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Abs tract  

Energy storage systems are critically important for many areas in modern society 

including consumer electronics, transportation and renewable energy production . This 

dissertation summarizes our effort s on improving the performance metrics of energy 

storage and conversion devices through rational  design and fabrication of hybrid 

nanomaterial systems.  

This dissertation is divided into five  sections. The first section (chapter 2) 

describes comparison of graphene and carbon nanotubes (CNTs) on improving  the 

specific capacitance of MnO 2. We show that CNTs provided better performance when 

used as ultra thin electrodes but they both show similar performance with rapid MnO 2 

specific capacitance decrease as electrodes become thicker. We further designed ternary 

composite electrodes consisting of CNTs, graphene and MnO 2 to improve thick electrode 

performance (chapter 3). We demonstrate that these electrodes were flexible and 

mechanically strong, had high electrical conductivity and deliver ed much higher 

capacity than electrodes made without CNTs .  

Chapter 4 describes assembly of flexible asymmetric supercapacitors using a 

graphene/MnO 2/CNTs flexible film as the positive electrode and an activated 

carbon/CNTs flexible film as the negative electrode. The devices were assembled using 

roll -up approach and can operate safely with 2 V in aqueous electrolytes. The major 
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advantage of these devices is that they can deliver much higher energy under high 

power conditions  compared with those designed by previous studies, reaching a specific 

energy of 24 Wh/kg at a power density of 7.8 kW/kg.   

Chapter 5 describes our approach to improve  the energy and power densities of 

nickel hydrox ides for supercapacitors. This was done by assembling CNTs with  Co-Ni 

hydroxides /graphene nanohybrids as freestanding electrodes. The assembled electrodes 

have dramatically  improved performance metrics under practically relevant mass 

loading densities (~6 mg/cm2), reaching a specific capacitance of 2360 F/g at 0.5 A/g and 

2030 F/g even at 20 A/g (~86% retention).  

Finally, we discuss our efforts on designing highly active electrocatalysts  based 

on winged nanotubes for oxygen reduction reaction s (ORR). The winged nanotubes 

were prepared through controlled oxidization and exfoliation of stacked-cup nanotubes. 

When doped with nitrogen, the y exhibited strong activity toward catalyzing ORR 

through the four -electron pathway with excellent stability and methanol/carbon 

monoxide tolerance owning to their unique carbon structure.   
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Chapter 1:  Introduction * 

 

1.1 Electrochemical energy storage and conversion: overview  

Energy is critically  important for  many activities in modern society including 

agriculture, transportation, waste collection and purification, information technology 

and communicati on.1 Currently most of the energy is derived  from fossil fuels (~68%): 

coal (42%), natural gas (21%) and oil (5%). The rest comes from n uclear (14%) and hydro 

(15%) with the remaining 3% from renewable energies.2-4 Even with aggressive 

conservation, the worldwide energy demand is predicted to double by the middle of the 

century and triple by the end of the century.  The increasing uses of fossil fuels, however, 

have brough t a number of serious problems including  global warming and 

environmental pollution that  could potentially be risky for the world .5 At the same time, 

oil and natural gas produ ction is predicted to  peak over the next few decades.6 The 

environmental concerns over the use of fossil fuels and their limited resources, together 

with increasing energy security concerns,7 have inspired considerable interest in 

harvesting energy from renewable sources. Solar and wind energ ies are among the most 

abundant and readily available. However, they are not constant and reliable sources as 

they are generally intermittent and geographically limited. The variable nature of these 

                                                   

* Part of this chapter has been published in Cheng et al. Material Research Letters , 2013, 1-18. 
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renewable sources cause significant challenges for electric grid operation because other 

power plants must be used to compensate for the variability.  In other words, electrical 

energy storage systems that store and release energy efficiently are necessary to smooth 

out the intermittency of renewable energy production .1 In addition, efficient energy 

storage systems are also required  for developing  hybrid , plug -in hybrids and all -electric 

vehicles.8 As a matter of fact, energy storage systems are of critical importance for the 

development of renewable and clean energies both for industrial and residential 

applications as illustrated i n Figure 1.1. Overall, these applications require energy 

storage systems with desired energy and power characteristics, long cycle life, high 

efficiency and low cost.9 
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Figure 1.1: Schematic illustration of applications of electrical energy storage for the 

generation, transportation, distribution and end customers. The graph is adapter from 

ref. [ 2] 
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Figure 1.2: Representation of a battery (Daniell cell), an electrochemical supercapacitor 

that illustrates the energy storage electric double layers at the electrode/electrolyte 

interface and a fuel cell that shows the follow of reactant and redox reactions in the cel l. 

This figure is adapted from ref. [ 10] 

Electrochemical energy storage (EES) systems are particular ly important  among 

all of the energy storage techniques for renewable energy and utility applications . 

Systems for EES and conversion include batteries, fuel cells and electrochemical 

capacitors (EC, also known as supercapacitor). Although the operating mechanisms of 
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these devices are different  as illustrated in Figure 1.2, they are similar in that energy 

conversion takes place at the electrode/electrolyte interface and electron and ion 

transport are separated. In batteries, pseudocapacitors (one type of EC) and fuel cells, 

electrical energy is stored&released by conversion of chemical energy via redox 

reactions at the anode and cathode. In electrochemical double layer capacitors (EDLC, 

another type of EC) energy is stored by a different mechanism, namely through 

orientation of electrolyte ions at the electrolyte/electrode interface. The ability of these 

EES systems to store energy can be compared as shown in the Ragone plot (Figure 1.3) 

on the basis of their energy densities (expressed in watt-hour per kilogram)  and power 

densities (in watt s per kilogram) . Energy density corresponds to how much energy can 

be stored whil e power density corresponds to how fast energy can be delivered, both 

per unit weight or volume . In principle, they are calculated using the following 

equations: 

                                              Ὁ  ὅὠ                                                       (1.1) 

and                                                 ὖ                                                               (1.2) 

where E, C, V, P and t refer to energy density, specific capacitance, operational 

voltage, power density and discharge time, respectively. As can be seen in Figure 1.3, EC 

have orders of magnitude higher power densit ies than batteries but their energy 

densities are lower , whereas batteries have much higher energy densities with lower  

power densitie s. In general, however, with current technologies neither  EC nor batteries 
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alone are able to provide efficient energy storage solutions for  transportation, 

commercial and residential applications. 1 A possible approach to this problem is to 

develop various types of EES and conversion devices with  increased energy and power 

output characteristics through funda mental studies of their operation principles and 

rational design of advanced materials with enhanced performances, and the energy 

requirements could be met through a ration al combination of these devices (for example, 

using EC to provide high power and battery to provide high energy ).   

 

Figure 1.3 Ragone plot that comparing power density against energy density for 

various el ectrical energy storage devices. This figure is adapted from ref [ 11] 
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1.2 Carbon nanotubes and graphene: structure, synthesis and 
properties  

Carbon nanotubes (CNTs) and graphene are unique types of carbon 

nanomaterials with many attractive properties  including high mechanical strength, high 

surface area and superior electrical conductivity , which  therefore made them very 

promising for use in advanced energy storage and conversion systems.12, 13 In this 

dissertation, they are selected as fundamental building blocks for the design of 

advanced electrodes. In this section, we aim at providing an intro duction of these 

nanomaterials, with a particular emphasis on their structure, synthesis and properties 

that are important for energy-related applications . 

1.2.1 Carbon nanotubes  

 

Figure 1.4: Schematic illustration of (A) SWNT and (B) MWNT. Image adapted from  

ref. [ 14] 
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CNTs are allotropes of carbon with a hollow interior and  cylindrical structure. 

They were first discovered by Iijima in 1991 and have signifi cantly advanced the science 

and engineering of carbon materials since then.15 CNTs are typically one to several 

nanometers in diameter and tens of microns in length. In terms of physical structure, 

CNTs can be visualized by imagining a sheet of graphite that has been rolled into a tube. 

Depending on the number of graphene layer, they can be classified as singled walled 

CNTs (SWNTs) and multi -walled CNTs (MWNTs) and their structur es are illustrated in 

Figure 1.4.16 Owning to the unique arrange ment of carbon atoms, CNTs have 

outstanding  structural, mechanical and electronic properties.17-19 In particular , it was 

found that CNTs have mechanical strength of up to ~100 GPa 20, making them one of the 

stiffest and strongest materials. Electrically, CNT s are capable of ballistic transport of 

electrons and can carry very high current densities ( 4x109 A/cm ).21 CNTs are also very 

stable at high temperatures and have very high thermal conductivities ( ~ 3500 W/m.K).22 

In fact, beyond being the best and most easily available 1D system, CNTs have strong 

potential for use in electronics, scanning probing microscopy, chemical and biological 

sensing, reinforced composite materials, and in many more areas.  

1.2.1.1 Carbon nanotubes synthesis 

Depending on the method of production, CNTs can have different diameter, 

chirality, length , and quality , and therefore properties. Over the past decades, many 

synthetic methods have been developed to obtain desired CNTs for various scientific and 
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technological application s. Arc discharge23, laser ablation24 and chemical vapor deposition  

(CVD)25 are the three major methods. Several other methods, including flame synthesis26, 

plasma-enhanced CVD27 and hydrothermal method are also sometimes used. 

Arc discharge and laser ablation methods have the advantage of synthesizing 

CNTs with very high degree of graphitic perfection. Both methods involve condensation 

of gaseous carbon generated by the evaporation of solid carbon precursor s.28 With both 

methods, however, only powdered samples with CNTs tangled into bundles can be 

formed and these bundles are difficult to individualize for practical applications owning 

to the strong van der Walls interaction between indivi dual nanotubes. Additionally, the  

expensive equipment cost and high power consumption make  these methods less 

favorable for nanotube productions.  

The CVD method is probably the most widely used for the production of 

nanotubes nowadays. In this method, metallic nanoparticles are used to catalyze 

decomposition of a carbon compound and initiate growth of CNTs by working as 

nucleation sites. Synthesis of many forms of CNTs, including MWNTs and SWNTs, have 

been well developed using CVD. One important advantage o f CVD methods is that they 

allow better control over the morphology, structure and quality of the synthesized 

CNTs. Besides, with CVD method one can produce well-separated tubes either 

supported on flat substrate (surface growth) or on powdered catalysts ( bulk growth) 

that can be readily processed for various applications.  
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1.2.1.2 Carbon nanotube purification and functionalization  

The raw CNTs products, when prepared using methods described  above, usually 

contain amorphous carbon, catalysts, catalyst supports, carbon nanoparticles and 

undesired CNTs as impurities . Consequently, an effective purification of the nanotubes 

is required before their processing for applications. During decades of research, many 

methods have been developed toward efficient purification of  raw CNT produces. In 

general, these methods can be divided into two types: dry method and wet method .29  

 

Figure 1.5: Typical purification steps for CNTs  

The dry method refers to purification of nanotu bes through gas-phase oxidation 

to selectively remove amorphous carbon species due to their higher reactivity compared 

with CNTs,  whereas wet method refers to puri fication using solution -based processes 
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(such as nitric acid). In dry methods, the oxidizing gas can be either air or a mixture of 

air and other gases to improve the selectivity . In operation, usually the dry  purification 

is followed by a wet step as illustrated in Figure 1.5. In the first step, the amorphous 

carbon is removed by oxidation upon heating to a controlled temperature  in either air or 

mixture gases. Then the exposed metallic i mpurities are removed by refluxing  in a non-

oxidizing acid solution (u sually HCl). Finally, purified nanotubes can be collected using 

a simple vacuum filtration process.  

Usually, the as-produced pristine CNTs are in the form of agglomera ted bundles 

and these bundles are not soluble in most solvents. To make nanotubes more 

dispersible, it is necessary to physically or chemically modify their external surface 

through functionalization.  This is an important step for processing CNTs and could 

significantly exte nd their application spectrum since functionalization, particularly 

covalent modification schemes, allow s alternation of the electronic properties of CNTs 

and/or  chemically tailor the surface properties of CNTs, whereby new functions can be 

implemented that cannot otherwise be acquired by pristine nanotubes.  
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Figure 1.6: Methods for carbon nanotube functionalization: (A) defective group 

functionalization B): covalent sidewall functionalization; C) non -covalent exohedral 

functionalization with surfactants; D) noncovalent funct ionalization with polymers; 

E): endohedral functionalization, as shown in the picture using C60 for example. This 

figure is shown using SWNT as an example but the overall idea is simila r for other 

types of nanotubes. 30 

Several approaches have been developed in recent years to functionalize CNTs  

and they are summarized in Figure 1.6. Usually, CNTs are functionalized by  a harsh 

oxidation process, such as refluxing in the mixed acids of HNO 3 and H 2SO4, to generate 

defects on their sidewalls and tips. These defects can serve as anchor groups for 

functionalization as shown in Figure  1.6 A and B. However, such methods reduce the 
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electrical conductivity and corrosion resistance of CNTs due to damage of graphitic 

structure. Alternatively, CNTs can be functionalized through noncovalent methods 

through adsorption or wrapping of various fu nctional surfactants or polymers on the ir  

external surfaces (Figure 1.6 C and D).This latter method can preserve the integrity and 

electronic structure of nanotubes and afford nanotube suspensions with remarkable 

stability.  

1.2.2 Graphene  

Graphene is a one-atomic thick layer of graphite comprising sp 2 carbon with 

ËÌÓÖÊÈÓÐáÌËɯϣ-electrons. It has very large theoretical specific surface area (2630 m2 g-1), 

high intrinsic mobility (200 000 cm 2v -1s-1ȺȮɯÏÐÎÏɯ8ÖÜÕÎɀÚɯÔÖËÜÓÜÚɯȹƕȭƔɯ3/ÈȺɯÈÕË 

remarkable thermal conductivit y (~5000 W m-1K -1).31 Due to these unique properties, 

graphene is speculated to have remarkable applications that will out -perform CNTs, 

graphite, metals and semiconductors by working either as  an individual material or as 

substrate toward composite materials. 

There are several ways to prepare graphene with either a single or a few layers. 

The first method reported is through mechanical exfoliation of highly oriented pyrolitic 

graphite (HOPG) using Scotch tape. Graphene prepared using this method has high 

structural perfection and electrical conductance and therefore is suitable for 

fundamental  scientific research. However, it suffers from  low yield s and consequently is 

not suitable for large scale productions. A second method is epitaxial growth of 
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graphene on SiC or metallic single crystal substrate at high temperature and in ultrahigh 

vacuum. Graphene synthesized using this method can be large in size and very high in 

quality, but the manufactur ing process requires high vacuum and the facilities are 

prohibitively  expensive. Similar to the mechanical exfoliation method, this method also 

suffers from the low yield  problem. A third method is CVD from catalytic 

decomposition of hydrocarbons at high temperature on metallic or metal oxide  

substrates. This method allows for fast, uniform, large area and high quality graphene 

production and therefore has been under intense research during the past years.  

The most frequently used process to prepare graphene for large scale 

applications, such as energy storage, is through chemical conversion of graphene oxide 

(GO) because this method allows large quantities of graphene-like material to be 

produced with high yield and low cost. I n this method, GO is first prepared through 

exfoliation of oxidized graphite and afterwards chemically converted into reduced 

graphene oxide (RGO) through a reducing process that is able to remove oxygen 

functionalities and restore the ir  electrical conductivity. In contrast to the other two 

methods, this method produces a large amount of graphene homogeneously suspended 

in a solvent and therefore can be readily used for synthesizing graphene hybrid 

materials with well controlled morphology, structure and pr operties through numerous 

solution -phase reactions. The major steps involved in this method for the synthesis of 
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graphene are oxidation, intercalation, exfoliation and/or reducti on as illustrated in 

Figure 1.7.  

 

Figure 1.7: Schematic illustration of the pr ocesses for the synthesis of GO. 

In general, GO can be synthesized using either the Brodie, Staudenmaier or 

Hummer method or their variations .32 All these methods involve oxidizat ion of graphite 

using different oxidizing reagents. The Brodie and Staudenmaier methods both use 

nitric acid  (usually fuming) and  potassium chlorate. Nitric acid is very reactive with 

aromatic carbon surfaces and the reaction leads to liberation of gaseous NO 2 and/or 

N 2O4. Likewise, potassium chlorate is also a strong oxidizing agent. The Hummers 

method uses a combination of potassium permanganate and concentrated sulfuric acid  

and is the most widely used method in the production of graphene . In this method , 

well -stacked graphite is used as the precursor and is first  oxidized to graphite oxide. In 

this step, the oxidization results in an increase of the d-spacing and intercalation 

between adjacent graphene layers and therefore weekens their interactions. Afterwards, 

the graphite oxides were exfoliated (mostly using sonication ) that leads to their 

delamination into single layer GO in aqueous solution.  
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Figure 1.8 shows a structure of GO proposed on the basis of solid -state nuclear 

magnetic resonance experiments. The oxygen groups make GO highly hydrophilic and 

readily dispersible  in several solvents. The C/O atomic ratio in GO is usually around 10, 

depending on the oxidation condition s. In Raman spectra, GO shows strong D-band that 

is indicative of highly defec tive structure. Single layer GO sheets deposited on a SiO2 

substrate show thicknesses of ~ 1 nm as measured by atomic force microscopy. This 

thickness is larger than the 0.6~0.8 nm for pristine graphene sheets prepared by 

mechanical cleavage due to interaction of the functional groups with the SiO 2 substrate.  

 

Figure 1.8: A proposed schematic (Lerf -Klinowski model) of GO structure. The figure 

is adapted from ref. [ 33] 

GO is electrochemically insulating due to disrupted sp 2 bonding networks , and 

therefore is not well -suited for applications in energy storage and conversions. 

Consequently, one important reaction of GO is its reduction to recover electrical 

ÊÖÕËÜÊÛÐÝÐÛàɯÉàɯÙÌÚÛÖÙÐÕÎɯÛÏÌɯϣ-network. The produ ct of this reaction has been called by 
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different names: RGO, chemically derived graphene oxide and graphene. In this 

dissertation, we use the name of RGO for consistency. The reduction of graphene can be 

achieved through means of chemical, thermal and electrochemical pathways , all of 

which  lead to products that resemble pristine graphene to varying degrees.  

Chemical reduction of GO is the most widely used method by far in the 

production of RGO. When dispersed  in a solvent (typically water) , a variety of reducing 

chemicals can be used to reduce GO and the most commonly used chemical is hydrazine 

monohydrate. In a typical experiment, hydrazine is added to a GO dispersion and the 

mixture is heated to evaluated teÔ×ÌÙÈÛÜÙÌÚɯȹÛà×ÐÊÈÓÓàɯƜƔȃƕƔƔƲ"ȺȭɯDuring  this process 

the color of the solution changes from  brownish  (color of GO) to black. Af ter reduction, 

the C:O ratio is greatly increased to 10.3: 1 from the 2.7:1 for GO.34 RGO has a much 

higher conductivity than GO ( higher than 100 s cm-1 when prepared as bulk films ). In 

addition to chemical reduction, GO can also be reduced by thermal annealing in inert 

gases such as nitrogen or argon.  

1.3 Electrochemical c apacitors (EC)  

EC are one type of promising energy  storage system for the twenty -first century. 

Currently, EC are widely used in consumer electronics, memory back -up systems and 

industrial power and energy managements. In  particular, EC have promising applications 

in electric vehicles when combined with primary high -energy density batteries to serve as 

a temporary energy storage device with high -power capability to store energy when 
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braking and release energy when accelerating. Therefore, for future energy storage 

systems EC are likely be as important as batteries. 

As discussed in section 1.1, the primary advantage of EC is ultra -high power  

densities. EC also have the advantages of long cycle life (x1000 times higher than 

batteries), highly efficient (close to 100%) and low maintenance cost. They typically can 

be discharged in a short period of time (e.g. a few seconds). As such, they are used for 

power management and are of particular promise for pulse power supply and stor age. 

However, a major drawback of EC is that they have very energy densities compared with 

other systems. Hence, tremendous research efforts have been devoted to design EC with 

both high power and high energy densities. In this dissertation, we mainly focu s on 

improving the performance of EC, and in this section we aim at introducing types of EC, 

materials, as well as reviewing common approaches toward the fabrication of high 

performance electrodes.  
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Figure 1.9: Schematic of charge storage via (a) electrochemical double layer 

capacitance or (b) pseudocapacitance, adapted from ref .[35] 

On the basis of their energy storage mechanisms, EC can be classified as 

electrochemical double layer capacitor (EDLC) and pseudocapacitors.36 In EDLC, energy 

is stored via pure electrostatic charge accumulation at the interface between electrode and 

electrolyte, therefore it is strongly dependent on the surface area of the active material  

that is accessible to the electrolyte ions. In contrast, in pseudocapacitors energy is stored 

via fast and reversible surface redox reactions (Figure 1.9). These two mechanisms can 

take place simultaneously depending on the properties of the electrode material.  
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Figure 1.10: Basis structure of a working electrochemical capacitor.  

The main components of a single EC include anode, cathode, current collector, 

separator and electrolyte as illustrated in Figure 1.10. The basic operation of an EC is 

illustrated in Figure 1.11 in a simple equivalent RC circuit representation. In this figure, 

Ca and Cc are the capacity of the anode and cathode, Rs is the equivalent series resistance 

(ESR) of the cell, Rf is the self-discharge resistance of a single electrode. The total capacity 

of the cell is calculated according to the following equation:  

                                                                                        (1.3) 
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Figure 1.11: A simple RC equivalent circuit representation illustrates the basis 

operation of a single cell EC. This figure is adapte d from ref. [ 4] 

1.3.1 Electrical double layer capacitor (EDLC)  

EDLC was invented by the Standard Oil Company of Ohio in 1966. 37 Given the 

nature of the charge storage process, the amount of charge that can be stored in EDLC 

depends strongly on the surface area of electrode materials, with effective capacitances in 

ÛÏÌɯÙÈÕÎÌɯÖÍɯƕƔȃƘƔɯϟ%ɯÊÔ-2.35 Materials for EDLC are generally carbon nanomaterials with 

high surface area, including activated carbon,38 CNTs,39 graphene40 and mesoporous 

carbon because of their desired physical and chemical properties including  low cost, 

variety of forms (powders, fibers, aerogels, monoliths, etc.), ease of processing, relatively 

inert chemistry and controllable porosity. In developing  EDLC with both hig h power and 

energy densities, proper control over  the specific surface area and pore size distribution 

of the electrode materials is crucial. In general, activated carbon is most widely used for 

EDLC because of its high surface area (1000~2000 m2 g-1) and controllable pore size (to 

some degree), depending on the method of activation (chemical or physical) . However, 

the power density of AC -based EDLC is low because of the high overall electrical 
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resistance. Therefore, the high specific capacitances (~150 F/g) obtained under low power 

conditions decrease rapidly as the power  density is increased. In recent years, significant 

progress has been made in EDLC by applying CNTs and graphene as the active materials 

or supports for active materials.  Their  combined advantages of high conductivity and 

reasonably high specific surface area ensure EDLCs with  high specific energy and much 

higher specific power. For example, Niu et al. reported that a MWNT -based 

supercapacitor electrodes showing a specific capacitance of 102 F/g and a power density 

of 8 kW/kg. 41 Table 1.1 summarizes some typical experimental results obtained from these 

materials.    

Table 1-1: Properties and characteristics  of various carbon materials for 

supercapacitor, adapted from ref.[ 4] 

 

Given the energy storage mechanism of charge separation at the interface between 

the electrode and electrolyte, EDLC can work both in aqueous and nonaqueous (i.e. 

organic) electrolytes and therefore its performance can be adjusted by changing the nature 

of electrolytes. Aqueous electrolytes, such as H2SO4 and KOH, generally have lower ESR 

and lower minimum pore size requirements compared to organic electrolyte. As a result, 

EDLC generally has higher capacity and power capabilities in aqueous electrolytes (Table 
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1.1). Additionally, they also have safety and environmental compatibility  advantages. 

EDLC with aqueous electrolytes, however, has a major disadvantage in that its 

operational voltage  is limited to ~ 1.0 V because of the thermodynamic instability  of water. 

As revealed by equation 1.1, the energy that an EC can store is proportional to V 2. As a 

consequence, EDLC operating in aqueous electrolytes usually has low energy densities. 

In contrast, nonaqueous electrolytes have a wider stability window  (usually > 3.0 V, such 

as for an acetonitrile -based electrolyte) and thus are able to support EDLC with 

significantly h igher energy densities but their power  capability is lower for  several 

reasons including larger ions, lower ionic concentration , and lower mobility as comp ared 

to aqueous electrolytes (typical results are shown in Table 1-1).   

Significant progress has been made in improving EDLC in recent years owning to 

the intense research efforts focused at the fundamental and applied level, particularly 

with regard to n ew electrode and electrolyte materials.42 Despite the advancements, the 

ultimate energy that can be stored in EDLCs is fundamentally limited by the reliance on 

the double-layer mechanism to store electricity . This necessitates electrode materials with 

increased specific surface area, but the surface area cannot be increased without limit.  

1.3.2 Pseudocapacitors  

The limitation s of storing energy through  EDLC can be resolved by introducing 

active materials that are capable of storing energy via the pseudocapacitance mechanism 

(Figure 1.9). The main difference between pseudocapacitance and EDLC is that 
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pseudocapacitance is faradic in origin, involving fast and reversible redox reactions 

between the electrolyte and active materials at or near the interface of electrode and 

electrolyte. Such active materials often exhibit broad and symmetric charge -discharge 

profiles that are similar with the characteristics of EDLC but with significantly higher 

specific capacitance. The most commonly known acti ve materials are metal oxides43, metal 

nitrides 44 and conducting polymers 45, such as RuO2, Fe3O4, NiO and MnO 2 and metal 

hydroxides include Ni(OH) 2 and Co(OH)2.46 The specific capacitance of these materials 

exceeds that of carbon materials, justifying the interest in these systems. In addition to the 

high gravimetric capacitance, the volumetric capacitance is another attractive feature for 

using metal oxides as their densities are usually much higher than carbon-based materials. 

While they have very high capacitance, they suffer from the drawbacks of low power 

densities due to poor electrical conductivity, and lack of stability during cycli ng.  

1.3.2.1 Ruthenium oxide (RuO 2) 

Of all the pseudocapacitor materials, ruthenium oxide (RuO 2) is probably the most 

widely studied due to its intrinsic reversibility for various surface redox couples and high 

electrical conductivity. Various forms of ruthenium o xides, including  rutile RuO 2 and 

disordered hydrous RuO 2ɇxH 2O, exhibit  strong pseudocapacitance when cycled in acidic 

aqueous electrolytes. RuO2 has three distinct oxidization states accessible within 1.2 V.47 

The charge storage process of RuO2 involves a series of fast, reversible electron transfer 

reactions that are coupled with adsorption of protons (equation 1. 4)  
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 RuO2 + xH+ + xe- ăĄ RuO2-x(OH) 2 (equation 1.4) 

The specific capacitance of RuO2 for ranges from tens to hundreds of farads per 

gram (F/g), depending on factors includ ing crystallinity, particle size and electrode 

architecture. For example, it has been shown that the amorphous hydrous ruthenium 

oxide exhibited a much higher specific capacitance (720 F/g) than its anhydrous 

counterpart. 48 Even though RuO 2 has outstanding performance, Ru-based materials are 

prohibitively  expensive for practical considerations and therefore difficult to be  produced 

in large-scales. Hence, considerable research efforts have been prompted to develop less 

expensive materials that can be used to replace RuO2.  

1.3.2.2 Manganese oxide (MnO 2) 

Since the first report about the capacitive behavior of MnO 2 by Lee and 

Goodenough in 1991,49 this material  stands out as a promising alternative to RuO2 for 

several reasons including natural abundance, low toxicity  and ability to operate in neutral 

aqueous electrolytes with high theoretical specific capacitance (~1380 F/g).50 The 

increasing worldwide interest  in MnO 2 is based on the anticipation that it could serve as 

a safe and low-cost alternative to the state-of-art commercial organic EDLC and RuO2-

based acidic systems. On the basis of spectroscopic measurements such as X-ray 

photoelectron spectroscopy and X-ray absorption spectroscopy, MnO 2 stores electricity  

though redox cycling between MnO 2 and Mn 3O4, compensated by the reversible insertion 

of cations and/or protons and wit h the reaction proposed as follows: 
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MnO 2 + X+ + e- ăĄ MnOOX, 

where X+ = H+, Li+, Na+, or K+.                                                               (Equation 1.5)   

Manganese oxides have a wide variety of crystal forms, defect chemistry, morphology, 

porosity and texture and therefore they exhibit a wide diversity of electrochemical 

properties. Therefore, considerable interest has been devoted to the modification of 

synthetic conditions and post synthetic procedure s to obtain MnO 2 with desirable 

physical and chemical properties for improved capacitive and power characteristics. 

Among them, amorphous MnO 2 powders are probably the most widely studied material 

and the most common method to produce such material is thro ugh the chemical co-

precipitation method. This is generally done by reacting a Mn (VII) salt (e.g KMnO 4) and 

a Mn(II) salt (e.g. MnSO4) in water with appropriate molar ratio through the following 

reaction: 

   Mn(VII) + 3/2 Mn(II) Ą 5/2 MnO2 (IV)             (Equation 1.6) 

Alternatively, MnO 2 with similar structures can be prepared by reacting KMnO 4 

using different reducing agents, such as KBH4, sodium dithionite, HCl, aniline and 

ethylene glycol.51  MnO 2 synthesized by such methods is ÕÖÙÔÈÓÓàɯÈÔÖÙ×ÏÖÜÚɯϔ-MnO 2 

(as shown in Figure 1.12) with nearly 20% water content, and its specific surface area can 

be as high as 200 m2 g-1.52 It was found that th is type of MnO 2 powder exhibited excellent 

capacitive behavior in several neutral alkaline -ions based electrodes such as KCl, NaCl 

and LiCl. 49 It was also found that the pseudocapacitive performance of such MnO 2 
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depended significantly on the annealing temperature. With several hundred degrees heat 

treatment, the hydrous amorphous phase will be dehydrated and convert to crystals 

(Figure 1.12 and 1.13). As a result, the crystalline grain increases and the specific surface 

area decreases, both of which eventually lead to decreases in gravimetric capacitance and 

rate capability. 53  

 

 

Figure 1.12: XRD pattern of as -prepared and annealed MnO2 samples (a) dried  in air 

ÈÕËɯÈÕÕÌÈÓÌËɯÈÛɯƙƔɯƲ"ȰɯȹÉȺɯƖƔƔɯƲ"ȰɯȹÊȺɯƗƔƔɯƲ"ȰɯȹËȺɯƘƔƔɯƲ"ȰɯȹÌȺɯƙƔƔɯƲ"ɯÈÕËɯȹÍȺɯƚƔƔɯƲ"ɯÍÖÙɯƗɯ

hours in air. This figure is adapted from ref. [ 53] 
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Figure 1.13: SEM image of MnO 2 ȹÈȺɯÈÚɯ×ÙÌ×ÈÙÌËɯÈÕËɯËÙÐÌËɯƙƔɯƲ"ȰɯȹÉȺɯƖƔƔɯƲ"ȰɯȹÊȺɯƗƔƔɯƲ"Ȱɯ

ȹËȺɯƘƔƔɯƲ"ȰɯȹÌȺɯƙƔƔɯƲ"ɯÈÕËɯȹÍȺɯƚƔƔɯƲ"ɯÍÖÙɯƗɯÏÖÜÙÚɯÐÕɯÈÐÙȭɯ ÙÙÖÞÚɯÐÕɯȹÊȺɯÐÕËÐÊÈÛÌɯÐÕÐÛÐÈÛÐÖÕɯ

of nanorods. This figure is adapted from ref. [ 53] 
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Table 1-2: Comparison of the synthesis condition, physicochemical feature, and 

specific capacitance of MnO 2 under examination.  

 

Despite the many methods that have been established to improve  the activity of 

MnO 2, experimental ly its  specific capacitances have been mostly within 100~200 F/g, 

much lower than the theoretical capacity and also much lower than  for RuO2 (typical 

results are shown in table 1.2). This occurs mainly because MnO2 has very low electrical 

conductivity (10 -5 s/cm) that limits the electrode performance when prepared as dense 

packaged powders. In view of this problem, thin -film electrodes with MnO 2 coating have 

been intensively explored recently. In these electrodes, a manganese oxide thin layer with 

desired features is directly fabricated on a current collectors through a variety of 

techniques, such as sol-gel dip -coating, anodic/catholic electrodeposition, electrophoresis, 

electrochemical formation of manganese and sputtering -electrochemical oxidization. 51 

Figure 1.14 shows a set of typical SEM images of MnO2 thin films prepa red by anodic 
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electrodeposition. When the coatings of MnO2 were prepared with loading mass lower 

than tens of µg/cm2, an anomalously high capacitance more than 1000 F/g (close to the 

theoretical value) can be obtained. This happens because as nanoscopically thin films, the 

diffusion distance for the solid -state transport of inserted cations is greatly reduced, 

overcoming  the limitations of the poor electric conductivity of MnO 2. However, such thin 

film electrodes may only applicable  as microsystems for energy storages because the 

weight of metallic current collectors, such as Al and Ni foil, is typically at a few m g/cm2. 

Therefore, the performance metrics of thin-film based devices will be very low because 

the active material is just a fraction of the weight of the current collectors. In order to be 

used in large scale industrial applications , electrodes that have both high loading mass 

and high performance are required for industrial applications. The advantages of high 

specific capacitance as ultrathin coatings can be translated into 3D electrode architectures 

in which thin metal oxide coatings are applied to porou s and conductive substrates, and 

this will be discussed in the following sections.  
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Figure 1.14: Typical surface morphologies for MnO 2 electrodes prepared through 

template -free anodic electrodeposition proc ess. This figure is adapted from ref. [ 51] 

1.3.2.3 Nickel oxides and hydroxides  

Nickel oxide and hydroxide represent as another  type of promising  electrode 

materials in pseudocapacitors. They are low cost materials, have high specific capacitance 
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in principle (theoretically: 3750 F/g) and can be synthesized relatively easily. In alkaline 

electrolytes, they store electricity through the following reaction:  

                     NiO  + OH- ăĄ NiOOH - + e-                                               (equation 1.7) 

Similar to other metal oxides, the reactivity of NiO also depends significantly on 

its porosity, structure and crystallinity. For  example, a specific capacitance of 167 F/g was 

obtained for  NiO with cubic structure, whereas por ous NiO prepared by a sol-gel process 

exhibited 200~250 F/g. Significant improvements were obtained when NiO was annealed 

and its specific capacitance reached 696 F/g after annealing at ƖƙƔƲ"ȭ54 There are many 

challenges for NiO to be used for EC. Firstly, NiO usually has poor cyclic stability due to 

degradation during repeated charge -discharge cycles. Secondly, NiO also has very poor 

electrical conductivity and this results in  a dramatically reduced specific capacitance 

when the current density increases. To resolve this problem, much work has  been done 

on nanostructured NiO with various morphologies  and structures including  

nanocolumns, nanosheets, nanoflakes, porous nanowall arrays and hollow nanospheres. 

A high specific capacitance of 770 F/g was obtained for flowerlike NiO hollow 

nanospheres at 2 A/g with improved cycling stability. 55  

1.3.2.4 Conducting polymers  

Conducting polymers are unique type s of pseudocapacitive materials. The 

capacitance of these materials originates from the fast and reversible oxidation and 

reduction processes relaÛÌËɯ ÛÖɯ ÛÏÌɯ ϣ-conjugated polymer chains.56 Many types of 
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conducting polymers have been studied for EC and they are typically synthesized 

through chemical or electrochemical oxidation of the monomer . These polymers include 

polyaniline, polypyrrole, polythiophene and  their derivatives. Many studies  have 

documented that these ϣ-conjugated polymers derived from  various heterocyclic organic 

compounds have high gravimetric a nd volumetric pseudocapacitance in various 

nonaqueous electrolytes with operating voltage of ~ 3V .45 However, when used as bulk 

electrodes, conducting polymers suf fer from limited cycle stability and capacitance 

gradually decrease over cycles.   

Figure 1.15 compares the specific capacitance obtained experimentally for typical 

EC materials both for EDLC and pseudocapacitor. As can be seen, the specific 

capacitances of pseudocapacitive materials were generally higher than EDLC materials. 
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Figure 1.15: Comparison of the specific capacitance values reported in the literature 

for various materials under study for EC. Adapted from ref. [ 57] 

1.4 Carbon nanomaterial/m etal oxide composites for EC 

Metal oxides and hydroxides are promising materials for batteries and EC because 

of their high specific capacities, typically 2~3 times higher than carbon/graphite based 

materials. However, the cycling stability and high -rate performance of these materials 

still cannot meet the requirements of practical applications. Therefore, it is still necessary 

to design strategies to improve their overall performances. In this section we will discuss 

the design, fabrication and testing of composite materials composing of carbon 

nanomaterials and metal oxides/hydroxides. The use of nanostructured hybrid electrod e 



 

35 

materials represents a promising strategy toward high perfor mance energy storage 

devices that bring s several advantages. First, with rational ly  designed composite 

materials, the unique merits of each materials can be integrated and enable electrodes 

that combined the advantages of large electrochemically active surface area, faster 

electronic/ionic transportation  and improved mechanical stability. Second, a hybrid 

design, such as the core-shell structure, can effectively reduce the surface energy of 

active materials and therefore improve  their stability during repeated charge -discharge 

cycles, and at the same time, avoid the aggregation of active materials. Finally, with 

rationally designed architectures the metal oxide based electrodes can be engineered to 

be binder-free flexible films and this represent as an exciting approach for high and fast 

energy storage.  

1.4.1 Carbon/MnO 2 hybrid  

Hybrid materials consisting of MnO 2 and various carbon nanomaterials (such as 

carbon aerogels, CNTs, graphene) were actively explored  in recent years by researchers 

worldwide  for EC and much higher capacities than pure MnO 2 were successfully 

demonstrated in this works . Taking CNTs for example, the composite MnO 2/CNTs can 

be synthesized using a simple chemical co-precipitation meth od as described above 

(section 1.3.2). In this process, it was found that functionalization of nanotubes played a 

critical role toward  making  uniform metal oxide coatings as this process increases the 

hydrophilicity of CNTs. The incorporation of mechanical ly strong and highly 
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conductive nanotubes substantially improve d the specific capacitance and rate capacity 

of MnO 2 as shown in Figure 1.16.58 A third component  can be added in order to further 

increase performance. In our previous work, 58 we designed a ternary hybrid materials 

composed of MnO2, CNTs and conducting polymers (PEDOT-PSS). In this structure, 

PEDOT-PSS could function as an effective dispersant and interconnect the MnO2/CNT 

composites. The overall conductivity of the electrodes was significantly improved since 

the polymer is conductive. Working together, a high specific capacitance of 427 F/g was 

obtained.  

 

Figure 1.16: (A) schematic of MnO 2/CNTs/PEDOT -PSS ternary composite material;  (B) 

Ú×ÌÊÐŗÊɯÊÈ×ÈÊÐÛÈÕÊÌɯÖÍ MnO 2/CNTs/PEDOT -PSS(blue), MnO 2/PEDOT-PSS (red), and 

MnO 2 ŗlm (black) at different charge/discharge current densities, (C) TEM of  

nanospheres in situ grown on CNTs. (D) Schematic illustration showing the conductive 

wrapping of g raphene/MnO 2(GM) to introduce an additional electron  transport path, 

ȹ$Ⱥɯ2ÜÔÔÈÙàɯ×ÓÖÛɯÖÍɯÚ×ÌÊÐŗÊɯÊÈ×ÈÊÐÛÈÕÊÌɯÝÈÓÜÌÚɯÍÖÙɯÛÏÙÌÌɯËÐÍÍÌÙÌÕÛɯÌÓÌÊÛÙÖËÌɯÚàÚÛÌÔÚȯɯ
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GM -, GMC -, and GMP-based textiles at various current densities. (F) Typical SEM 

image showing graphen e/MnO 2/PEDOT-PSS nanostructures (GMP).  

Electrochemical deposition of MnO 2 on carbon networks is one of the most widely 

used approaches to prepare hybrid  carbon/MnO 2 materials for EC.59 The thickness and 

structure of deposited MnO 2 can be readily controlled by tuning the deposition voltage 

and current , and the electrolyte and properties of the carbon substrate have significant 

influences over their energy storage performance.60, 61 Kang et al. deposited MnO2 onto 

CNTs coated printer paper and found that t he specific capacitance of such electrodes was 

able to reach 540 F/g at 2 mV/s.62 However, the active MnO 2 loading was only 0.38 mg/cm2 

and therefore the electrode-level performance metrics, when considering its total weight, 

was actually quite poor.  Therefore, highly conductive and porous substrates are desired 

for depositing MnO 2 with higher mass densities. In this case, cotton textiles and polyester 

fabrics coated with CNTs or graphene are excellent choices (Figure 1.16).63-66 The 

macroporous nature of these substrates making them capable of loading much more 

MnO 2 and densities up to ~8 mg/cm2 was successfully demonstrated using CNTs coated 

textiles.64 Using these substrates, a high capacitance of 410 F/g was obtained when the 

MnO 2 loading was 0.06 mg/cm2. Even though the gravimetric capacitance of MnO2 was 

decreased along with the increase of MnO2 loading (< 100 F/g when MnO2 loadings were 

> 1 mg/cm2), the areal capacitance increased and reached 2.8 F/cm2 when 8.3 mg/cm2 MnO 2 

was used.64 Using a similar approach, CNTs coated sponges were examined as the flexible 

substrate for depositing MnO 2. 63 Experimental results demonstrated that the lightweight 
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and highly absorbing sponges were able to load MnO 2 as high as 12.8 mg/cm2. High 

specific capacitances of ~ 1000 F/g were obtained when MnO 2 loading was less than 0.1 

mg/cm2. As the density of MnO 2 was increased, its specific capacitance also decreased to 

~ 200 F/g. The MnO2-CNT-sponge EC show only 4% degradation after 1000 cycles at 

charge-discharge specific current of 5 A/g and their specific power and energy are high 

with values of 64 kW/kg and 31 Wh/kg, respectively. Following these studies, a 3D 

conductive wrapping strategy using CNTs ink or conducting polymers was deve loped to 

further increase the performance of MnO 2/graphene/textile electrodes (Figure 1.16). 

Specific capacitances of the flexible electrodes were substantially increased by ~20% and 

~45% after wrapping with CNTs and conducting polymers, respectively, with  values as 

high as ~ 380 F/g achieved. Moreover, the wrapped electrodes also exhibited remarkable 

cyclic stability with >95% retention over 3000 cycles.67 These results demonstrated that the 

conductive coating approach is a promising approach for enhancing the device 

performance of metal oxide based electrochemical capacitors and can be generalized for 

designing next-generation high performance flexible energy storage devices.  

Also using the electrodeposition method, many other substrates were also used to 

fabricate MnO 2-based hybrid  electrodes. Some typical examples are as follows (as well as 

in Table 1-3): carbon cloth (MnO2 specific capacitance up to 425 F/g with good stability for 

over 3000 cycles under bending test);68 carbon fabric with carbon nanoparticles (MnO 2 

capacitance up to 800 F/g, areal capacity up to 109 mF/cm2);69 Zn2SnO4 coated carbon 
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microfiber (621.6 F/g at 2 mV/s).70 ZnO coated carbon cloth (138.7mF/cm2, 1260.9 F/g and 

87.5% retention after 10 000 cycles);71 CNTs buckypaper (516 F/g at 77 mA/g)72 and 

graphene 3-D network that was obtained by direct growth using 3 -D Ni foam as the 

sacrificial substrate (465 F/g with 0.1 mg/cm 2 of MnO 2, 1.42 F/cm2 with 9.8 mg/cm 2 MnO 2)73 

Most of the approaches described above for fabricating electrodes involved an 

ɁÌÓÌÊÛÙÖÊÏÌÔÐÊÈÓÓà-ÐÕÌÙÛɂɯÊÖÔ×ÖÕÌÕÛɯÐÕɯÛÏÌÐÙɯÌÓÌÊÛÙÖËÌɯÚÛÙÜÊÛÜÙÌÚɯȹÚÜÊÏɯÈÚɯÊÖÛÛÖÕɯÛÌßtile 

and printer p aper). These inert components, however, did not contribute to energy storage 

and therefore will reduce device level energy storage metrics. Hence, there are rising 

interests on the fabrication of electrodes without using inert supports. Li et al. fabricate d 

flexible electrodes using graphene/MnO 2 composites simply by vacuum filtration of their 

aqueous dispersion.74 Their study indicates that flexible electrodes with 24%  of MnO 2 were 

able to deliver 256 F/g at 0.5 A/g but the MnO2 loading is very low (~ 0.1mg). Electrodes 

with low MnO 2 loadings generally have high electrochemical activity but practical 

applications require high MnO 2 loadings.75 In general, however, fabrication of flexible 

electrodes with both high MnO 2 loading and high specific capacitance is very challenging 

as any increase in MnO2 loading will lead to  a decrease in performance.  
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Table 1-3: Typical results for carbon/MnO 2 composites-based electrodes reported in 

the literature.  

material substrate fabrication method active material 

loading 

results remarks Ref. 

MnO2 CNT coated 

paper 

electrodeposition 0.38 mg/cm2 540 F/g in 0.1 M 

Na2SO4 at 2 mV/s 

20 Wh/kg and 1.5 

kW/kg 

5% drop for 1000 

cycles 

[62] 

MnO2 Graphene 

coated Textile 

dip coating + 

electrodeposition 

~0.4 mg/cm2 315 F/g in 0.5 M 

Na2SO4 

 [65] 

MnO2 Carbon cloth electrodeposition 0.2~1.2 

mg/cm2 

425 F/g  

230 mF/cm2  

in 0.1M Na2SO4 

~ 6% loss during 

1000 cycles 

[68] 

MnO2 CNT coated 

sponge 

electrodeposition up to 12.8 

mg/cm2 

~1000 F/g at 1mV/s 

for MnO2  < 

0.1mg/cm2 

~200 F/g for MnO2 > 

0.5 mg/cm2 

~ 4% loss for 10000 

cycles. 

63 kW/kg and 31 

Wh/kg 

[63] 

MnO2 CNT coated 

textile 

electrodeposition up to 8.3 

mg/cm2 

2.8 F/cm2 at 0.05 

mV/s for 8.3 mg/cm2 

MnO2 

185 F/g at 0.8 

mg/cm2 of MnO2  

50% retention for 50 

000 cycles 

13 kW/kg and 5~20 

Wh/kg 

[64] 

MnO2  Graphene 

coated textile 

electrodeposition NA 380 F/g at 

0.1mA/cm2 

20% and 45% 

capacitance increase 

with CNT and 

PEDOT wrapping, 

respectively 

[67] 

MnO2 carbon 

nanoparticles 

coated carbon 

fabric 

electrodeposition 0.072 ~ 0.562 

mg/cm2 

109 mF/cm2 with 

0.562 mg/cm2 MnO2 

15 min deposition 

lead to highest 

capacity (800 F/g) 

[69] 

MnO2 Zn2SnO4 

coated carbon 

microfiber 

Chemical plating with 

KMnO4 

NA 621.6 F/g at 2 mV/s 

in 1M Na2SO4 

36.8 Wh/kg and 32 

kw/kg. 

active material 

loading is low 

[70] 

MnO2 Graphene Vacuum filtration ~0.07 mg 256 F/g with 24% of 

MnO2 at 0.5 A/g 

74% retention for 

1000 cycles 

[74] 

MnO2 Graphene and 

CNTs 

Vacuum filtration Up to 8.8 

mg/cm2 

372 F/g at 10 mV/s, 

130 F/cm3 

~ 200 F/g at  

8.8 mg/cm2 

 

[76] 

MnO2 CNT 

buckypaper 

electrodeposition ~20% of the 

whole 

electrode 

516.2 F/g at 77 mA/g 88% retention for 

3000 cycles 

[72] 

MnO2 3-D graphene 

grown by 

CVD using Ni 

foam 

electrodeposition Up to 9.2 

mg/cm2 

92.9% of the 

130 F/g and 1.42 

F/cm2 

Load with upto 

92.9% of MnO2 

(entire electrode) 

[73] 

Co(OH)2 CNTs/textile hydrothermal reaction  11.22 F/cm2 at 15 

mA/cm2 

4% loss for 2000 

cycles 

[77] 

V2O5 CNTs 

buckypaper 

atomic layer 

deposition 

 Up to 1550 F/g in 8M 

LiCl  

8% loss for 5000 

cycles 

[78] 
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1.4.2 Hybrids with other metal oxides/hydroxides  

Several metal oxides/hydroxides based hybrids were also actively studied with the 

aim to develop high performance electrodes. Yuan et al. developed a process to fabricate 

flexible and porous cobalt hydroxide electrodes using conductive cotton textiles. 77 The 

conductive cotton textile was prepared by uniformly coating CNTs onto textiles also using 

the dip -coating process.  Afterwards the textile was subjected to hydrothermal reactions 

to coat with the active Co(OH)2. Electrochemical results show that such composite flexible 

electrodes were able to deliver high areal specific capacitance of 11.22 F/cm2 at 15 mA/cm2 

and even 7.71 F/cm2 at 60 mA/cm2 with good stability of 4% capacity loss after 2000 cycles 

at high rates.  In another study, electrodes were prepared by electrodeposition of porous 

Co(OH)2 nanoflake films on stainless steel mesh. Such electrodes were able to deliver high 

specific capacitance of 609.4 F/g, good rate capability (less than 15% as current was 

increased by 10 times) and remarkable cyclic stability for 3000 cycles.79 

Vanadium oxide is another widely studied material for pseudocapacitors. 

Boukhalfa et al. used an atomic layer deposition method to deposit ultrathin vanadium 

oxides on the surface of CNTs that was assembled as buckypaper. 78 Electrodes fabricated 

using this method was able to deliver remarkable capacitances of up to 1550 F/g per active 

mass of the V2O5 and 600 F/g per mass of the composite electrode at 1 A/g in 8 M LiCl. In 

another study, Perera et al. prepared electrodes consisting of V2O5 nanowires and CNTs 

using the vacuum filtration method. 80 Their study demonstrated that EC fabricated using 
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such flexible electrodes as the anode and high surface area fiber electrode as the cathode 

exhibited a power density of 5.26 kW/kg and an energy density of 46.3 Wh/kg in an 

organic electrolyte (LiTFSI in acetonitrile, 3V voltage). They further prepared Li +-doped 

V2O5 nanowires and showed that such nanowire -based flexible electrodes have improved 

electroactivity, reaching power density of 8.32 kW/kg and energy density of 65.9 Wh/kg. 

Such electrodes also have remarkable rate-performance as they delivered nearly stable 

capacitance over a wide range of current densities from 0.5 A/g to 10 A/g. 

Zhang et al. synthesized porous CuO nanobelts with high surface area and small 

crystal grains and integrated them into fabricated flexible electrodes by depositing the 

mixture of CuO nanobel ts and SWNTs as network films onto pure SWNT films without 

any binders.81 The electrodes showed specific capacitance of 75.7 F/g when considering 

the total weight of the electrode in 1M LiPF 6/EC:DEC at 5 A/g with excellent cycling 

performances. Chen et al. prepared In2O3 electrodes by filtering its di spersion through a 

pre-prepared SWNT film. 82 The as-prepared flexible electrodes showed a layered 

structure and were able to deliver specific capacitance of 201 F/g. They further used this 

electrode to fabricate asymmetric supercapacitors as discussed below.  

1.4.3 Asymmetric supercapacitors  

As described in above, a working EC requires two electrodes, with one working as 

the positive electrode and the other one as the negative electrode. In assembly, these two 

electrodes can be either the same material or different materials. The development  of 



 

43 

pseudocapacitive materials with fast charge-discharge characteristics could enable EC 

with two electrodes paired with different mate rials, with  a pseudocapative or battery type 

positive electrode (such as MnO2) that relies on faradaic charge storage mechanism and a 

high surface area carbon based negative electrode that relies on EDLC. The asymmetric 

design combines the advantages of batteries and EC and enables devices with both high 

specific energy and specific power. More importantly, with asymmetric configuration  the 

high overpotentials for H 2 and O2 evolution at the carbon based electrode and 

pseudocapacitive electrode, respectively, extend the effective voltage window of aqueous 

electrolytes beyond the thermodynamic limit (~1.2V). As a consequence, asymmetric 

supercapacitors usually  have higher specific energy density (E ᶿ V2) compared with 

symmetric supercapacitors (identical material for the two electrodes) and received intense 

research focus over the past few years.35, 83  
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Figure 1.17: Schematic representation of cyclic voltammograms for three different 

confi gurations of aqueous -based EC in which areas shaded in red  and blue represent  

the potential window of the positive and  negative electrode, respectively for: (a) 

symmetric MnO 2//MnO2 EC (b) asymmetric EC with AC//MnO 2 and (c) asymmetric 

EC with AC//PbO 2. This figure is adapted from ref. [ 35]  
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Since different materials with different energy storage characteristics are used, the 

fabrication of  asymmetric EC requires optimization of the po sitive and negative electrodes 

to ensure high utilization e fficiency.  In this section we will introduce  some of the typical 

results obtained on the fabrication of asymmetric supercapacitors, where in most cases a 

metal-oxide based electrode is used as the positive electrode and a carbon-based electrode 

is used as the negative electrodes.  

The combination of positive electrodes based on MnO2 and negative electrodes based 

on carbon is probably the most widely studied system for asymmetric supercapacitors  

(ASC).35 In principle, the combination of MnO 2//carbon should be able to afford ASC with 

voltages of ~ 2.0 V in aqueous electrolytes. Yu et al. assembled ASC using graphene/MnO 2-

textile as the positive electrode and CNT-textile as the negative electrode.65 The fabrication 

of such textile electrodes is identical as discussed in the previous sections. The devices can 

be operated with 1.5V and were able to deliver energy density of 12.5 Wh/kg and power 

density of 110 kW/kg that are both higher then symmetric supercapacitors. The devices 

also have excellent cyclic performance, with ~95% capacitance retention over 5000 cycles 

at 2.2 A/g. In a simil ar study, Shao et al. used porous graphene/MnO2 nanorod and 

graphene/Ag thin films that were both prepared using the vacuum filtration method as 

positive and negative electrode, respectively, in their fabrication of ASC. 84 This study 

demonstrated that Ag nanoparticles are very important in improving the performance of 

the graphene negative electrode because they can repair defects in the graphene surface 
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and enhance their electronic conductivities. Additionally, they can also work as spacer to 

eliminate the restacking between adjacent graphene sheets. These devices exhibited a 

maximum energy density of 50.8 Wh/kg and still retain 7.53 Wh/kg at a high power 

density of 90.3 kW/kg. Their bending tests revealed that such devices are very promising 

as flexible ASC, with only 2.8% decrease in specific capacitance under bending conditions. 

Hybrid electrodes that could effectively utilize the full potential of all the desired 

functions of each component are particularly promising for developing high performance 

electrodes. Lu et al. developed a procedure to fabricate flexible solid-state ASC based on 

one-dimensional core-shell nanowire hybrids. 85 In their approach, electroactive MnO 2 

(positive electrode) and carbon shell (negative electrode) were uniformly coated onto 

hydrogen -treated TiO2 that was pre-synthesized on carbon cloths. Devices fabricated 

using these electrodes were able to operate in 1.8 V and deliver a high specific capacitance 

of 139.6 F/g with maximum volumetric energy density of 0.3 mWh/cm 3 (59 Wh/kg) and 

volumetric power density of 0.23 W/cm 3 (45 kW/kg). Moreover, the device has excellent 

cycling performance (8.8% capacitance loss for 5000 cycles) and good flexibility. 

Other combinations of materials are also being studied besides the MnO2//carbon 

system as discussed above to prepare flexible ASC with high power and energy d ensities.  

A remarkable example is the flexible asymmetric supercapacitors based on MnO2 and 

In2O3 and carbon nanotube films.82 The optimized devices were able to operate in 2V 

window and deliver specific capacitance of 184 F/g, energy density of 25.5 Wh/kg and 
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power density of 50.3 kW/kg. RuO2 is one of the most widely studied materials for 

supercapacitors due to its remarkable performances. In a recent study, Choi et al 

fabricated flexible asymmetric supercapacitors using an ionic liquid functionalized -

chemically modified graphene (IL -CMG) film as the negative electrode and a RuO2-IL -

CMG composite film as the positive electrode.86 A solid -state electrolyte made with 

polyvinyl alcohol -H 2SO4 was used to fabricate all-solid -state devices. Such asymmetric 

supercapacitors with optimized structure were able to be operated with cell voltage up to 

1.8V and deliver a high energy density of 19.7 Wh/kg and power density of 6.8 kW/kg. 

More remarkably, such devices can be operated with high rate of 10 A/g with 79.4% 

retention of specific capacitance. 
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Chapter 2:  Comparing  Graphene and Carbon 
Nanotubes as Nanoscale Current Collecto rs in MnO 2-

based EC* 

2.1 Introduction  

As has been discussed in Chapter 1, manganese oxide (MnO2) is particularly 

attractive for EC due to its low cost, abundance and environmental compatibility. 87 

Although a theoretical calculation indicates its specific capacitance (SC) can be as high as 

1380 F/g, experimental results hardly reach this number (usually ~ 200 F/g under low 

current conditions) and also drops significantly at higher current densities due to poor 

conductivity of MnO 2. Recently, several research groups have observed that ultrathin 

(ten to hundreds of nanometers thick) MnO 2 films deposited onto flat current collector s 

have very high SC in the range of 700 to 1380 F/g.88-91 They concluded that ultrathin film s 

can overcome the poor electrical conductivity limitation of MnO 2 and reduce the ion 

diffusion length. Inspired by these findings, a novel approach of fabricating electrodes  

by translating flat current collector s to 3-D nanoscale current collectors that can support  

ultrathin MnO 2 has been proposed and applied. This 3-D approach combines the 

advantages of ultrathin MnO 2 film and high mass loading s of thick films and therefore 

has received tremendous interests. Typically, the 3-D current collectors being used are 

various forms of high surface area carbon, such as CNTs, 58, 92, 93 carbon areagels/ 

                                                   

* This chapter has been published in Journal of Nano Energy and Power Research, 2013, 2, 41-47. 
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nanofoam94, templated mesoporous carbon95, 96 and graphene. 97, 98 With these highly 

conductive nanostructured carbon serving as 3-D nanoscale current collectors, the SC 

and rate performance of MnO 2 can improve dramatically.   

Several previous works have demonstrated that both graphene and CNTs were 

able to improve the performance of MnO 2 for  EC.83, 97, 98 However, it is still not clear 

which material  performs better due to limited understanding on the structure and 

properties of their composites with MnO 2. With t he motivation of designing high 

performance electrodes, it is therefore necessary to compare the effectiveness of 

graphene and CNTs so that we can rationally select materials/composites. In this project, 

we first  examined the behavior of RGO as the current collector by studying the 

electrochemical behavior of the RGO/MnO2 composites with various ratios synthesized 

through a facile chemical co-precipitation method. Our results show that the energy 

storage characteristics of MnO 2 were greatly improved in the RGO/MnO 2 composite. 

Compared with pure MnO 2, the SC of the composite was not only higher but also largely 

retained at increased scan rates and mass loading densities, demonstrating excellent 

performance of RGO as a type of nanoscale current collector. We also found that  

compared with RGO, the MnO 2 composites made from fFWNTs using the same 

approach have better performance as thin films, likely  due to higher electrical 

conductivity. However, as the film gets thicker, the ion diffusion resistivity across the 

film  seems becomes the major limitation and the two c omposites behave very similarly.  
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2.2 Experiment al section  

2.2.1 Synthesis and reduction of  GO 

GO was synthesized using a modified Hummers method  (shown in Figure 2.1).32, 

99 Briefly, 2 g of natural graphite  flake, 2 g of NaNO3 and 90 ml of concentrated H2SO4 

were mixed in a flask that was kept and stirred in an ice bath. Af terwards 12 g of KMnO4 

was added slowly to avoid overheating. The mixture was first ly  stirred in the ice bath 

for 1.5 h and then at 35°C for 2 h. Next, 90 ml nanopure water was added dropwise to 

dilute the mixture, f ollowed by another addition of 200 ml nanopure water and 10 ml 

H 2O2 (30%). After 10 min, a brownish suspension was obtained (graphite oxide) . 

Removal of the residual chemicals in the suspension was achieved by a three steps 

centrifug e at 16000 rpm.  The centrifuged slurry was collected at each step and dispersed 

in nanopure water prior to the next centrifuge step. Followed by this, a mild sonication 

(20 min) was used to exfoliate the graphite oxide to GO. Finally, a low -speed centrifuge 

at 7000 rpm was used to remove large, thick multilayer graph ite oxide until the 

supernatant was free of visible particl es. The GO suspension obtained here is ready to 

use for next step after a dilution with nanopure water to the targ eted concentration of 

0.25 mg/ml.  
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The reduction of GO was followed by a method developed by Li et al.100 Typically, 

18.0 ʈl of hydrazine solution (35% in water) and 126 ʈl of ammonia solution (2 8% in water) 

were added to 36 ml of GO dispersion (0.25 mg/ml) in a flask. After vigorous shaking, the 

flask was put in an oil bath and was heated at 90°C for 1 h.  After cooling down  to room 

temperature, the dispersion was dialyzed against a 0.5% ammonia solution for 24 h to 

remove residue hydrazine . The dispersion after dialysis was made with RGO and was 

used directly for synthesizing composites.  

2.2.2 Synthesis and functionalization of fe w-walled carbon 
nanotubes  

Few-walled CNTs were prepared by a bimetallic catalyst Co/Mo supported on 

MgO support following our published process. 101 Methane was used as the carbon 

source and hydrogen was also used with certain r atio to control methane decomposition 

rate. In a typical experiment, MgO supported Co/Mo catalyst was put into a quartz tube 

and was flushed with hydrogen while the catalyst was heated to  the growth 

temperature. Afterwards methane was  introduced  for desired time (10ɬ30 min) and then 

ƖÏȮɯƝƔƲ" 

Figure 2.1: Schematic illustration of the reduced graphene oxide synthesis process  
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methane flow was turned off and hydrogen flow was kept on while the system is being 

cooled down.  

To functionalize FWNTs, 2.0 mg of purified material  was dispersed in 15 ml 

oleum and stirred continuously at room temperature for 48 hours. Afterwards t he mixed 

solution was heated to 70°C and 5 ml of concentrated HNO 3 was then added at an 

injection rate of 0.3 ml/min. The final mixture was kept at 70 °C for 2 hours, after which 

the solution was cooled, and 250 ml of nanopure water was added slowly to dilute the 

acids. The diluted solution was filtered, with the functionalized FWNTs collected and re-

dispersed in water to make the fFWNTs/MnO 2 composite.  

2.2.3 Synthesis of MnO 2 and MnO 2/carbon nanomaterial composites  

Pure MnO 2 particles were synthesized with the chemical co-precipitation 

method 49, 102 that has been widely used by many research groups wit h slight  

modifications. Typically, 2.3 ml  of MnSO4 (0.03 M) and 2.3 ml KMnO 4 (0.02 M) were 

subsequently added into 35.4 ml of nanopure water. The mixed solution was kept for 1 h 

under vigorous stirring to ensure a complete reaction. The suspension was then vacuum 

filtered through a PTFE membrane (200 nm pore size) to collect the MnO2 powder and  

washed with nanopure water.  

RGO/MnO 2 and fFWNTs/MnO 2 composites were prepared with a sonochemical 

coprecipitation method .  Typically, 2.3 ml of MnSO4 (0.03 M) was added to the RGO 

dispersion that was obtained in step 2.2.1 while under probe sonication (20% 
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amplitude). After 1 h of sonication, 2.3  ml of KMnO 4 (0.02 M) was slowly added and 

sonication was continued for another 2 h. The amount of MnSO4 and KMnO 4 could be 

varied depending on the desired ratio of MnO 2 to RGO. After sonication, the resulting 

RGO/MnO 2 composite was collected by vacuum filtration through a PTFE membrane 

(200 nm pore size) and washed repeatedly with nanopure water. fFWNTs/MnO 2 

composites were prepared with a n identical appr oach, and RGO was replaced with 

equivalent  amount of fFWNTs .   

2.2.4 Electrochemical measurements  

Electrochemical tests were performed using a Bio-logic SP300 instrument with a 

standard three electrodes configuration. An Ag/AgCl (4M  KCl) electrode and a platinum 

wire were used as the reference and counter electrode, respectively. A flat Au electrode 

with active material coating was used as the working electrode. Capacitance evaluation 

was conducted with cyclic voltammogram (CV, -0.1V ~ 0.9V) and galvanostatic charge-

discharge techniques in 1 M Na 2SO4 electrolyte. SC was determined  by integrating the 

CV curve over the potential window of 1  V and calculated according the equation of ὅ

᷿
, where C is the specific capacitance (F/g), I is the response current, V is the potential 

window, v is the CV scan rate (mV/s), and m is the mass of the electroactive material. 

2.2.5 Material characterization  

The crystallographic structure of the powder material s was analyzed by a 

panalytical  7ɀ/ÌÙÛɯ/1.ɯ,1#ɯ'1ɯ7-ray diffraction system equipped with Cu K ɻ 
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radiation (ʇ=0.15405nm). X-ray photoelectron spectroscopy (XPS) measurements were 

performed using a Kratos Analytical Axis Ultra  XPS system with a monochromatic Al 

*ϔɯȹhv = 1486.6 eV) source. All XPS spectra were corrected using the C 1s line at 284.5 

eV.  The morphology of the material was studied with a scanning electron microscope 

(SEM, FEI XL30) and transmission electron microscopy (TEM, FEI Tecnai G² Twin ). The 

specific surface areas were determined according to the Brunauer-Emmett-Teller (BET) 

method, from the absorption data collected with a Micromeritic Tristar system at 77K. 

Electrical conductivity of the material was measured with a four -probe station (Keithley 

multimeter). The thickness of the electrode was measured by a Bruker Dektak 150 

profil ometer.   
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2.3 Results and discussion  

2.3.1  Characterization of the MnO 2/RGO composite  

 

Figure 2.2: X-ray diffraction pattern of (a) RGO and (b) RGO/MnO 2 composite.  

In this project, we used a simple but effective ult rasound-mediated co-

precipitation approach  to synthesize the RGO/MnO2 composite. This method ensures 

uniform and controllable coating of MnO 2 on RGO surface and avoids aggregation of 

RGO sheets. The X-ray diffraction pattern shows that the composite was am orphous 
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(Figure 2.2a), similar to that of MnO 2 powders synthesized without RGO present. It  is 

worth noting that the diffraction peak from RGO disappeared  for the composite, 

demonstrating that MnO 2 has successfully coated onto the graphene sheets and lead to a 

wider separation between them, which would otherwise be narrow enough to give 

diffraction response (Figure 2.2b). 103 The nitrogen adsorption -desorption isotherm of the 

composite shows typical type IV isotherm (Figure 2. 3), with BET specific surface area in 

the range of 170~230 m2/g depending on the composition of the composites (Table 2.1).  

 

 

Figure 2.3: Nitrogen adsorption -desorption i sotherm of the RGO/MnO 2 composite 
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Figure 2.4: (a) SEM and (b) TEM image of the composite material, showing the 

uniform coatings of nanoscale MnO 2 on RGO sheets.  

The morphology of the composite was studied with SEM (Figure 2.4a) and TEM 

(Figure 2.4b). After the ultrasound -mediated coprecipitation process, it can be seen that 

nanoscale MnO2 particles were coated uniformly on the surfaces of RGO.  The TEM 
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images (Figure 2.4b) revealed that the edge area of graphene has a relatively thicker 

MnO 2 coating, which is probably due to higher density of functional groups (such as 

hydroxyl and carboxyl groups) at the edges. Nevertheless, most of the available surfaces 

of graphene have been coated with MnO2 within nanosc ale thickness, which agrees well 

with the XRD pattern. The XPS spectrum acquired from this composite shows that it is 

free from contaminants (Figure 2.5). 

  

Figure 2.5: XPS survey spectrum of the synthesi zed RGO/MnO 2 composite. 

The average manganese oxidation state was determined from the Mn 3s and O 1s 

core level XPS spectra. As reported previously,104 the Mn oxidation state can be 

determined from the binding energy width ( ɲE) between the separated Mn 3s peaks due 

to multiplet splitting. By reference to ɲE data of 5.79, 5.50, 5.41 and 4.78 eV acquired 

from reference samples of MnO, Mn3O4, Mn2O3 and MnO 2, respectively, the possible 
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oxidation state of Mn contained in the compo site was estimated as 3.82 (Figure 2.6A). 

Another effective way of determining the Mn oxidation state is fro m the O 1s core level 

spectrum.88 By using the equation suggested in this paper,58 the possible valence of Mn 

was 3.79 (Figure 2.6B). Based on these XPS analyses, the main compound of Mn in the 

composite is MnO2 and/or Mn 3O4. All these results indicate the effectiveness of our 

simple synthesis approach in fabricating the RGO/MnO 2 composites.

 

Figure 2.6: XPS spectra of the MnO 2 in Mn 3s (A) and O 1s (B) region. The raw data are 

represented by the black lines, and the fitted data are represented by the red and bl ue 

lines, repectively. The peaks at 531.6eV and 533.2eV in the O 1s core level spectra 

origi nate from Mn -O-Mn and Mn -O-H bond s. 

2.3.2 Evaluation of RGO as the nanoscale current collector in 
RGO/MnO2 composites  

With the addition of 40 wt% RGO, the conductivity of the film increased 

dramatically from nearly insulating o f 10-5-10-6 s/cm for pure MnO 2 91 to 0.045 s/cm. 

Hence, it is expected that the composite film should have improved electrochemical 

performance. A set of typical CV curves of this composite recorded at increasing scan 
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rate were plotted in Figure 2 .7a. As can be seen in this figure, the curves show close to 

the ideal rectangular shape even at a high scan rate of 500 mV/s, indicating a low contact 

resistance and superior high-rate performance. The calculated SC at 10 mV/s is 360 F/g 

and this is much higher than ~175 F/g for pure MnO 2 obtained at similar mass densities. 

The capacitance retention ratio (defined in this paper as the ratio of the SC at 500 mV/s 

over 10 mV/s) of 63% for the composite is also much higher than the 35% for pure MnO2. 

The galvanostatic charge-discharge curves of the composite are also shown in Figure 

2.7b. It can be seen that all these curves are highly linear and symmetrical at various 

current densities from 1 A/g to 25 A/g, fu rther indicating  the superior electrochemical 

reversibility and charge -discharge properties of the composite material .  

 

Figure 2.7 Electrochemical  characterization results of the RGO/MnO 2 composite . (a) Set of CV 

curves acquired at increasing scan rate from 10 mV/s to 500 mV/s. (B) Galvanostatic charge-

discharge curves obtained at current density  from 1 A/g to 25 A/g .  
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The thickness of MnO2 loaded on RGO sheets is an important factor that could  

affect the performance of the composite since the SC of MnO 2 decreases sharply with 

increased thickness89. To study this effect, we synthesized and examined composites 

with different MnO 2 ratios. Electrochemical measurements performed on these 

composites revealed that all of them have close to ideal EC behavior with low contact 

resistance. Their SC at 10 mV/s and capacitance retention ratios were calculated and 

compared in table 2.1.   

Table 2-1: Comparison of the characterization results for the RGO/MnO 2 composites 

with different MnO 2 ratios 

MnO 2 wt% 20% 35% 52% 68% 84% 100% 

Specific surface area (m2/g) 171 219 228 220 200 230 

Specific surface capacitance ( ʈF/cm2) 81 93 96 99 110 85 

Specific capacitance (MnO2, F/g) 690 580 419 320 263 197 

Capacitance Retention (%) 78 71 64 65 64 41 

All of the electrodes were controlled to have mass densities around 0.2 mg/cm2 to 

ensure comparable results. As summarized in this table, the composite with low MnO 2 

ratio of 20% has a high SC of 690 F/g at 10 mV/s and high capacitance retention of 78%. 

As the mass ratio of MnO2 increases, the SC clearly decreases, with the capacitance 

retention ratio also decreasing slightly . The SC for MnO 2 in the composites that have 

35%, 52%, 68% and 84% of MnO2 are 580 F/g, 419 F/g, 320 F/g and 263 F/g, respectively, 

with the corresponding capacitance retention ratios as 71%, 66%, 66% and 65%.  The 

decrease in the SC might be due to the increase in the diffusion resistivity of electrolyte 
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ions across thicker MnO2 layers. However, despite the significant differences in the SC, 

the specific surface capacitances of these composites remain similarly around ~95 

ʈF/cm2. This similarity indicates that capacitance of MnO 2 depends strongly on the 

available surface area. The generally proposed charge storage mechanism of MnO2 

involves a surface faradic charge transfer process and an intercalate/deintercalate 

process within the bulk material. 50 However, the surface process seems to be the 

dominant mechanism in our system. The high performance of composites with lower 

MnO 2 ratios may indicate that when MnO 2 exists as an ultrathin layer on the current 

collector, the diffusion length of ions is greatly reduced and thus electrolyte ions have 

access to most of the pores, which could lead to a nearly complete surface redox 

reaction. In addition, the interconnected network formed by RGO sheets provides highly  

conductive channels for electron transport over the film and thus, significantly improves 

the performance of the composites at high scan rates. However, with the increment of 

the MnO 2 thickness, the effective interaction between the electrolyte ions and the 

electrode is greatly reduced and results in a reduction in their performance.  
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Figure 2.8: Cycling stability of a RGO/MnO 2 electrode upon charging/discharging at a 

current density of 5 A/g.  

The electrochemical stability of the composite material was evaluated by charge-

discharge test conducted at a high constant current density of 5 A/g for 2000 cycles. The 

capacitance retention ratio as a function of cycle numbers is presented in Figure 2.8. As 

this figure shows, the capacitance decreases only 5.5% of the initial value after 2000 

cycles without the addition of any binder, demonstrating excellent electrochemical 

stability of the composit e material that is largely originated from the mechanical stability 

of RGO sheets. EC materials with such excellent stability are crucial for practical 

applications. 
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2.3.3 Comparison of graphene and CNTs as nanoscale current 
collector s 

To compare the effect of RGO and carbon fFWNTs as the nanoscale current 

collector, we synthesized and examined fFWNTs/MnO2 composites with  the same MnO2 

concentration of 60% as the RGO/MnO2 composite. A typical TEM image of the 

fFWNTs/MnO 2 composite is presented in Figure 2.9a, whi ch shows that the MnO2 grew 

uniformly on the nanotubes as flow -like particles. Figure 2.9b shows a set of typical CV 

curves acquired from this composite. It can be seen that similar to RGO/MnO 2, the 

fFWNTs/MnO 2 composite also shows close to ideal rectangular CV curves at increasing 

scan rates. 
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Figure 2.9: (a) TEM image  of the fFWNT s/MnO 2 composite  that  shows the MnO 2 grew 

uniformly on carbon nanotube  as flower -like particles . The inserted picture is a  

typica l  TEM of  the FWNT (scale bar is 10 nm); (b) A set of typical CV curves acquired  

from the fFWNT/MnO 2 composite at increasing scan rate 
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Supposedly, ideal nanoscale current collectors should be able to provide electron 

conductance throughout the composite fi lm that independent of the macro -scale film 

thickness, with performance of the composites relying only on the thickness of the MnO 2 

deposited on them. Hence, a comparison between RGO and fFWNTs as nanoscale 

current collector was conducted by examining the performance of their composites with 

varied mass loading densities. The SC and capacitance retention ratio obtained from 

these composites are compared in Figure 2.10 a and b. The behavior of pure MnO 2 is also 

included in these two figures. As can be seen from Figure 2.10 a, both RGO and fFWNTs 

improved the  performance of MnO 2, with  the SC generally higher than 300 F/g at various 

mass loading densities. In contrast, the SC of pure MnO 2 was much lower and only 130 

F/g for thicker film due to its poor conducti vity that results in a high ion diffusion 

resistivity. 88 Compared with RGO/MnO 2, the fFWNTs/MnO 2 composite has much higher 

SC at mass density lower than 0.1 mg/cm2 (730 F/g vs. 460 F/g at ~ 0.050 mg/cm2). 

However, the difference of these two composites decrease to less than 10% as the film 

gets thicker. Since the error from the mass measurement by an electrical balance must be 

accounted for, we conclude that the difference of these two composites are similar at 

higher mass loadings. 

The better performance of the fFWNTs/MnO 2 composite as a thin film may track 

to its higher conductivity. According to our measurement, the conductivity of 
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fFWNTs/MnO 2 as 4.11 S/cm, much higher than  the 0.045 S/cm for RGO/MnO2. This may 

orig inate from the fact that CNTs are more conductive than RGO (275 S/cm for 

functionalized CNTs105, 106 and 1.56 S/cm for RGO obtained by the hydrazine reduction 

method 106). The similarity of these two composite s at higher densities may indicate that 

the ion-diffusion resistivity across the thick film, rather than the electrical conductivity, 

has become the major limiting factor in determining their p erformance. 

Despite the differences in the SC, the capacitance retention ratios of these two 

composites remain stable in the range of 55~65% across the mass loading densities that 

we studied  (Figure 2.10 b). In contrast, this ratio for pure MnO 2 decreases sharply from 

52% at low mass loading density to only 22% at high density. Hence, we conclude that 

both carbon nanotube and RGO have excellent performance as the nanoscale current 

collector. In summary , our comparison results indicates that the fFWNTs/MnO 2 

composite is preferable for ultra -thin film EC, while RGO/MnO 2 composite might be 

good for systems that require thick, large -scale material coating due to its economic 

advantage. 
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Figure 2.10: (a) comparison of the Csp and (b) capacitance retention ratios as a function 

of the mass loading densities for the fFWNTs/MnO 2, RGO/MnO 2 and pure MnO 2.  

2.4 Conclusion  

In summary, in this chapter we described a facile but efficient method to 

synthesize high surface area RGO/MnO2 composites through the chemical 

coprecipitation route. This composite material combines the advantage of high 
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performance of ultrathin MnO 2 layers and the electrical conductivity and mechanical 

stability of RGO  and thus has superior EC performance. The SC of MnO 2 in the 

composite is generally higher than 300 F/g and is largely retained at higher scan rates 

(over 55% at 500 mV/s). Compared with RGO/MnO 2, the composite of fFWNTs/MnO 2 

has better performance as thin films due to its better electrical conductivity. However, 

these two composites perform very similarly as thick films. These results demonstrate 

that the fFWNTs/MnO 2 is preferable for ultra -thin EC systems, while the RGO/MnO2 

composite is attractive for thick systems. Our finding may be useful for designing 

electrochemical EC systems for portable electrical devices, hybrid vehicles and back-up 

energy storage devices where high rate power supply is desired. 
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Chapter 3:  Synergistic Effects from Graphene a nd 
Carbon Nanotubes Enable Flexible and Robust 

Electrodes for High -Performance Supercapacitors * 

3.1 Introduction  

Manganese dioxide (MnO 2), a traditional battery material, has received 

tremendous interest recently in supercapacitor application s due to its natur al 

abundance, low cost, low toxicity and high theoretical capacitance close to 1300 F/g.51, 107 

MnO 2 stores energy through a charge-transfer, faradic reaction that is known as 

pseudocapacitance.49 However, two major challenges exist when integrating MnO 2 with 

flexible energy storage systems: its poor electrical conductivity (10 -5~10-6 s cm-1) and rigid 

metal oxide nature. The poor conductivity limit s its performance as thick film s in 

electrochemical applications  due to its strong thickness-dependent electroactivity .88 

Despite the fact that MnO 2 has extremely high SC exceeding 700 F/g when made as an 

ultrathin film wi th thickness less than 100 nm,108, 109 most reported studies only observed 

a SC of less than 200 F/g when the MnO2 electrodes exceed 1 mg/cm2 areal density.102, 110 

Conventionally, the approach to fabricate flexible electrodes is to deposit the 

electroactive material directly on flexible and conductive substrates, such as CNT 

buckypaper ,111 carbon foam94, carbon fabric69 and DVD media discs etc.112 More recently, 

coating metal oxide, graphene and/or CNT composite on papers, textiles and sponges 

                                                   

* This chapter has been published in Cheng et al. Nano Letter , 2012, 12, 4206-4211. 



 

71 

were also reported as feasible methods to prepare flexible electrodes for 

supercapacitors.63, 113-115 However, the utilization of electrochemically inert supports 

significantly reduces the overall energy and power density  of the devices. Besides, in 

such approaches, trying to  increase MnO2 loading density usually requires its thickness 

to be increased, which will significantly reduce its electrochemical activity .63, 113 Thick 

MnO 2 (>1 mg/cm2) film also suffers from significant decrease in capacitance under high 

current conditions. For example, the SC of a MnO2-CNT-textile  electrode is reduced 

from ~150 F/g to ~50 F/g when the scan rate increased from 5 mV/s to 200 mV/s.113 Thus, 

designing a scalable process for fabricating robust and flexible MnO2-based films for 

supercapacitors with high electrochemical performance and high mass loading density 

still remains a challenge. 

3.2 Experiment al details  

3.2.1 Materials and m ethods  

The graphene dispersion and graphene/MnO 2 composites were prepared using 

methods as described in 2.2. The methods for synthesis, purification and 

functionalization of FWNTs were also same as described in 2.2. The flexible 

graphene/MnO 2/fFWNTs  film s were fabricated by vacuum filtration method. Typically, 

desired amounts of functionalized fFWNTs dispersion and graphene/MnO 2 suspension 

were mixed in a glass vial. The amounts varied to control the thickness of the final fil m 

(for example, 20 ml of CNTs dispersion and 33 ml of graphene/MnO 2 suspension were 
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used to make a film with 2.02 mg/cm 2 areal density). The mixed solution was then 

sonicated for 20min and filter through a mixed cellulose ester membrane (1.2µm pore 

size, Millipore). The obtained filter cake was then vacuum dried for 24 hours to get a 

freestanding film . 

3.2.2 Material characterization a nd electrochem ical measurements  

The methods for material characterization and electrochemical evaluation were 

the same as described in 2.2. In this project, flexible film s were used directly without any 

mechanical support as the working electrode. The rolled -up full cel l for symmetric 

capacitor measurements was assembled by rolling the stacked films that was stacked in 

the order of separator/flexible film/separator/flexible film. Two platinum wires were 

included to connect the flexible film to the external measurement ci rcuit. After assemble, 

a carbon tape was used to hold the structure. Then the whole cell was immersed in 1M 

Na2SO4 for the electrochemical measurements 

3.2.3 Data analysis  

Using the cyclic voltammetry testing data, the s pecific capacitance was calculated 

according to the equation of ὅ Ὅ᷿ὨὠȾὺάὠ, where C is the specific capacitance (F/g), I 

is the response current, V is the potential window, v is the CV scan rate (mV/s), and m is 

the mass of the electrode material.  
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The specific capacitance of MnO2 was estimated by subtracting the contribution 

of the fFWNTs from the results obtained from t he flexible electrodes using the equation 

below: 

ὅίὴ
ὅὪὪ ὅὅὔὝz ύὸϷ ὅὔὝ

ύὸϷ ὓὲὕς
 

where the Cff is the Csp of the flexible electrode, CCNT is the Csp of the fFWNTs , 

wt%(CN T) is the weight percentage of fFWNTs in the electrode and wt%(MnO 2) is the 

weight percentage of MnO 2. Based on our measurements, the CCNT at different scan rates 

of 10, 50, 100, 250 and 500 mV/s are 67, 64, 61, 56 and 48 F/g, respectively.  

The energy density and power density of the assembled symmetrical 

supercapacitor was evaluated by the galvanostatic charge-discharge technique 

conducted at 0.65 mA, 1.30 mA, 3.90 mA, 6.48 mA and 13.0 mA (Figure 4d and 4E in the 

main text). The energy density was calculated using: 

Ὁ
ρ

ς
ὅὠ  

where C is the specific capacitance of the full cell and V is the voltage difference 

between the voltage after the iR drop at the beginning of discharging and the voltage at 

the end of discharge. The power density was calculated using:  

ὖ
Ὁ

ὸ
 

where E is the energy density and t is the corresponding discharge time in hour s.  
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3.3 Results and discussion  

 

Figure 3.1: Schematic illustration of the fabricated flexible and conductive fi lm using 

graphene/MnO 2 /CNTs. Note the difference in the possible electron paths for the two 

architectures: electron has to pass the insulating  MnO 2 layers for the graphene/MnO 2 

composite (left) while the interconnected CNTs provide rapid electron conducta nce 

for  the flexible film shown  on the right.  

Herein, we present a method for fabricating compact, flexible and mechanical 

robust films for supercapacitor electrodes with excellent electrochemical performance 

based on the interpenetrative nanocomposites of graphene/MnO 2 and CNTs (Figure 3.1). 

The key difference of this new approach compared to early efforts is combing the 

synergistic effects from both graphene and nanotubes by using graphene as a high-

surface area substrate for direct growth of MnO 2 nanoparticles and CNTs to provide 

electron conductance and mechanical reinforcement. Graphene has been widely 

considered as an ideal substrate for ultrathin coating of functional materials due to its 

unique structural  and electrical properties 31, while interconnected CNTs network is 
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highly conductive and porous and therefore beneficial for electronic and ionic transport. 

In early approaches, it was discovered that direct growth of MnO 2 nanoparticles on 

graphene or nanotubes is a critical  factor to improve the performance of the composite 

film s.63, 115-117 Physical mixing of MnO 2 and carbon materials, on the other hand, could not 

fully capture the properties of the nanotubes and graphene due to aggregation, phase 

separation and poor connectivity  between metal oxide and carbon. However, composite 

films made from MnO 2 directly grown on CNTs or graphene still have limited 

performance because the conductivity of the film is significantly reduced due to the 

disruption of the carbon -carbon conductive network  (Figure 3.1) by the metal oxide 

coating. As a result, electrodes based on such architecture still suffer from low mass 

loading densities 92, 109 or requir e substantial amounts of conductive additives 118, 119 in 

order to achieve the desired performance. Recently, Yu et al. developed a surface 

warping technique using CNTs or conducting polymers to improve the conductivity of 

their electrodes.114 However, the distribution of conductin g additives in the electrodes is 

not homogenous and thus the improvement is limited. Recent reviews summarize 

various effects of nanotubes and graphene on energy storage when they are used 

individually with oxide materials .51, 116 
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Figure 3.2: (a) SEM and (b) TEM images of the interconnected structure formed by 

graphene/MnO 2 composite (red arrows) and fFWNTs (white arrows), the inserted 

image shown in ( b) highlight their close interaction.  
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In our designed architecture (Figure 3.1), a key requirement for the nanotubes is 

that they are not coated with MnO 2, thus allowing them  to form a complete and highly 

conductive network with  the graphene/MnO 2 composite. The nanotubes that we used 

are functionalized few -walled CNTs (fFWNTs) with 3~5 walls and they have better 

electric conductivity and mechanical strength compared with other  types of nanotubes.17 

To prepare the designed ternary composite, a binary graphene/MnO 2 composite is first 

synthesized using a sonication-assisted chemical co-precipit ation method . The high 

surface area graphene ensures ultrathin MnO2 coating with high mass content in  the 

composite (75wt%). Afterward, desired amounts of fFWNTs suspension and 

graphene/MnO 2 dispersion are mixed and sonicated for 20 min to ensure good mixi ng. 

The SEM (Figure 3.2a) and TEM (Figure 3.2b) images taken from this mixture reveal that 

they are well linked, with CNTs (white arrows) distributed uniformly in the matrix of 

graphene/MnO 2 composite (red arrows). The mixed solution was then vacuum -filter ed 

and a freestanding film would form after vacuum drying (Figure 3.3a).  In strong 

contrast, the composite of graphene/MnO2 without fFWNTs did not form a continuous 

film  on the filter membrane (Figure 3.3b). Thus, the incorporation of nanotubes is critical 

to the formation of a flexible film.  
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Figure 3.3: Digital image s of (a) a graphene/MnO 2/CNTs flexible film and (b)  a 

graphene/MnO 2 composite dried on a filtration  membrane.  
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Systematic experiments with var ing ratios of fFWNTs in the film  indicated that 

as little as 5wt% of nanotubes could enable the composite to form a flexible film (with 

71wt% of MnO 2).  However, at least 25wt% of CNTs is needed in order to render the film  

highly flexible and mechanically robust. In fact, a tensile strength test from a 30µm film 

prepared with 25wt% of nanotubes (~56wt% of MnO 2) revealed a 8ÖÜÕÎɀÚɯÔÖËÜÓÜÚɯÖÍɯ

2.3 GPa and a tensile strength of 48 MPa (Figure 3.4), demonstrating its superior 

mechanical properties.  More importa ntly, the active material loading of these flexible 

films is also significantly higher than the literature value for the flexible films containing 

metal oxide.120 Add itionally, the film is compact and has the density around 0.67 g/cm 3, 

which is twice higher than the films made by traditional carbon electrodes .75 Finally , the 

incorporation of fFWNTs also brought superior electronic conductivity. Four Probe 

ÔÌÈÚÜÙÌÔÌÕÛÚɯÐÕËÐÊÈÛÌËɯÛÏÌɯÚÏÌÌÛɯÙÌÚÐÚÛÈÕÊÌɯÖÍɯÛÏÌɯÍÓÌßÐÉÓÌɯÍÐÓÔÚɯÐÚɯÛà×ÐÊÈÓÓàɯȃƙɯ͙ɤɞ (67 

S/cm).  
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Figure 3.4: Typical stress-strain curve for a graphene/MnO 2/CNT composite film with 

25wt% of fFWNTs.  

The electrochemical performance of the flexible film was first examined using the 

CV method in 1 M Na 2SO4. All of the films that were reported herein had the same 

composition of 25wt% of fFWNTs and 75wt% of graphene/MnO 2 composite. No metal 

support or current collector was used in the test and the film was directly attached to a 

metal clip for electrical connection. Figure 3.5 a and b show a set of rate-dependent CV 

curves acquired from the film electrode (30 µm, 2.02 mg/cm2) at scan rates up to 500 

mV/s within 0.0~1.0V voltage window.  
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Figure 3.5 (a) and (b) CV curves for a 30 µm flexible film (2.02 mg/cm 2) acquired at 

different  scan rates. 

 It can be seen that these curves have nearly ideal rectangular shapes, indicating 

superior supercapacitor behavior even at such high areal density. The combined 
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contribution from graphene and fFWNTs ensures MnO2 to have only ~55% capacitance 

loss (326 F/g to 148 F/g) when the scan rate was increased from 10 mV/s to 500 mV/s, 

which is much better compared to previous reports at similar mass densities.115 More 

importantly, these results are obtained from a thick film with high MnO 2 content (56 

wt%). Films with lower MnO 2 content or thinner  thickness (< 5 µm) would have much 

better performance (372 F/g at ~0.4 mg/cm2). Results from thick films are reported he re 

because they are more amenable to real commercial manufacturing. Furthermore, the 

calculated volumetric capacitance of 130 F/cm3 is also much higher than previous 

reports, 94 which indicates that such flexible electrodes are also promising for compact 

energy storage systems.  
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Figure 3.6: (a) Capacitance retention of the film elect rode at 4 A/g over 1000 cycles and 

(b) typical charge -discharge profile . 

The cycle-stability of the flexible film was evaluated using the galvanostatic 

charge-discharge technique conducted at 4 A/g (Figure 3.6). The film shows ~5% of 

capacitance loss after 1000 cycles, revealing its outstanding electrochemical stability. 
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Figure 3.7a compares the CV curves acquired at the same scan rate of 50 mV/s from films 

with different areal densities. As this figure shows, the curves show slight distortion as 

the film gets thicker and the SC of MnO 2 drops only by 38% (312 F/g to 194 F/g, Figure 

3.7b) as the areal density increases from 0.38 mg/cm2 to 8.80 mg/cm2. In contrast, the 

graphene/MnO 2 composite exhibits significant thickness-dependence in performance, as 

its electroactivity decreases rapidly as the thickness is increased (decrease from 288 F/g 

at 0.4 mg/cm2 to 130 F/g at 2.1 mg/cm2, Figure 3.7b).  

 

Figure 3.7: (a) Comparison of the CV curves acquired at 50 mV/s for flexible films 

with different ar eal densities and (b) comparison of the SC of flexible 

graphene/MnO 2/CNTs films and graphene/MnO 2 electrodes at different areal 

densities at 50 mV/s. 

The improved conductivity by fFWNTs also significantly boosted the rate -

capability of the flexible film. A s discussed previously, the electrodes with fFWNTs 

deliver  148 F/g at 500 mV/s, 45% of the available capacitance at 10 mV/s. In contrast, an 

electrode made from graphene/MnO 2 composite supported on a gold electrode at similar 
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areal density only retains 10%, with 90% of available capacitance at 10 mV/s lost at 500 

mV/s (Figure 3.8).  It is believed that such a strong difference is due to the homogeneous 

incorporation of highly conductive fFWNTs in the graphene/MnO 2 composites. The 

formation of uniform films rather than phase separated nonuniform films is the key 

reason for observing high performance in our measurement. We propose this is mainly 

due to the synergistic effects from graphene and nanotubes, since it is well known that 

graphene can be a good surfactant to disperse nanotubes in aqueous solutions.121 In our 

system, graphene serves as the connecter between the metal oxide, which prefers to 

attach to the defect sites on the graphene, and the nanotubes, which prefer to attach to 

the graphitic part of the graphene.  

 

Figure 3.8: Comparison of the SC of MnO 2 measured at increasing scan rates for 

flexible film s and graphene/MnO 2 electrodes fabricated at similar areal densities 

around 2 mg/cm 2. 
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Figure 3.9 (a) Schematic illustration of the fabrication process to make a full cell using 

the flexible film. (b) Digital image of the actual compact full cell (insert: cross -

sectional image), the superior mechanical strength and flexi bility of the electrodes 

ensure rolling around a platinum wire (0.5 mm diameter) without losing their  

electroactivity.  

To further examine the performance of our flexible films as supercapcitor 

electrodes, a rod-shaped capacitor was assembled by rolling up two films with identical 

composition (3.2 mg, 2.02 mg/cm2) that were separated by the separator (Celgard 3501) 

(Figure 3.9 a and b). Owing to the highly flexible nature of these electrodes, they can be 

wrapped around a 0.5 mm Pt wire  without any observable change in their 

electrochemical properties and mechanical strength, indicating a significant 

improvement in their mechanical stability.  Such roll -up approach also offers higher 

volumetric capacity compared with the stack design and thus is promising for 

fabricating high -capacitance and small-size power devices.63, 122 The CV curves acquired 

from the full cell at increasing scan rates from 10 mV/s to 100 mV/s (Figure 3.10a) show 
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nearly ideal rectangular shapes, further demonstrated the excellent capacitive 

characteristics and ultrafast response of the flexible films. Based on the analysis of the 

CV curves, the full cell has the SC of 70 F/g at 10 mV/s (based on both electrodes) that 

corresponding to 280 F/g if measured in a three electrode testing system.123 More 

significantly, 65% of the available capacitance obtained at 10 mV/s was retained at the 

high scan rate of 100 mV/s (SC: 45 F/g), which is also higher than most of the previous 

results.113  
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Figure 3.10: (a) CV curves of the full cell acquired at different scan rates between 

0.0~1.0 V. (b) Electrochemical imped ance spectrum of the full cell.  

The impedance spectrum acquired is shown as the Nyquist plot in Figure 3.5 e, 

which exhibits a typical arc at the high frequency region and a spike at the low 

frequency region. The equivalent series resistance of the assembled cell is ~2.4 ͙ȮɯÞÏÐÊÏɯ








































































































































































