO), and the specific capacitance of ecrGO is enhanced to 88 F g
-1

 in acidic 

solution, compared with specific capacitance of graphene oxides (~5 F g
-1

). The 
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schematic for fabricating binder-free electrodes is shown in figures 6.1 and 6.2. 

ii) The ecrGO/MWCNTs composite with mass ratio of GO to MWCNTs (5:1) 

exhibits the highest specific capacitance among other mass ratios (10:1, 1:1, 1:5, 1:10). 

The MWCNTs here can act as “spacers” intercalating the GO sheets, thus enlarging 

the surface area of GO/MWCNTs composites (113.5 m
2
 g

-1
) when compared with GO 

alone (50.7 m
2
 g

-1
). The Csp of ecrGO/MWCNTs composites is 177 F g

-1
 at the 

discharge current of 1 A g
-1 

after 1000 cycles of charge and discharge, and the 

composite has high retention of 93% after 4000 cycles of charge and discharge. The 

Csp of the ecrGO/MWCNTs composites decreases with higher content of MWCNTs in 

the composites when the content of MWCNTs in composites increases beyond the 

optimum mass ratio. 

iii) The specific capacitance of ecrGO/MWCNTs composites is not only decided by 

the surface area, as higher surface area does not always mean higher specific 

capacitance. The specific capacitance of ecrGO/MWCNTs composites can be due to 

the interplay of faradic process, the residual functional groups left after being 

electrochemically reduced, the surface area and the conductivity. 

(4) Synthesis of carbon based electrodes decorated with MnOx and AgNPs  

The transition metal oxides were electrochemically synthesized on MWCNTs to 

produce the pseudo-capacitance, and the specific capacitance was increased from 15 F 

g
-1 

to 45 F g
-1

, while the poor conductivity limits its capacity under higher rates of 

charge and discharge. Silver nanoparticles (diameter of ~15nm) were added to 
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enhance the conductivity. However, the stability of composites was extremely poor 

when silver applied to the electrodes. It can be attributed to the formation of silver 

sulfate during charge process, and the silver sulfate flakes from the electrode during 

charge and discharge. Maybe an organic electrolyte or ionic liquid, instead of 

aqueous solution, can be used as the electrolyte to prevent the formation of silver 

sulfate, thus improving the stability of the composites. The major findings in this part 

are as below: 

i) In order further to elevate the specific capacitance of carbon based materials, 

manganese oxides are introduced to improve the specific capacitance further. Also 

silver nanoparticles are chemical synthesized on MWCNTs, followed by 

electrochemical deposition of manganese deposition, to improve its conductivity. 

MWCNTs decorated with both silver nanoparticles or MnOx can improve the specific 

capacitance from 15 F g
-1

 to 60 F g
-1 

and 45 F g
-1 

respectively. However, the specific 

capacitance of MWCNTs decorated with silver only decreases sharply during 

continuous cycling.  

ii) The MWCNTs decorated with both silver nanoparticles and MnOx can attain 

higher Csp (120 F g
-1

) than with silver nanoparticles (60 F g
-1

) and MnOx (45 F g
-1

) 

respectively. However, the MWCNTs decorated with silver show poor stability, as 

shown in figure 7.5, and it might be the result of silver flaking from the electrode 

during redox reaction between Ag and Ag2SO4. It needs further modification of 

electrodes or electrolytes to improve its stability. 
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8.2 Suggestions for future research 

In order to improve the energy density and stability of supercapacitors, carbon 

based materials have been widely applied to develop and design electrodes for 

supercapacitors. The most common approach for enhancing the capacitive behavior of 

carbon based materials is to introduce the pseudo-capacitance into carbon based 

materials. In this work, the electrochemical method is applied to enhance the specific 

capacitance and stability by producing functional groups. Also binder-free electrodes 

with higher specific capacitance and stability are fabricated with carbon based 

materials. Finally, transition metal oxides and silver particles are synthesized on 

carbon based materials to improve the capacitive performance.   

Although this study provides some approaches to improve the capacitive 

performance of carbon based materials, and the objectives have been achieved, there is 

still some related research that can be undertaken to further enhance the performance 

of supercapacitors.   

(1) Although the specific capacitance of MWCNTs decorated with transition metal 

oxides and silver is significantly increased, its stability still needs improvement 

due to the degradation of silver in aqueous solution. It is suggested that 

non-aqueous solutions (e.g. propylene carbonate) can be used as electrolytes 

(Łatoszyńska, Żukowska et al. 2015; Lee, Kim et al. 2015). Also, the size of 

silver particles and the content of silver in composites can be reduced to further 
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enhance the stability of the composites. Due to the flexibility of conducting 

polymers, it can be combined with GO or another carbon materials to obtain 

flexible solid-state supercapacitors.(Tayel, Soliman et al. 2016; Wang, Zhang et 

al. 2016; Zhou and Han 2016)  

(2) In this work, all the materials are applied in an aqueous system. Generally, an 

aqueous system is safer than an organic system, but its working potential window 

is extremely narrow (-1.2 V~1.2 V, vs. Ag/AgCl), because water can be 

decomposed into hydrogen or oxygen when the potential beyond the normal 

working potential range. Therefore, organic electrolyte or ionic liquid may be 

used for supercapacitors to gain better stability and wider working potential range. 

For example, some organic energy devices fabricating from ionic liquids and 

conducting polymers has been studied(Brooke, Fabretto et al. 2016). Organic 

electrochemical capacitors has been fabricated using PEDOT and 

κ-carrageenan-based hydrogel show a good mechanical stability, lack of water 

leaking and good medium for electrochemical response of PEDOT 

electrodes(Perez-Madrigal, Estrany et al. 2016).  

(3) The energy density and power density are the key performance indicators for 

supercapacitors. Although some electroactive materials (e.g. conducting polymers) 

have been used to enhance the specific capacitance of carbon based materials by 

producing pseudo-capacitance. The energy density of supercapacitors is still 

lower than batteries. In order to acquire both high energy density and power 
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density, hybrid supercapacitors can be developed and investigated, for instance, 

composites of metal oxides and carbonaceous materials as anodes for asymmetric 

system and nitroxide-polymer redox supercapacitor with a Li-ion battery material 

(Vlad, Singh et al. 2014)
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Appendices 

Appendix I Princeton Applied Research VersaSTAT 3 for electrochemical 

measurements 

Princeton Applied Research VersaSTAT 3 is widely used in energy storage, 

sensors and research chemistry. This versatile potentiostat/galvanostat can provide 

various modules for electrochemical tests, including voltammetry and impedance. 

For impedance testing module, the current of ± 650 mA and the voltage of ±10 V can 

be provided, and internal frequency response analyzer can provide impedance 

analyasis over the frequency range from 1 MHz to 1μHz. The electrochemical testing 

setup is shown in figure I-1, consisting of computer, potentiostat/galvanostat and 

testing unit.  

 

Figure I-1 The electrochemical testing setup, including computer, 

potentiostat/galvanostat and testing unit. 

Computer 

Testing unit 

Potentiostat/galvanostat 
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The software VersaStudio is used to collect data, and various testing modules are 

provided as shown in figure I-2, including the most common electrochemical 

techniques, like open circuit, linear scan, step scan, cyclic voltammetry, 

chronopotentiometry and potentiostatic EIS, etc.  

 

Figure I-2. software VersaStudio used for collecting electrochemical data. 
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Appendix II Bruker D8 Advance for XRD tests 

 

The major function of Bruker D8 Advance, as shown in figure II-1 is powder 

and thin film X-ray diffraction, variable-temperature stage of range from -180 to 

1600℃ for phase transition studies. 

 

Figure II-1. Bruker D8 Advance for XRD tests. 
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Appendix III JEOL Model JEM-2011 for TEM characterization 

Transmission electron microscopy is conducted by using the JEOL Model 

JEM-2011 as shown in figure III-1. This analytical transmission electronic 

microscope is equipped with EDS. Specimens should ideally be less than 100 nm in 

thickness, and prepared carefully to minimize specimen contamination. 

 

Figure III-1. Transmission electron microscope JEOL Model JEM-2011.  
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Appendix IV InVia Renishaw for Raman characterization 

Raman characterization is conducted via InVia (Renishaw) shown in figure IV-1 , 

which is up to 5 micron beam size, 2-D Raman laser sources. Ar ion laser with 514.5 

nm 50 mW, He-Ne laser with 632.8 nm 17 mW, and Diode laser with 785 nm 300 

mW can be provided. In this thesis work, He-Ne laser with 632.8 nm is selected for 

Raman tests. 

 

Figure IV-1 InVia Renishaw for Raman characterization 
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