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ABSTRACT 

 

 

MnO2 Based Nanostructures for Supercapacitor Energy 

Storage Applications 

Wei Chen 

 

Nanostructured materials provide new and exciting approaches to the 

development of supercapacitor electrodes for high-performance electrochemical 

energy storage applications. One of the biggest challenges in materials science 

and engineering, however, is to prepare the nanomaterials with desirable 

characteristics and to engineer the structures in proper ways. This dissertation 

presents the successful preparation and application of very promising materials 

in the area of supercapacitor energy storage, including manganese dioxide and 

its composites, polyaniline and activated carbons. Attention has been paid to 

understanding their growth process and performance in supercapacitor devices. 

The morphological and electrochemical cycling effects, which contribute to the 

understanding of the energy storage mechanism of MnO2 based supercapacitors 

is thoroughly investigated. In addition, MnO2 based binary (MnO2-carbon 

nanocoils, MnO2-graphene) and ternary (MnO2-carbon nanotube-graphene) 

nanocomposites, as well as two novel electrodes (MnO2-carbon nanotube-textile 
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and MnO2-carbon nanotube-sponge) have been studied as supercapacitor 

electrode materials, showing much improved electrochemical storage 

performance with good energy and power densities. Furthermore, a general 

chemical route was introduced to synthesize different conducting polymers and 

activated carbons by taking the MnO2 nanostructures as reactive templates. The 

electrochemical behaviors of the polyaniline and activated nanocarbon 

supercapacitors demonstrate the morphology-dependent enhancement of 

capacitance. Excellent energy and power densities were obtained from the 

template-derived polyaniline and activated carbon based supercapacitors, 

indicating the success of our proposed chemical route toward the preparation of 

high performance supercapacitor materials. The work discussed in this 

dissertation conclusively showed the significance of the preparation of desirable 

nanomaterials and the design of effective nanostructured electrodes for 

supercapacitor energy storage applications.  
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Chapter 1  

 

Introduction 

 

1.1 General Properties of Supercapacitors 

Supercapacitors, also known as ultracapacitors or electrochemical 

capacitors, are promising energy storage devices that bridge the gap between 

batteries and conventional capacitors, as shown in the so-called Ragone plot in 

Figure 1.1. Supercapacitors provide higher energy density than conventional 

capacitors and much higher power density than batteries.1 They exhibit 

promising features of high power density, fast rates of charge-discharge, reliable 

cycling stability, and safe operation.1-5 Moreover, they can deliver exceptionally 

low-temperature performance. As a result, supercapacitors are often used in 

stationary and mobile systems that require high-power pulses: car acceleration, 

tramways, cranes, forklifts, emergency and power back-up systems, consumer 

electronics, and so on.2  

         



28 

 

 

Figure 1.1: The Ragone plot shows different electrochemical energy storage 

devices, including conventional capacitors, supercapacitors and batteries.2  

 

1.2 Classification of Capacitors 

Depending on the choice of electrode and electrolyte, the capacitors can 

be classified into three major categories that are shown in Figure 1.2. They can 

be further divided into some subgroups according to the specific materials used 

as electrode and electrolyte. 
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1.2.1 Electrostatic Capacitors 

A capacitor is a passive two-terminal electrical component used to store 

energy electrostatically in an electric field. The typical form of a practical 

electrostatic capacitor contains two electrical conductors (copper or aluminum) 

separated by an insulator (glass, air, mica, paper, polymer film or ceramic). The 

electrostatic capacitors can be operated at very high voltages for almost 

unlimited lifetime. Their gravimetric (energy per unit weight) and volumetric 

energy densities (energy per unit volume) are on the order of 1.5 mWh/kg and 2 

mWh/L, respectively. 

1.2.2 Electrolytic Capacitors 

Unlike conventional electrostatic capacitors that utilize bulk insulators, the 

dielectric in electrolytic capacitors is made of a thin metal oxide layer. Take 

aluminum electrolytic capacitor for an example, the thin layer of insulating 

aluminum oxide on the surface of the aluminum film acts as the dielectric, which 

makes a relatively higher capacitance than the electrostatic capacitor. The 

electrolyte is typically boric acid or sodium borate in aqueous solution. 

Electrolytic capacitors have RC (resistance*capacitance) time constants on the 

order of milliseconds that are used in filtering applications. The voltage of the 

electrolytic capacitors is lower than that of the electrostatic capacitors, but their 

energy density is much higher due to their higher capacitance. Their gravimetric 

and volumetric energy densities are on the order of 30 mWh/kg and 120 mWh/L, 

respectively, which are much higher than that of the electrostatic capacitors.  
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1.2.3 Supercapacitors 

Supercapacitors are electrochemical energy storage devices that store 

and release energy by nanoscopic charge separation at the interface between 

the electrode material and the electrolyte.6 Generally, supercapacitors consist of 

two electrodes separated by a dielectric porous film called a separator, and 

impregnated by an electrolyte. The electrolyte contains a large amount of ions 

that based on aqueous or organic solvents. The electrode material is the most 

important component of the supercapacitor. 

Supercapacitors can be divided into two categories based on the 

underlying energy storage mechanism.1, 2, 5 One is electrochemical double layer 

capacitor (EDLC), where electrical energy is stored by electrostatic accumulation 

of charges.1 EDLC can provide ultrahigh power and excellent cycle life due to the 

fast and non-degradation process between electrode active materials and 

electrolyte.2 However, the energy stored in EDLCs is limited by the finite 

electrical charge separation at the interface of electrode materials and 

electrolyte, and the availability of electrode surface area.4 The most widely 

studied materials for EDLCs are carbons, including activated carbons (ACs), 

carbon nanotubes (CNTs), graphene and so on. Among them, ACs are 

dominated in the commercially available supercapacitors due to their low cost, 

high availability, excellent electrical conductivity, stable electrochemical response 

and environmental benignity.7, 8 CNTs have got superior material properties such 

as high chemical stability, aspect ratio, mechanical strength and activated 
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surface area and outstanding electrical properties, which make them widely 

accepted as supercapacitor electrode materials.9-13 Graphene is a single layer of 

carbon sheet in the two-dimensional form. It is recently demonstrated as an 

excellent supercapacitor material with promising features of high specific surface 

area, a very high intrinsic electrical conductivity in plane as well as good 

mechanical strength and chemical stability.6, 14  

Another type of supercapacitor is the so-called pseudocapacitor, in which 

the electrical charges are mainly stored by fast and reversible redox reactions.1-3, 

5 Because of the Faradaic process underpinning the energy stored in a 

pseudocapacitor, it has increased energy density but at the cost of power density 

and cycle life compared to EDLCs. The typical electrode materials used for 

pseudocapacitors are transition metal oxides/hydroxides and conducting 

polymers, such as manganese dioxide (MnO2), cobalt oxide (Co3O4), polyaniline 

(PAni) and polypyrrole (PPy). Among the different transition metal oxides for 

supercapacitor, MnO2 is of particular interest due to its high electrochemical 

activity, environmental compatibility, low cost, and abundant availability on 

earth.15-18 The pseudocapacitive reaction of MnO2 is a surface dominant reaction, 

only the surface or a very thin surface layer of the oxide can participate in this 

pseudocapacitive reaction.19, 20 As the electrochemical performance of MnO2 

nanoparticles largely depends on their microstructure and surface area, the 

development of controlled synthesis of MnO2 nanostructures with well-defined 

microstructure and high electrochemically active area is of great importance. 
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Hybrid supercapacitors that combine Faradaic and non-Faradaic charge 

storage mechanisms, resulting in improved device characteristics.21-26 For 

example, a composite of graphene oxide supported by needle-like MnO2 

nanocrystals showed better electrochemical performance than that of MnO2.
27 A 

rational design of ternary nanocomposite composed of MnO2, CNT and 

conducting polymer exhibited outstanding electrochemical performance owing to 

the effective utilization of all the desired functions of each component.28 

 

Figure 0.2: Classification of capacitors. 
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1.3 Electrochemical Techniques 

1.3.1 Electrochemical Measurement System 

Generally, the electrochemical system for measuring supercapacitor 

performance is composed of three main components: an electrochemical cell, an 

electrochemical workstation and a computer that used to control the workstation 

(Figure 1.3). The electrochemical workstation can be used to measure all the 

required electrochemical parameters of the supercapacitors.  

 

Figure 0.3: A typical electrochemical apparatus for the tests of supercapacitors.  
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1.3.2 Electrochemical Cells 

To test an electrochemical cell, both three-electrode and two-electrode 

configurations can be performed as shown in Figure 1.4. Typically, the cells 

consist of three electrodes, including working electrode (WE), reference 

electrode (RE) and counter electrode (CE). The voltage is controlled between 

WE and RE, and the current flows through WE and CE. In the three-electrode 

configuration, the CE and RE are separated from each other to keep a constant 

voltage for the RE over a large range of currents (Figure 1.4a). While in the two-

electrode set up, the CE and RE are shorted to work as a positive or negative 

electrode in contrast to the WE (Figure 1.4b). In this case, the measured voltage 

is the cell voltage of the full cell device. The insets of Figure 1.4a and b show the 

digital photographs of real three- and two-electrode setups. For the two-electrode 

coin cell shown in Figure 1.4b, it contains two identical electrode materials 

loaded on the conductive carbon substrates as working electrodes, sandwiched 

by a separator and assembled by adding electrolyte in between as well as the 

spaces, springs and cases included. 

It was proposed by Ruoff et al. that the two-electrode configuration is 

better than the three-electrode one for the evaluation of energy storage capacity 

as real-world devices.29 Although the three-electrode configuration is valuable for 

analyzing the redox reactions at a single electrode surface, the high sensitivity 

can lead to large errors when projecting the energy storage capacity of a single 
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electrode.30 It is therefore encouraged to adopt the two-electrode configuration 

for the evaluation of supercapacitor performance for energy storage applications. 

 

 

Figure 0.4: Illustration and photographs of electrochemical test configurations. (a) 

Three-electrode cell; (b) two-electrode cell and its components. 

 

1.3.3 Electrochemical Techniques 

Cyclic voltammetry (CV), galvanostatic charge-discharge (CD) and 

electrochemical impedance spectroscopy (EIS) are the most commonly used 

techniques for characterizing a supercapacitor in either a three-electrode cell (a 

supercapacitor electrode) or a two-electrode cell (a supercapacitor device). 
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1.3.3.1 Cyclic Voltammetry 

CV and CD are two transient techniques that have been widely used by 

electrochemists.30 The principle of the CV technique is to apply a linear voltage 

ramp to an electrode (or a device) within a set voltage range and to measure the 

resulting current. The CV is an accurate technique that enables. 

 qualitative and pseudo-quantitative studies 

 kinetic analysis by scanning a huge range of scan rates 

 voltage window determination of the electrode or device 

The CV technique is often used to evaluate the capacitance and cycling 

stability of a supercapacitor. However, the CD technique is considered to be 

better for those measurements. 

1.3.3.2 Galvanostatic Charge-Discharge 

The CD is the most accepted technique in the energy storage field due to 

its extendibility from a laboratory scale to an industrial one. Different from the CV 

technique, the current is accurately controlled and the voltage is measured 

accordingly in the CD technique. It is also called chronopotentiometry and gives 

access to different parameters such as capacitance, resistance and cycling 

stability.  

1.3.3.3 Electrochemical Impedance Spectroscopy 
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The EIS is a stationary technique that allows acquisition times high 

enough to get accurate measurements. This technique can be conducted by 

controlling either the current or the voltage and thus measuring the voltage or 

current. The behavior of EIS for supercapacitors is strongly depended on their 

materials and electrolytes. Basically, the Nyquist plot (real impedance versus 

imaginary impedance) and the Bode plot (frequency versus impedance) are 

widely used to represent the behaviors of the supercapacitors, some of which will 

be discussed in detail in the following sections. 

Above all, the electrochemical techniques introduced here are most widely 

used to characterize supercapacitors and to get important electrochemical 

parameters for determining the supercapacitor performance. The combination of 

these three techniques allows us to understand the electrochemical behaviors 

and will be discussed throughout the whole dissertation.  

1.4 Supercapacitor Parameters 

1.4.1 Capacitance 

When charged by applying a voltage across the electrodes, a capacitor 

connected in a circuit will act as a voltage source for a short time. Its capacitor (C) 

is the ratio of electric charge on each electrode (Q) to the voltage (V) between 

them, thus: 
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For a typical EDLC which stores the charges electrostatically by reversible 

adsorption and desorption of electrolyte ions onto and out of the high surface 

area carbonaceous active materials, C can also be represented as: 

  
     

 
 

where ε0 is the permittivity of vacuum, εr is the relative dielectric constant of the 

electrolyte, A is the surface area of the interface and d is the effective thickness 

of the double layer. 

Considering the measured electrochemical behaviors (CV or CD) of the 

supercapacitors, the capacitance can be calculated from the discharge part 

according to the following equation: 

  
 

  
  ⁄

 

where C is the capacitance, I is the current, and dV/dt is the potential scan rate 

(for CV) or the slope of the discharge curve after voltage drop (for CD). 

When two-electrode full cell is applied, the specific capacitance (Cs, with 

unit of F/g) can be expressed as: 

 𝑠  
4 

𝑀
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where M is the total mass of active materials on the two electrodes. 

1.4.2 Energy and Power Density 

Another two primary characteristics of supercapacitors are energy and 

power density, both of which can be expressed gravimetrically (the energy per 

unit weight) or volumetrically (the energy per unit volume). The maximum energy 

density is given by 

  
 

 
    

where E is the energy (with unit of J), C is the capacitance (F) and V is the 

maximum voltage (V). 

The power (P) is the rate of energy delivery per unit time. Generally, the 

resistance of the internal components of the supercapacitors (e.g. current 

collectors, electrode materials, electrolytes and separators) needs to be taken 

into account to determine the power of the supercapacitors, which is usually 

referred to as the equivalent series resistance (ESR). The ESR, obtained from a 

voltage drop (IR drop) during discharge, determines the maximum voltage and 

therefore limits the maximum energy and power density of the capacitors. The 

maximum power density is given by 

  
  

4   
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where V is the maximum cell voltage (V) and P is the maximum power (W). The 

ESR can be deduced from the voltage drop at the beginning of the discharge 

curve. 

    
     

  
 

1.5 Challenges and Opportunities 

During the past a few decades, much research and industrial efforts have 

been conducted on improving the supercapacitor performance through the 

following four distinguished and complementary axes to enable the merger of the 

energy storage systems: increase energy density, increase power density (i. e. 

decrease ESR), increase the lifetime and decrease the cost of the device. Only 

the device combing good electrochemical performance and low cost can be 

possible for the widespread applications. 

In order to overcome the challenges in the supercapacitors, it is worth 

noting that the overall performance of a supercapacitor is largely determined by 

the active electrode materials, which define the capacitance and thus the storage 

capacity of the supercapacitor. Therefore, the opportunities in the field of 

supercapacitors could be the preparation of good electrode materials with low 

cost for excellent supercapacitor electrochemical performance. One effective 

strategy is to prepare low cost materials (such as manganese oxide, conducting 

polymers and activated carbons) with promising features for improved 



41 

 

supercapacitor performance. As mentioned in the previous section, MnO2 as one 

of the most investigated materials for supercapacitors have very promising 

potential towards addressing the issues in the area of supercapacitors.  

1.6 Literature Review of MnO2 

Ever since the pioneering work on MnO2 as a good material for the 

supercapacitor in aqueous electrolytes that was published in 1999 by Lee and 

Goodenough, intensive work has been reported on the preparation and 

optimization of MnO2 for improved supercapacitor energy storage performance.31 

As a transition metal element, manganese exists in a variety of stable oxides 

(MnO, Mn3O4, Mn2O3 and MnO2). Among them, MnO2 has been extensively 

investigated as an electrode material for high performance supercapacitors 

owing to its many good features of low cost, high theoretical capacity, 

environmental friendliness and natural abundance.32 MnO2 exists in polymorphs, 

such as α-, β-, γ- and ε-phases, which are different in the way on how the basic 

units of MnO6 octahedra are linked, as shown in Figure 1.5 and Table 1.1.33-35 

The structural parameters are important in determining and optimizing the 

electrochemical behaviors of MnO2 as supercapacitor materials. Additionally, 

various methods have been used to prepare MnO2 nanostructures such as sol-

gel, co-precipitation, hydrothermal reaction, and electrochemical deposition. In 

the meantime, a large variety of MnO2 with different morphologies (such as 
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nanoparticles, nanocubes, nanorods, nanotubes, etc.) and different crystalline 

phases (such as α, β, γ, ε, δ, etc.) can be produced, as shown in Table 1.2.36-43  

In general, MnO2 exhibits specific capacitance within the range of 50-200 

F/g in aqueous electrolyte, which is much lower than its theoretical capacitance 

value of 1370 F/g.19 The capacitance of MnO2 based supercapacitors is 

ultimately limited by the poor electrical conductivity of MnO2. Therefore, two 

approaches have been applied to address this critical issue. One approach is to 

incorporate of other metal elements into MnO2 compounds to enhance their 

electrical conductivity and charge storage capacity, which can be basically 

realized by mixing other transition metal oxides such as RuO2, NiO, Co3O4 with 

MnO2 to form the mixed metal oxides, or by the doping of other metallic elements 

such as Co, Fe, Sn, Ag and Au into the MnO2 compounds.44-52 The chemically 

modified MnO2 showed enhanced electrical conductivity and the electrochemical 

properties have been improved accordingly, as shown in Table 1.3. Another 

approach to compensate for the poor electrical conductivity of MnO2 can be 

achieved by the hybrid of MnO2 with highly electrically conducting materials (such 

as carbon materials and conducting polymers) to form different composites. In 

this case, MnO2 deposited on the conducting materials such as carbon 

nanotubes, graphene and PEDOT by different methods, including physical 

mixing of the components, thermal decomposition and electrochemical 

deposition, for enhancing supercapacitor performance with improved cycling 

stability.53-57 
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Figure 1.5: Schematic representation of the crystal structures of MnO2. (a) α-

MnO2; (b) β-MnO2; (c) δ-MnO2; (d) λ-MnO2.
33, 34 
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Type Crystal structure Description 

α-MnO2 

(psilomelane) 

Monoclinic, A2/m 
Cross-linking of double or triple 
chains of the MnO6 octahedra, 
resulting in two-dimensional tunnels 
within the lattice. 

β-MnO2 (pyrolusite) Rutile structure, 

P42/mnm 

Rutile structure with an infinite chain 
of MnO6 octahedra sharing opposite 
edges; each chain is corner-linked 
with four similar chains. 

β-MnO2 (ramsdellite) Pbnm 
Closely related to rutile except that 
the single chains of edge-sharing 
octahedra are replaced by double 
chains. 

γ-MnO2 (nsutite)  
An irregular intergrowth of layers of 
pyrolusite and ramsdellite. 

η-MnO2  
Different from γ-MnO2 only in 
crystallite size and the concentration 
of microdomains of pyrolusite within 
the ramsdellite matrix. 

δ-MnO2 

(phyllomanganate) 
Birnessite, mR3  

Layered structure, containing infinite 
two-dimensional sheets of edge-
shared MnO6 octahedra. 

ε-MnO2 Defective NiAs, 

P63/mmc 

Hexagonal close packing of anions, 
with Mn4+ statistically distributed over 
half the available octahedral 
interstices. 

Table 1.1: Crystal structures of MnO2.
32 
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Technique Synthesis 

conditions 

Morphology Structure SBET 

(m2/g) 

Cs 

(F/g) 

Test 

conditions 

Hydrotherm

al36 

 
MnSO4 + 
KMnO4, 
140 °C 

Plate-like, 

nanorods 

α-MnO2 100-

150 

 
72-
168 

 
5 mV/s, 

3-electrode 
setup 

Hydrotherm

al37 

KMnO4 + 

HNO3, 

110 °C 

Urchin-like α-MnO2 80-

119 

86-

152 

5 mV/s,    

3-electrode 

setup 

Hydrotherm

al38 

NaMnO2 + 

HNO3, 

120 °C 

Lamellar δ-MnO2 --- 241 2 mA/cm2, 

3-electrode 

setup 

Room 

temperature 

precipitation
39 

 
MnSO4 + 
K2S2O8 

Rod-shaped δ-MnO2 --- 201 
 

1 mV/s,    
3-electrode 

setup 

 
Low 

temperature 
reduction40 

 
KMnO4 or 
NaMnO4 
in acids, 

20-100 °C 

Layered Rancieite 

structure 

11-

206 

17-

112 

2 mV/s,    

3-electrode 

setup 

Sol–gel 

process41 

Manganes
e acetate+ 
citric acid, 

80 °C 

Nanorods γ-MnO2 --- 317 0.1 A/g,    

3-electrode 

setup 

Solution 

combustion 
42 

 
Mn(NO3)2 

+ 
C2H5NO2 

Plate-like ε-MnO2 23-43 
 

71-
123 

 
1 A/g,       

3-electrode 
setup 
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Electro-

deposition 
43 

MnSO4 

(0.25M), 

pH=6.4 

--- Amorpho

us 

--- 265-

320 

3-electrode 

setup 

Table 1.2: Synthesis technique, conditions, morphology, crystal structures, BET 

surface area and subsequent specific capacitance of MnO2. 

Materials Techniques Synthesis 

conditions 

Cs (F/g) Test 

conditions 

Ni-Mn oxide44 Anodic 

electrodeposition 

10mM MnCl2 + 

100mM NiCl2, 10 

mV/s for 45 cycles 

160 50 mV/s, 3-

electrode 

setup 

Ni-Mn oxide45 Potentiodynamic 

electrodeposition 

0.4 M MnSO4 + 

0.1 M NiCl2, pH=6, 

200 mV/s for 300 

cycles 

621 

(685) 

10 mV/s (2 

mA/cm2), 3-

electrode 

setup 

Co-Mn 

oxide45 

Potentiodynamic 

electrodeposition 

0.4 M MnSO4 + 

0.1 M CoCl2, 

pH=6, 200 mV/s 

for 300 cycles 

498 

(560) 

10 mV/s (2 

mA/cm2), 3-

electrode 

setup 

Mo-Mn 

oxide46 

Anodic 

electrodeposition 

2 mM MnSO4 + 20 

mM Na2MoO4, 20 

mV/s 

190 5 mV/s, 3-

electrode 

setup 

Ru-Mn Oxidative co- RuCl3 + MnAc2 + 197- 2 mA, 3-

electrode 
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oxide47 precipitation KMnO4 318 setup 

Co-doped 

MnO2
48 

Pulsed laser 

deposition 

Laser fluency of 2-

3 J/cm2, and 

repetition rate of 

50 Hz 

99 5 mV/s, 3-

electrode 

setup 

Fe-doped 

MnO2
49 

Electrochemical 

deposition 

0.1 M MnSO4 + 

0.1 M citric acid + 

1M NaOH + 

FeSO4, pH=10.5, 5 

mA/cm2 

218 5 mV/s, 3-

electrode 

setup 

Sn-doped 

MnO2
50 

Chemical co-

precipitation 

KMnO4 + MnCl2 + 

SnCl2, pH=7 

293 0.2 A/g, 3-

electrode 

setup 

Ag-doped 

MnO2
51 

Cathodic 

electrochemical 

deposition 

20 mM KMnO4 + 

0-2 mM AgNO3, 1 

mA/cm2 

770 

(225) 

2 mV/s, mass 

loading of 50 

µg/cm2 (160 

µg/cm2), 3-

electrode 

setup 

Au-doped 

MnO2
52 

Electrochemical 

deposition of 

MnO2; Physical 

vapor deposition 

of Au-doping 

0.2 M MnAc2 + 0.2 

M Na2SO4, 0.4 V 

for 5s and 0.45 V 

for 10s, last for 5 

min; Sputtering 

current of 40 mA, 

deposition rate of

～0.62 μg s-1 cm-2 

626 5 mV/s, mass 

loading of 

~100 µg/cm2, 

3-electrode 

setup 



48 

 

Table 1.3: Electrochemical performance of the mixed metal oxides (MnO2 with 

other transition metal oxides), and the doped MnO2 compounds by other metallic 

elements. 

 

1.7 Objective of the Dissertation 

The objective of this dissertation is to prepare MnO2 based nanostructures 

in order to improve supercapacitor electrochemical performance. We will achieve 

the objective from the following strategies: 

1. The preparation of MnO2 nanostructures with desirable morphological and 

crystalline structures, and the detailed understanding of their 

electrochemical performance as supercapacitor materials.  

2. The fabrication of MnO2 with different forms of carbon nanomaterials for 

MnO2 based nanocomposites to improve the electrode conductivity and 

energy storage density. 

3. The design and fabrication of novel MnO2-based electrodes for low-cost 

and scalable supercapacitors with excellent electrochemical performance. 

4. The preparation of other supercapacitive materials (conducting polymers 

and carbons) based on the MnO2 nanostructures as templates. 
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Chapter 2 

 

MnO2 Based Supercapacitor Electrodes 

 

2.1 MnO2 Nanostructures 

 
2.1.1 Introduction 

Manganese dioxide (MnO2) is considered to be one of the most promising 

materials for energy storage systems including batteries and supercapacitors.32, 

58-61 Compared to batteries, supercapacitors have much higher power density 

(10-100 times higher than batteries), fast charge rate (charge a supercapacitor 

takes only a few seconds to minutes) and excellent cycling stability (cycle 

number of more than 1 million cycles).  This makes supercapacitors ideal devices 

for many critical applications such as consumer electronics, hybrid electric 

vehicles, and smart grid storage.2, 62 However, their relatively lower energy 

density (~10 times lower than that of batteries) has thus far limited their wide-

spread application as energy storage devices.5 Carbon based supercapacitors 

show low charge storage capacity due to the limited electrolyte ion adsorption 

and desorption on the surface of the carbon. Therefore, replacing carbon 

materials in commercial supercapacitors by high capacity materials like MnO2 

can be an effective strategy to increase the energy density of supercapacitors, 

thus paving the way for their adoption in a variety of applications. However, oxide 
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electrodes have the fatal disadvantage of poor cycling performance, an issue that 

so far has not been sufficiently investigated.  

Various synthesis methods and a large variety of MnO2 with different 

morphologies and crystalline phases have been reported to prepare MnO2 

nanostructures.63-71 However, a systematic study focused on studying the effect 

of MnO2 nanoscale morphology and crystal phase and its cycling performance on 

supercapacitor capacity has not been performed. One of the very first studies 

conducted by Belanger et al. revealed the energy storage mechanism of MnO2 

electrode in aqueous electrolyte by cyclic voltammetry and X-ray photoelectron 

spectroscopy techniques.72 They found that the MnO2 electrode with thick layer 

underwent no change of the Mn oxidation state because only a very thin layer of 

the material contributed to the energy storage process.72 Afterwards, Wei et al. 

carried out a study of the influence of MnO2 morphology on the electrochemical 

properties by controlling the material synthesis conditions.36 The electrochemical 

tests demonstrated that the storage capacity of MnO2 electrodes is highly related 

to its morphology, nanostructure, and surface area, but the study did not provide 

very detailed material analysis to elucidate the factors that control 

electrochemical performance of the devices.36 In order to achieve the best 

energy storage performance of MnO2 and better understand the energy storage 

mechanism, it is very important to study not only the general shape or 

nanostructure of MnO2 but also the evolution of the nanostructures with 

electrochemical cycling to the supercapacitor performance.    
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We report a comprehensive study on investigating the energy storage 

mechanism of nanostructured MnO2 by a systematic route using multiple 

techniques that have not been utilized to study MnO2 based supercapacitors 

previously. Firstly, we prepared different MnO2 nanostructures with well-

controlled morphology and crystallinity by a facile hydrothermal reaction. In 

addition to many conventional characterization methods, three-dimensional 

scanning transmission electron microscopy tomography is used, for the first time, 

to explain the growth mechanism of the MnO2 and the corresponding cycling 

performance of the supercapacitors. Furthermore, the electrochemical 

performance of the MnO2 nanostructures was studied in detail and we revealed 

the energy storage mechanism of MnO2 by direct observation of the evolution of 

material structure during long-term cycling tests. 

2.1.2 Experimental Section 

2.1.2.1 Preparation of MnO2 Nanostructures 

MnO2 nanostructures with controlled morphologies were prepared from a 

facile hydrothermal route. In a typical procedure, KMnO4 (0.263 g, 1.66 mmol) 

were dissolved in water (30 mL) with agitation at room temperature, followed by 

adding concentrated HCl (37%, 1 mL). After stirring for 5 min in air, the solution 

was transferred to a Teflon-lined stainless steel autoclave (capacity of 45 mL) 

and heated to 140 °C in an electric oven. In order to get designed morphology, 

the reaction of the solution was kept for different periods (1h, 1.5h, 2h, 4h, 8h, 
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12h), and the autoclave was then cooled naturally to room temperature. The 

resulting products were filtered, washed by water and absolute ethanol 

repeatedly to remove any possible residual reactants. Finally, the products were 

dried in an oven at 80 °C. 

2.1.2.2 Materials Characterization 

The microstructure and morphology of MnO2 were characterized by 

scanning electron microscopy (SEM, Nova Nano 630, FEI), and transmission 

electron microscopy (TEM, T12 and Titan 80-300 kV (ST) TEM, FEI). The 

crystallographic structure of the samples was tested by X-ray diffraction (XRD, 

D8 Advance bulk power XRD, Bruker). Surface area and pore size distribution 

measurement (ASAP 2420, surface area and pore size analyzer, Micromeritics) 

was carried out by nitrogen adsorption and desorption at bath temperature of -

195.85 °C. The X-ray photoelectron spectroscopy (XPS) analysis was conducted 

on a Kratos AXIS Ultra DLD spectrometer. A FEI Titan Super Twin 80-300 

operated at 300 kV, equipped with a Fischione Dual-Axis tomography holder 

(Model 2040), was used to acquire the TEM images and scanning transmission 

electron microscopy (STEM) tomography tilt series. Fischione Annular Dark Field 

(ADF) detector (Model 3000) was used to acquire HAADF STEM images. The 

semi-convergence angle (alpha) of the probe is 10 mrad and HAADF STEM 

images was acquired at the detector inner and outer collection angles of 58 mrad 

and 200 mrad. The total data acquisition time was ~3h which included the 

operation of tracking and focusing in manual mode. The tilt series were acquired 
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at the range from -70 degree to +70 degree in Xplore 3D software (FEI 

Company) with the tilt increment of 2 degree. Inspect3D software (FEI Company) 

was used to process the tilt series using a cross correlation method for image 

shift and tilt alignments, and the 3D reconstruction was performed by 

simultaneous iterative reconstruction technique (SIRT) with 30 iterations. The 

visualization of the 3D datasets was performed by using isosurface and volume 

rendering in Avizo Fire software. 

2.1.2.3 Electrochemical Measurements 

All electrochemical tests in this study were conducted at room temperature 

in a three-electrode configuration, with Pt wire used as counter electrode, 

Ag/AgCl as reference electrode, and MnO2 coated on carbon paper as working 

electrode. MnO2 with different morphologies acting as active material was each 

mixed with acetylene black and polytetrafluoroethylene (PTFE) binder with a ratio 

of 80:10:10 in ethanol to form homogenous electrode slurry. The electrodes of 

supercapacitors were prepared by drop casting of the slurry onto graphitized 

carbon papers. Then the electrodes were vacuum dried at 100 °C for 12 hours. 

The mass of the materials on the electrode was determined by a microbalance 

(Mettler Toledo XP26, resolution of 1 μg) using the mass difference before and 

after materials loading. The typical mass loading of the electrodes is 2 ~ 3 

mg/cm2. The electrolyte used in this study is 1 M Na2SO4. The electrochemical 

performance was tested in a VMP3 multi-channel electrochemical workstation 

(Bio-Logic) by the techniques of electrochemical impedance spectroscopy (EIS), 
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cyclic voltammetry (CV) and galvanostatic charge-discharge (CD). The EIS was 

measured with frequency range between 100 kHz and 100 mHz. The CV was 

tested from scan rate of 5 mV/s to 100 mV/s with voltage window from 0 to 0.8 V 

vs. Ag/AgCl. The CD measurement was conducted from current density of 0.5 

A/g to 10 A/g with the same voltage window as the CV tests. The capacitance 

values were calculated from galvanostatic charge-discharge curves according to 

the equation mentioned in the chapter 1. The galvanostatic charge and discharge 

technique was used to determine the cycling performance for all samples. 

2.1.3 General Characterization of MnO2 Nanostructures 

Different morphologies of MnO2 nanostructures were prepared by a 

hydrothermal reaction between KMnO4 and HCl in aqueous solution. The 

reaction periods were chosen to engineer the morphology of the MnO2 

electrodes, and included reaction times of 1 h, 1.5 h, 2 h, 4 h, 8 h and 12 h. As 

shown in Figure 2.1, after a reaction of 1h, the mixed solution of KMnO4 and HCl 

aqueous medium results in the nucleation and growth of porous nanospheres 

(inset in Figure 2.1a). The nanospheres are comprised of many wrinkled 

nanosheets, which are self-assembled perpendicular to the outer surface of the 

nanospheres (Figure 2.1a). The porous nanospheres have typical diameters 

ranging from a few hundred nanometers to several micrometers, and the gaps 

between the nanosheets vary from 50 nm to 300 nm. When the reaction time is 

increased to 1.5 h, short nanofibers begin to emerge between the nanosheets, as 

marked by the red arrows in Figure 2.1b. However, the porous sphere-like 
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morphology persists, and the nanosheets are still dominant over nanofibers. 

When the hydrothermal reaction is further prolonged to 2h (Figure 2.1c), more 

nanofibers grow from the nanosheets and the diameter of the nanofibers also 

increases, compared to the sample in Figure 2.1b. It is interesting to note that the 

nanosheets inside the nanospheres disappear completely when the reaction time 

extends to 4h (Figure 2.1d), and instead of forming more nanofibers, a large 

number of nanotubes are formed. The nanotubes formation can be seen from 

their end tips (Figure 2.1d), and will be confirmed later in the manuscript. The 

nanotubes replace the original nanosheets, but the overall sphere-like 

morphology is retained, where each nanosphere now consists of MnO2 nanotube 

bundles. When the reaction time reaches 8 h (Figure 2.1e), the nanotubes still 

exist but the overall morphology of MnO2 has changed to hollow urchin-like 

structure, which is less agglomerated as compared to the morphology in Figure 

2.1d. Finally, after reaction time of 12h, the individual nanotubes disperse well in 

the reaction solution and the nanosphere morphology disappears (Figure 2.1f). 
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Figure 0.1: SEM images of the MnO2 nanostructures obtained at different 

hydrothermal reaction times. (a) MnO2-1h; (b) 1.5h; (c) 2h; (d) 4h; (e) 8h; (f) 12h. 

XRD was carried out to investigate the crystal structure and phase purity 

of the as-prepared MnO2 nanostructures with different morphologies. It is found 

that the MnO2 can be classified into two different crystalline structures, 

depending on the hydrothermal reaction time. When the hydrothermal reaction is 

less than 2 h, the diffraction peaks of the MnO2 shown in Figure 2.2 can be 

indexed to K-Birnessite δ-MnO2 (JCPDS 01-080-1098, base-centered monoclinic 

with a=5.149Å, b=2.843Å, c=7.176Å and β=100.76°).73 The broad and low 

intensity XRD peaks indicate a poor or polycrystalline feature of the layered δ-

MnO2. While for the MnO2 obtained at hydrothermal reaction of more than 2 h, 

the sharp and high intensity peaks correspond to α-MnO2 (JCPDS 00-044-0141, 
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body-centered tetragonal with a=9.78 Å and c=2.86 Å), indicating the high 

crystallinity and high purity of the MnO2 prepared by the facile hydrothermal 

method.74 Therefore, the crystal phase and morphology of the MnO2 

nanostructures can be controlled very well by the reaction time.  

 

Figure 0.2: XRD patterns of the MnO2 nanostructures obtained at different 

hydrothermal reaction times, ranged from 1h to 12h. 
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TEM was used to characterize the interior of the MnO2 nanostructures with 

different morphologies. Figure 2.3a shows folded MnO2 nanosheets that self-

assembled into porous nanospheres (inset of Figure 2.3a), corresponding to the 

MnO2 morphology observed in the SEM in Figure 2.1a. Furthermore, the TEM 

images in Figure 2.3b confirm that the nanofibers start to appear from the surface 

of the nanosheets within the nanospheres, as was demonstrated by the SEM in 

Figure 2.1b. It is also observed in Figure 2.3b that the nanofibers are 

polycrystalline. The lattice fringes show d-spacings of 0.24 nm and 0.31 nm, 

corresponding to the d values of (211) and (310) planes of α-MnO2, respectively. 

This indicates that the δ-MnO2 nanosheets convert to polycrystalline α-MnO2 

nanofibers in the initial phase of nanofiber formation. The lattice fringe with 

spacing of 0.49 nm corresponds to d value of (200) plane of α-MnO2. Figure 2.3c 

shows the TEM image of MnO2 nanostructure formed at a 2h hydrothermal 

reaction time. The overall morphology in the inset of Figure 2.3c shows that the 

nanospheres are composed a number of nanofibers. Enlarged image of selected 

region in Figure 2.3c inset (marked by the red square) exhibits the coexistence of 

MnO2 nanosheets and nanofibers, which agrees well with the morphology 

observed by SEM in Figure 2.1c. The nanofibers have their one end embedded 

in the nanosheets, indicating that the growth of MnO2 nanofibers originates from 

the nanosheets themselves.70 Figure 2.3d shows the hollow urchin-like MnO2 

sphere, consisting of a bundle of nanotubes obtained at reaction time of 4h. Most 

of the nanotubes in this stage are not completely hollow tubes, with only the 
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outer end part of the tubes becoming hollow (Figure 2.3d). However, the end tips 

of the MnO2 nanotubes have become rough and irregular, different from the 

smooth and neat shape of the nanofibers (Figure 2.3b). The tubular morphology 

of individual MnO2 remained with increasing reaction time, as shown in Figure 

2.3e (reaction time of 8h) and Figure 2.3f (reaction time of 12h). However, at 

these long reaction times (8 and 12 h), the overall morphology of MnO2 evolved 

to rather hollow spheres (Inset of Figure 2.3e) and well-dispersed nanotubes 

(Inset of Figure 2.3f). The evolution of the MnO2 nanostructure and morphology 

is summarized in Table 1. 

 

Figure 0.3: TEM images of the MnO2 nanostructures obtained at different 

hydrothermal reaction times. (a) MnO2-1h; (b) 1.5h; (c) 2h; (d) 4h; (e) 8h; (f) 12h. 
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Reaction time (h) 1 1.5 2 4 8 12 

 
Morphology 

spheres 
consisting 
of sheets 

 

sheets 
+ 

fibers 

sheets (less) 
+ 

fibers (more) 

tubes tubes tubes 

 
 

Crystallinity 

poly-
crystalline 
δ-MnO2 

sheets 

polycrystalline 
δ-MnO2 

sheets and 
polycrystalline 
α-MnO2 fibers 

 

polycrystalline 
δ-MnO2  

sheets and 
polycrystalline 
α-MnO2 fibers 

single 
crystalline 
α-MnO2 

tubes 

single 
crystalline 
α-MnO2 
tubes 

single 
crystalline 
α-MnO2 
tubes 

BET surface area 
(m

2
/g) 

 
201.65 

 
156.35 

 
55.62 

 
44.99 

 
41.58 

 
40.58 

       

Table 2.1: The summary of MnO2 nanostructures in terms of morphology, 

crystallinity and BET surface area. 

Additional HRTEM and selected area electron diffraction (SAED) were 

performed on MnO2. Figure 2.4a shows a folded nanosheet in one of the MnO2 

nanospheres. By careful inspection, it can be seen that the nanosheet consists of 

many small domains with different orientations, confirming its polycrystalline 

nature. The observed fringes with spacing of 0.7 nm and 0.24 nm correspond to 

the d value of (001) and ( ̅11) planes of δ-MnO2. The SAED pattern taken in 

approximately the same region as Figure 2.4a displays two characteristic rings 

that correspond to (311) and (  ̅ 11) planes of δ-MnO2 (Figure 2.4b). The 

appearance of (311) plane in the SAED pattern is not observed in the HRTEM 

image due to the limited spatial resolution of the TEM. Nevertheless, the HRTEM 

together with its SAED pattern confirm that the MnO2 nanospheres are δ-MnO2 

with polycrystalline nature for short hydrothermal reaction time (1h). In contrast, 

the MnO2 nanotubes formed after long hydrothermal reaction time (12h) 
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demonstrate the typical hollow structure with irregular open tips (Figure 2.4c). 

The highly crystalline lattice fringes in the HRTEM image (Figure 2.4c) indicate 

the single crystalline characteristic of the MnO2 nanotubes, as confirmed by the 

corresponding SAED pattern (inset of Figure 2.4c). The growth direction of the 

nanotubes is [001], which can be determined from its SAED pattern and further 

confirmed by the cross-sectional TEM image of MnO2 nanotube and its 

corresponding SAED pattern (Figure 2.4d). 
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Figure 0.4: HRTEM images of (a) the MnO2 nanosheets (MnO2-1h) and (b) the 

corresponding SAED pattern; (c) MnO2 nanotubes (MnO2-12h) and (d) the 

corresponding SAED pattern. 

2.1.4 3D Electron Tomography of MnO2 

Although the morphological and crystalline characteristics of MnO2 

nanostructures can be identified from 2D TEM images, some important 
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information on the material may still be difficult  to detect due to the limitation of 

2D projection in the TEM technique.75 We therefore used 3D electron 

tomography to visualize the 3D morphological evolution of the various MnO2 

nanostructures to better understand the growth mechanism and the 

corresponding electrochemical performance of MnO2 electrodes.76 Three 

different morphologies of the 1D MnO2 were selected for study using 3D electron 

tomography: (i) nanofibers obtained at hydrothermal reaction time of 2h, 

nanotubes obtained at hydrothermal reaction time of (ii) 4h, and (iii) 12h. We 

understand that it is difficult to cover all the different morphologies, but the 

selected three morphologies are enough to show the evolution of the 1D MnO2 

nanostructures. As depicted in Figure 2.5, the reconstructed 3D images and their 

cross sectional slices exhibit the overall morphology and interior structure of 

MnO2, information that is not available by conventional TEM images, but is 

extremely important to explain the growth mechanism and electrochemical 

performance of MnO2. Take the MnO2 nanofiber (MnO2-2h) as an example, the 

constructed 3D image in Figure 2.5a shows a nanofiber with smooth outer 

surface. Figure 2.5b shows that the inside of the nanofiber is completely solid 

without any voids or defects. However, some areas on the tip of the nanofiber are 

rough, as illustrated by the red circles in Figure 2.5a and b. This roughness is 

probably caused by the acid etching effect in the reaction solution, indicating that 

the etching process preferably takes place on side surfaces of the nanofibers. 

The cross-sectional slice shown in Figure 2.5b is irregularly shaped indicating 
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that one side of the outer surface is also corroded by acid etching. All this 

information confirms the solid interior of the nanofibers without internal openings. 

As for the MnO2 nanotubes (MnO2-4h), their outer surfaces are quite rough and 

irregular (Figure 2.5d-f), which is a result of being seriously etched by the acids. 

The 3D reconstruction of the nanotube shows clearly the formation of the voids. It 

is further revealed that these voids are preferable to grow laterally along the 

nanotubes as labeled by the red rectangles in Figure 2.5e, which are caused by 

the recrystallization during the Ostwald ripening process (discussed in the next 

section). The irregular nanotube was formed as a result of further growth of the 

central voids that run the entire length of the structure, as confirmed by the cross 

sectional images taken at the two ends of the nanotube.  In the case of MnO2 

nanotubes obtained at a reaction time of 12h (MnO2-12h), the structure has been 

further corroded by the acid etching, forming larger hollow openings and even 

rupturing the walls of the nanotubes, as indicated by the red arrows in Figure 

2.5g and h. It is a combined result that dominated by the ripening and etching 

processes (Figure 2.5I). 
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Figure 0.5: Electron tomography of 1D MnO2 nanostructures. 3D reconstruction, 

semi-transparent reconstruction and the cross sectional slice for (a-c) MnO2 

nanofiber (MnO2-2h), (d-f) MnO2 nanotube (MnO2-4h), (g-i) MnO2 nanotube 

(MnO2-12h), respectively. 

2.1.5 Growth Mechanism of MnO2 Nanostructures 

In order to get the desired morphology and crystal phase for specific 

applications, it is important to understand the growth mechanism of the MnO2 

nanostructures. Several growth mechanisms of the hydrothermally synthesized 

MnO2 have been proposed in the previous reports. Wang et al. proposed a rolling 

mechanism to explain the formation of one-dimensional MnO2 from lamellar 

structure of MnO2.
77 Luo et al. suggested that the formation of MnO2 nanotube is 

a result of the acid etching process in the reaction solution.74 Recently, Li et al. 
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provided an “oriented attachment” mechanism to illustrate the convention of 

MnO2 nanotubes from nanorods.78 Truong et al. proposed the diffusion of 

nanosheets and the anisotropic growth of nanowires, followed by an Ostwald 

ripening process to form MnO2 nanotubes.70 However, none of these hypotheses 

are obtained based on direct observation of the evidence. We believe that it is 

important to support the proposed growth mechanisms of MnO2 nanostructures 

by direct observation. Taking the 3D reconstruction of the nanostructures by 

electron tomography and combining with the results obtained from XRD, SEM 

and TEM, we are able to provide vivid insight into the internal structures of the 

materials, and to explain the growth mechanism of MnO2 nanostructures during 

hydrothermal synthesis.76. Figure 2.6 summarizes our view of the growth process 

of MnO2 nanostructures. As shown in Figure 2.6a, the rose-like MnO2 nanoflower 

consists of numerous nanosheets that form rapidly once the reaction solution has 

reached the target temperature. The observation of this very first step in our 

experiment agrees well with the previous reports.67, 70 The formation of the MnO2 

nanospheres is a result of the following reactions: 

 𝑀   
            →   𝑀          4            

4𝑀   
   4  →  4𝑀                      

The MnO2 nanosheets are determined to be δ-MnO2, as revealed by XRD and 

TEM, which is a layered structure that is composed of edge-shared MnO6 
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octahedral units.77 However, the layered δ-MnO2 nanosheets are in a metastable 

state and tend to be curled at elevated temperature and pressure, resulting in the 

conversion from nanosheets to nanofibers as illustrated in Figure 2.6b. The short 

nanofibers inherit the polycrystalline nature of the nanosheets of MnO2, but their 

crystalline phase changes from δ-MnO2 to α-MnO2 as the MnO2 one-dimensional 

structures is formed. This phase change is driven by an overall reduction of the 

free energy of the system as the α-MnO2 is a 2×2 tunneled structure with higher 

crystallinity, and is thermodynamically more stable than the δ-MnO2.
68 78 These 

observations agree with the growth mechanism that has been proposed by 

Truong et al. for the formation of 1D nanostructures from 2D nanosheets.70 With 

increasing reaction time, more energy is introduced into the system. The δ-MnO2 

nanosheets continue to diffuse until completely consumed while the α-MnO2 

nanofibers continue to grow, finally resulting in α-MnO2 nanofibers (Inset of 

Figure 2.6c). In the meantime, some of the α-MnO2 nanofibers start to undergo 

an Ostwald ripening process that converts the polycrystalline α-MnO2 nanofibers 

to single crystalline phase. Due to the direct contact of the outer surface with the 

reaction solution, the nanofiber outer surface can firstly become highly 

crystalline, while the ripening process in its interior is much slower owing to their 

different activities of the polycrystalline nanodomains (Figure 2.6c). As the 

hydrothermal reaction time is further increased, the conversion of nanosheets to 

nanofibers is completed and some partially hollow nanotubes are formed (Figure 

2.6d). The formation of nanotubes from nanofibers was confirmed earlier by 3D 
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electron tomography. As discussed in the previous section, the nanofibers are 

easily converted to irregular nanotubes under the high temperature and strong 

acid conditions, which is dominated by the ripening process as well as the acid 

etching process. The effect of the acid etching process is favored on the outer 

surfaces of the nanofibers, because the side surfaces can access the 

surrounding acid more easily than the materials inside the nanofibers, inducing 

the concave side surfaces and even large openings that observed by the 3D 

electron tomography. Longer hydrothermal reaction times make the nanotubes 

more hollow and more crystalline, while individual nanotube starts to disperse 

more uniformly in the solution (Figure 2.6e and f), slowly losing the overall 

spherical/urchin-like morphology.  

In summary, our detailed analysis suggests that the nucleation and growth 

process of the MnO2 nanostructures formed by the hydrothermal reaction 

proceed as flows: (a) nucleation and self-assembly of MnO2 nanosheets into of 

3D nanospheres, (b) the formation of 1D nanofibers that nucleate out of the 

nanosheets, and subsequent conversion of the nanosheets to short nanofibers, 

(c) growth of the nanofibers in size and length, along with continued conversion 

of nanosheets to nanofibers, (d) complete conversion of nanosheets to 

nanofibers, and formation of nanotubes from nanofibers, (e) continued formation 

of nanotubes with more hollow interior. In the meantime, the crystal phase of 

MnO2 transforms from polycrystalline δ-MnO2 nanosheets to polycrystalline α-
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MnO2 nanofibers, and then to single crystalline α-MnO2 nanofibers and 

nanotubes.  

 

 

Figure 0.6: Schematic illustrations of the growth process of MnO2 nanostructures 

controlled by the hydrothermal reaction time. (a) MnO2-1h; (b) 1.5h; (c) 2h; (d) 4h; 

(e) 8h; (f) 12h. 
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2.1.6 Electrochemical Performance of MnO2 Nanostructures 

2.1.6.1 Morphological Effect 

The electrochemical properties of nanostructured MnO2 as electrode 

material for supercapacitors were studied in a three-electrode configuration by 

means of cyclic voltammetry (CV), galvanostatic charge-discharge (CD) and 

electrochemical impedance spectroscopy (EIS). The purpose of the 

electrochemical study is to understand the impact of the structural variation on 

the energy storage mechanism of MnO2. The MnO2 nanostructures with different 

morphologies and crystal phases obtained at different hydrothermal reaction 

periods were all systematically studied as supercapacitor electrode materials, 

and their electrochemical behaviors are summarized in Figure 2.7. Figure 2.7a 

and b show the CV curves at the same scan rate of 10 mV/s and CD at the same 

current density of 1 A/g for all samples before cycling tests. All CV curves show 

nearly rectangular shapes (Figure 2.7a), corresponding to the highly symmetrical 

charge and discharge curves (Figure 2.7b), which all indicate good 

supercapacitor characteristics that agree well with the previous reports.25, 79. At 

the same scan rate, the measured current density of the MnO2 nanostructures 

decreases with the hydrothermal reaction time. This results in the decrease of 

area under the CV loops with the reaction time. Similarly, under the same applied 

current density of 1 A/g, the charge and discharge time becomes shorter as the 

hydrothermal reaction time increases, suggesting the decrease in capacitance 
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with the reaction time. As a result, the sample of MnO2-1h shows the highest 

values of specific capacitance, while the sample of MnO2-12h shows the lowest 

ones (Figure 2.7c). It is worth noting that the capacitance of MnO2-1.5h is only 

slightly lower than that of MnO2-1h, but the values of other samples (MnO2-2h, 4h, 

8h and 12h) are much lower than that of MnO2-1h. The capacitances of MnO2-2h, 

4h, 8h and 12h are in a relatively low range between 10 F/g and 30 F/g, while the 

range for MnO2-1h and 1.5h is between 50 F/g and 110 F/g. 

It is known that the electrochemical performance of supercapacitive 

materials is highly dependent to their surface area for both electrochemical 

double layer storage mechanism and pseudocapacitive storage mechanism.2 

The morphological evolution of the MnO2 from nanosheets to nanofibers and 

finally nanotubes, together with the crystallinity change from polycrystalline to 

single crystalline resulted in a huge difference in the surface area of the MnO2 

nanostructures used in this study. As shown in Figure 2.8, the nitrogen 

adsorption and desorption isotherm curves demonstrate typical type IV curves for 

all MnO2 nanostructures, indicating the mesoporous nature of the materials. The 

calculated specific surface area (SSA) based on BET model for all MnO2 is 

presented in Table 2.1. The SSA changes with the hydrothermal reaction time 

over a wide range (Figure 2.7d). Specifically, the SSA of the samples of MnO2-1h 

(201.65 m2/g) and MnO2-1.5h (156.35 m2/g) are three to four-fold higher than that 

of MnO2-2h (55.62 m2/g), MnO2-4h (44.99 m2/g), MnO2-8h (41.58 m2/g), and 

MnO2-12h (40.58 m2/g). The dramatic decrease of the SSA is caused by the 
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conversion of MnO2 nanosheets to nanofibers/nanotubes, accompanied by the 

transformation of poor crystalline lamellar structured δ-MnO2 to highly crystalline 

tunnel structured α-MnO2. The decrease of the SSA with the reaction time 

decreases the capacitance of the devices as shown in Figure 2.7d, which agrees 

well with the reports.80, 81 Some previous studies also showed that the 

amorphous/poor crystalline MnO2 with higher SSA is preferable as 

supercapacitor material.82-84 The pore size distribution of the MnO2 

nanostructures (Figure 2.8b) shows a relatively narrow pore size distribution of 

the materials (average pore size between 7 and 13 nm), indicating the uniform 

pores of our MnO2 nanostructures.  
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Figure 0.7: Electrochemical performance of all MnO2 nanostructures as 

supercapacitor electrode materials before cycling tests. (a) Cyclic voltammetry at 

scan rate of 10 mV/s; (b) Galvanostatic charge-discharge at current density of 1 

A/g; (c) Specific capacitance vs. current density; (d) The change of specific 

capacitance (at 0.5 A/g) and BET specific surface area with the reaction time. 



74 

 

 

Figure 0.8: (a) Nitrogen adsorption and desorption isotherms and (b) pore size 

distribution of the as-prepared MnO2 nanostructures. 

2.1.6.2 Electrochemical Cycling Effect 

We then studied the electrochemical cycling effect on the performance of 

all the MnO2 nanostructures. We picked up the sample of MnO2-1h as an 

example. Figure 2.9 shows the electrochemical performance of MnO2-1h sample 

before and after 5000 cycles. The MnO2-1h electrode shows nearly rectangular 

CV curves (Figure 2.9a) as demonstrated previously. The CD curves in Figure 

2.9b show very symmetrical charge-discharge behaviors, consistent with the CV 

curves in Figure 2.9a. It is interesting to note that the capacitance increases 

steadily during the 5000 cycles, showing a 20% increase after 5000 cycles 

(Figure 2.9c). The CV curves of the MnO2-1h sample also show that higher 

capacitance can be obtained after cycling test, as revealed by the larger CV loop 

area in Figure 2.9a. Similarly, the prolonged charge and discharge periods of the 
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same sample indicate increased capacitance upon cycling (Figure 2.9b). The 

capacitance change with current density (Figure 2.9d) demonstrates that the 

specific capacitance increases with cycling over a range of current densities. A 

specific capacitance of 103.5 F/g at current density of 0.5 A/g is a typical value 

for MnO2 prepared by the hydrothermal method.36, 85, 86 The capacitance increase 

of about 20% after cycling at 1 A/g is in good agreement with the cycling 

performance. Even at a high current density of 10 A/g, the capacitance of the 

sample after cycling is 93.7 F/g, which is higher than the value of 66 F/g before 

cycling. The rate capability of the sample after cycling tests (a ratio of 

capacitance at 10 A/g to 0.5 A/g) increased from 64% to 75%. EIS curve exhibits 

a lower equivalent series resistance after the cycling test, further demonstrating 

better electrochemical performance upon cycling.  
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Figure 0.9: Comparison of electrochemical performance of MnO2 nanospheres 

(MnO2-1h) as supercapacitor electrode materials before and after 5000 cycles. (a) 

Cyclic voltammetry at scan rate of 10 mV/s; (b) Galvanostatic charge-discharge 

at current density of 1 A/g; (c) The cycling stability over 5000 cycles; (d) The 

change of specific capacitance with current density. 
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All the MnO2 samples after cycling tests exhibit excellent electrochemical 

properties in terms of rectangular shapes of CV curves (Figure 2.10a) and highly 

symmetrical CD curves (Figure 2.10b), which are similar to the behaviors of the 

samples before cycling tests. As summarized in Figure 2.10c, the specific 

capacitances after cycling are still highly dependent on the morphology and 

crystal phase of MnO2.  Additionally, the values of MnO2-1h and 1.5h are still 

higher than that of the other samples. The specific capacitance of the MnO2-1h 

and 1.5h increased to a range between 70 F/g and 130 F/g, and the numbers of 

MnO2-2h, 4h, 8h and 12h are in a range of 20 F/g to 50 F/g. Further 

investigations demonstrate that the percentage increase of specific capacitance 

(the ratio of capacitance increase to the initial capacitance) of all the samples 

upon cycling is in the order of the hydrothermal reaction time. For example, the 

capacitance increased by about 20% for the sample of MnO2-1h after 5000 

cycles (the value for MnO2-1.5h is 23.9%, MnO2-2h (39%), MnO2-4h (50.5%), 

MnO2-8h (65%)), while the increase rate for MnO2-12h is as high as 76%. 

Consequently, the specific capacitances of MnO2 nanostructures have increased 

to a higher level upon cycling, depending on the specific morphology and crystal 

phase of the MnO2 nanostructures. It is also found that the capacitance of MnO2-

1.5h is close to that of MnO2-1h at low current densities and the capacitance 

values of MnO2-2h, 4 h, 8h and 12h are still almost in the same range after the 

cycling tests. 
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Figure 0.10: Electrochemical performance of all MnO2 nanostructures as 

supercapacitor electrode materials after 5000 cycles. (a) Cyclic voltammetry at 

scan rate of 10 mV/s; (b) Galvanostatic charge-discharge curves at current 

density of 1 A/g; (c) Specific capacitance vs. current density; (d) The percentage 

increase of specific capacitance (0.5A/g) with the reaction time. 

2.1.7 Mechanism of Capacity Change with Cycling 

While the effect of morphology, crystal phase, and cycling on the 

supercapacitive performance of MnO2 nanostructures have been discussed 
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previously, extensive analysis of the material properties driving these changes is 

still lacking.36, 87-90 We firstly conducted SEM and TEM studies to investigate any 

possible changes of the materials on morphology and microstructures caused by 

the long term cycling tests. We focused on samples with two extreme reaction 

times: MnO2-1h and MnO2-12h. Figure 2.11 shows the morphology of these two 

electrodes after 5000 cycles by SEM. It is interesting that the MnO2 nanospheres 

on the electrode of MnO2-1h became highly porous after the cycling tests, while 

keeping their initial morphological features. Many “blooming nanoflowers” are 

deposited closely on the surface of the electrode, and the nanosheets of the 

MnO2 nanospheres tend to face toward the electrode surface (Figure 2.11a). The 

gaps between the nanosheets of the MnO2-1h electrode after cycling tests 

became slightly larger (Figure 2.11b). These changes are probably caused by 

the repeated electrolyte ions insertion and extraction upon the cycling tests. The 

nanosheets are forced to be vertical to the electrode surface in order to shorten 

the electrolyte ion transportation path, while the pores tend to become larger to 

facilitate more electrolyte accesses for ion adsorption/desorption or redox 

reactions between the electrode materials and electrolytes. However, the 

changes for the electrode of MnO2-12h upon cycling tests are not obvious from 

its SEM image (Figure 2.11c). MnO2 nanotubes with random orientations are still 

heavily deposited on surface of the electrode even after the cycling tests (Figure 

2.11c, d). Therefore, it is necessary to employ TEM for the investigation of the 

microstructures. We are surprised to observe that many small defective or 
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“disordered” regions are formed on some parts of the MnO2 nanosheets (Figure 

2.12) and nanotubes (Figure 2.13) after the cycling tests. As for the MnO2 

nanosheets (MnO2-1h), the materials generally kept their good porous feature 

and the folded nanosheets assembled to nanospheres (Figure 2.12a). Looking 

closely at some portions of the MnO2 nanosheets (Red square area in Figure 

2.12a), we can see that some defective or disordered regions have been formed 

on the nanosheets (Figure 2.12b). This is totally different from the morphology of 

the smooth MnO2 nanosheets before electrochemical cycling (Figure 2.3a and 

Figure 2.4a). The size of these regions, some of which may have become pores 

on the MnO2 nanosheets, ranges from 2 nm to 7 nm, which is in the mesoporous 

range (2-50 nm). Enlarged view of the area with large sizes of the defective 

regions is shown in Figure 2.12c (Left red square area in Figure 2.12b) indicates 

that the crystallinity of the regions became very poor as the lattice fringes tend to 

be disordered (labeled by the red circles). The defective regions with small sizes, 

shown in Figure 2.12d (Right red square area in Figure 2.12b), demonstrate the 

disappearance of the crystalline fringes (labeled by the small red circles), similar 

to the change observed in the larger disordered regions in Figure 2.12c.  
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Figure 0.11: SEM images of (a, b) MnO2 nanoflowers (MnO2-1h) and (c, d) MnO2 

nanotubes (MnO2-12h) after 5000 cycling testes at different magnifications. 

 



82 

 

 

Figure 0.12: TEM images of MnO2 nanoflowers (MnO2-1h) after 5000 cycling 

testes at different magnifications. 

In the case of MnO2 nanotube (MnO2-12h) after cycling tests, we found 

even more of these disordered regions are formed on the nanotube, making the 

whole nanotube highly porous (Figure 2.13a). Enlarged view of the tube in its 

central part (Figure 2.13b, the left red square area in Figure 2.13a) clearly shows 

a number of small defective sites throughout the whole tube. The size of the 
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small defective or disordered regions is between 2 nm and 5 nm. The high 

resolution TEM image near the tip portion of the MnO2 nanotube indicates that 

apart from the long gaps formed by the acid etching in the hydrothermal process 

(labeled by the red arrow in Figure 2.13c), there are also small defective sites 

formed on the tube. It is worth pointing out that although some voids are formed 

on MnO2 nanotubes during the hydrothermal reaction by the strong acid etching, 

these voids are different in size and shape from the disordered regions formed 

after long-term electrochemical cycling tests.  

 

Figure 0.13: TEM images of MnO2 nanotubes (MnO2-12h) after 5000 cycling 

testes at different magnifications. 
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The formation of the defective regions within the MnO2 nanostructures 

upon cycling is attributed to the repeated insertion/extraction of the electrolyte 

ions into/out of the MnO2 electrode materials. The Na+ ions from the electrolyte 

are expected to interact with MnO2 on some active sites of the surface by either 

physisorption or fast and reversible redox reactions as shown in the following 

equation. 

𝑀               ↔    𝑀    

The porous structure induced by the electrochemical cycling tests contributes to 

the increase of the interaction due to the increased access of the electrolyte ions 

to the electrode materials. Hence the capacitance increases after 

electrochemical cycling tests. Due to the different MnO2 electrode morphologies, 

the cycling-induced formation of defective/disordered regions differs from sample 

to sample. This fact results in varying degrees of capacitance increase after 

cycling (Figure 2.10d).  

In order to identify the chemical and bonding states of the electrode 

material after cycling, we have conducted XPS analysis. As shown in Figure 

2.14a, the prepared MnO2 nanostructures are actually potassium doped MnO2, 

which is introduced by KMnO4 in the raw materials. The comparison between the 

MnO2 samples before and after 5000 cycles clearly shows the appearance of the 

sodium peaks in the spectra for the sample after cycling tests, which indicates 

that Na interacts with the MnO2 electrodes during cycling tests (Figure 2.14a). 
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Quantitative analysis further reveals that the ratio of Na to Mn in the cycled 

electrode material is about 0.05. Therefore, we can denote the final compounds 

as Na0.05MnO2. The Mn 2p spectra exhibit characteristic peaks of Mn 2p3/2 (641.9 

eV) and Mn 2p1/2 (653.5 eV), indicating the oxidation state is Mn4+, which agrees 

well with the previous reports (Figure 2.14b).72 For the sample of MnO2-1h, no 

obvious changes of the Mn oxidation state can be observed from the Mn 2p 

spectra after the long term cycling, suggesting that the MnO2 underwent no 

chemical changes during the cycling tests.  

 

Figure 0.14: XPS of MnO2 nanoflowers (MnO2-1h) before and after 5000 cycling 

testes. (a) Survey scan; (b) Mn 2p core level spectra. 

Based on the above observations, we can make the following conclusions 

to explain the electrochemical energy storage mechanism of MnO2 in neutral 

Na2SO4 aqueous electrolyte. Firstly, the MnO2 electrode tends to become more 

porous during cycling due to repeated Na+ insertion/extraction into/out of the 
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electrode material.  This effect enhances the porosity of the MnO2 electrode and 

hence increases storage capacity during cycling. Secondly, the MnO2 interacts 

with Na+ to form Na doped MnO2. However, only a small portion of the materials 

are involved in the interaction, giving limited doping level of the Na ions to the 

MnO2, indicating that only a thin layer of the MnO2 electrode has contributed to 

the energy storage, and the MnO2 undergoes no chemical changes. This is 

consistent with the energy storage mechanism of MnO2 proposed earlier by 

Toupin et al.72 Thirdly, the interaction of the MnO2 with Na+ introduced a lot of 

defective/disordered regions in some parts of the MnO2, further increasing the 

surface area and therefore the storage capacity of MnO2. 

In summary, we have reported in this section a comprehensive study on 

the growth process, electrochemical supercapacitor performance, and cycling 

stability of hydrothermally-derived MnO2 electrodes. It is proposed that the 

growth of different MnO2 nanostructures is controlled by two steps: the 

conversion of MnO2 nanosheets to nanofibers by a diffusion and crystallization 

process and the formation of MnO2 nanotubes from nanofibers by a combined 

Ostwald ripening and acid etching processes. The morphological evolution of 

nanostructured MnO2 was extensively studied and explained with the help of 3D 

electron tomography, revealing the vivid formation process from nanofibers to 

nanotubes. The electrochemical performance of MnO2 supercapacitors was 

revealed to be highly correlated to their surface area, determined by their 

morphology and crystallinity, as well as their cycling performance, determined by 
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their defective regions formation during cycling. The often observed unusual 

increase in specific capacitance with cycling was studied and correlated not only 

with MnO2 electrode morphology, but also with its structural and chemical state, 

including the formation of defective regions on the materials and the interaction 

of the materials with the electrolyte. Our detailed study provides significant 

insight into the growth mechanism, electrochemical performance, and cycling 

stability of nanostructured MnO2.   

 

2.2 MnO2 Based Nanocomposites 

While MnO2 is a promising material for pseudocapacitor applications due 

to its high specific capacity and low cost, MnO2 electrodes suffer from their low 

electrical and ionic conductivities. One effective approach to address this 

problem is to make MnO2 composites, where the conductivity and accessibility of 

the MnO2 can be effectively enhanced. In this section, we will study MnO2 based 

nanocomposites for supercapacitor electrodes, including binary MnO2-carbon 

nanocoils (CNCs) and MnO2-graphene nanocomposites, ternary MnO2-CNT-

graphene nanocomposites. 
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2.2.1 MnO2 Based Binary Nanocomposites 
 

2.2.1.1 MnO2-CNC Nanocomposite 

Different forms of graphitic nanostructured materials, such as carbon 

nanotubes91,92, carbon nanofibers93, graphene nanoplatelets94, etc. have been 

recognized as potential electrode materials for supercapacitors because of their 

unique properties such as mesoporous character, chemical stability and good 

electrical conductivity.95 Recently, carbon nanocoils (CNCs), which are vapor-

grown helical carbon nanofibers, have attracted significant research interest 

because of their helical morphologies, excellent conductivity, corrosion or 

oxidation resistance nature and high porosity that minimizes the diffusion 

resistances of various reactants.96 Yu et al. 97and Jian et al.98 have reported 

synthesis and growth mechanism of CNCs. Ever since their discovery99, detailed 

studies on various properties of CNCs such as mechanical, field emission, EM 

wave absorption, thermal and electrical properties, and so forth have been 

reported.100,101,102 Use of pristine CNCs as supercapacitor electrode materials 

with a maximum specific capacitance of 40 F/g103 has been reported by Wang, et 

al. In another work they have shown that by purification and activation, specific 

capacitance of CNCs can be increased to 107 F/g.104 However, these values are 

still low. A hybrid of CNCs and MnO2 could be a better candidate for a 

supercapacitor electrode with high specific capacitance and energy density. 
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MnO2-CNC nanocomposites were prepared through an easy and efficient 

solution based method.25 Specifically, 200 mg of functionalized CNCs were 

dispersed in 35 mL of an aqueous solution, containing 10 mM of MnSO4, by 

ultrasonication for 5 min. In order to allow impregnation of the carbon by MnSO4, 

the suspension was then maintained at a controlled temperature of 80 ºC for 20 

min under magnetic stirring. A 150 mL aqueous solution containing 33 mmol of 

KMnO4, previously heated at controlled 80 ºC, was then gradually added to the 

agitated suspension. This mixture was maintained at 80 ºC under agitation for 15 

min and then washed, filtered and dried at 100 ºC for approximately 10 h.  

Figure 2.15a shows the powder XRD pattern of functionalized CNCs. The 

peaks are indexed to the reflections of hexagonal graphite (JCPDS card No. 75-

1621). In addition to the graphitic peaks, XRD pattern of MnO2-CNCs (Figure 

2.15b) show four weak broad peaks from MnO2 situated at 2θ values 

approximately 11.8º, 25.5º, 36.9º and 65.7º can be attributed to the (110), (220), 

(400), and (002) diffraction of α-MnO2, which has tetragonal symmetry with a 

space group of I4/m (JCPDS Card, No. 44-0141). Absence of peaks with high 

diffraction intensities (such as (200) and (310)) together with the presence of 

other crystalline peaks in the XRD diffraction pattern indicates coexistence of α-

phase and amorphous MnO2 structure in the composite. A more amorphous 

structure has been considered to be beneficial in increasing the specific 

capacitance of the oxide electrode for the supercapacitor.105 The highly 

amorphous structure is expected to favor the electrolyte insertion into (or 
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expulsion out of) the oxide matrix, which can increase the contact between 

electrolyte and the electrode material and improve the utilization ratio of the 

material.  

 

Figure 0.15: Powder XRD of (a) CNCs and (b) MnO2-CNCs. 

Figure 2.16a shows the typical SEM image of CNCs along with some 

straight carbon nanofibers. The CNCs are single helical coils with twisted forms 

similar to a-helix proteins.106 Absence of hollow structure in Figure 2.16c 

indicates that CNCs are not coiled multiwalled carbon nanotubes (MWCNTs), 

instead these are coiled nanofibers with an average coil diameter of 80-100 nm. 

SEM of MnO2-CNCs (Figure 2.16b) shows the presence of MnO2 nanowhiskers 

on the surface of CNCs, which is confirmed by the TEM image shown in Figure 

2.16d. Xia et al. reported the detailed growth mechanism of these MnO2 

nanflakes as a function of reaction temperature.107 MnO2 nanoflakes are 
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expected to be promising as electrode materials for supercapacitors due to their 

porous structure, large surface area, and short diffusion length for protons or 

alkali cations.108   

 

Figure 0.16: SEM and TEM images of (a, c) CNCs and (b, d) MnO2-CNCs, 

respectively. 
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The CV curves of the symmetric supercapacitors based on MnO2-CNCs 

exhibit nearly rectangular shape (Figure 2.17a), consistent with their 

galvanostatic charge-discharge behavior (Figure 2.17b). Specific capacitance 

obtained for CNCs and MnO2-CNCs from the discharge curves are 121 and 213 

F/g respectively. The enhancement in the specific capacitance of MnO2 

dispersed CNCs from that of functionalized CNCs is due to the progressive redox 

reactions occurring at the surface and bulk of transition metal oxides through 

Faradaic charge transfer. There is a considerable increase in the specific 

capacitance value for MnO2-CNCs nanocomposite as compared to pure CNCs. 

This is due to the fact that, anchoring of whisker-shaped α-MnO2 nanocrystallites 

on the surface of CNCs can increase the effective contact of the electrolyte and 

the active materials. Moreover, CNCs in the nanocomposite can provide highly 

effective conductive pathway to provide more effective electrical transport from 

the active materials to the current collector.25 
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Figure 0.17: (a) Cyclic voltammetry and (b) galvanostatic charge-discharge 

curves of CNCs and MnO2-CNCs supercapacitors in 30 wt% KOH electrolytes. 

 

2.2.1.2 MnO2-Graphene Nanocomposite 

Graphene, with its outstanding properties including high theoretical 

surface area of over 2600 m2/g, good electrical conductivity, thermal stability, 

chemical tolerance, and a broad electrochemical window can be considered as 

an ideal candidate for EDLC electrode material.109 Recently, promising results on 

the electrochemical performance of graphene nanosheets (GNs) have been 

reported following the progress in the large scale synthesis of GNs.110 In 2008, 

Stoller et al. demonstrated the use of chemically modified GNs as electrode 

material for supercapacitors with specific capacitances of 135 F/g and 99 F/g in 

aqueous KOH and organic electrolytes respectively.6 In 2010, Liu et al. reported 

fabrication and performance studies of  symmetric supercapacitors based on 
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curved GNs electrodes, capable of operation at a high voltage (4 V) in ionic liquid 

electrolyte 1-ethyl-3-methylimidazolium tetrafluoroborate with an exceptional high 

energy density of  85.6 Wh/kg at 1 A/g.111 However, in the drying process during 

electrode preparation, GNs tend to aggregate and stack to multilayers due to van 

der Waals interactions, inducing inferior physical and chemical properties than 

that in their exfoliated monolayer state.112 The agglomeration adversely affects 

supercapacitor performance by preventing electrolyte penetration into layers, and 

can be avoided by the introduction of spacers into the graphene layers.113, 114 

Transition metal oxide (TMO) nanoparticles are widely used as the spacers into 

the interlayers of GNs to prevent them from aggregating.115 These nanoparticles 

help in increasing the interplanar spacing and making both sides of the GNs 

accessible to the electrolyte. Moreover, the resultant composite exhibits superior 

capacitive performance as compared to its components, as TMO nanoparticles 

can contribute pseudocapacitance to the total capacitance apart from the double-

layer capacitance from GNs.116 

Figure 2.18a and b show the typical SEM images of GNs and MnO2-GNs 

respectively. It can be seen that the GNs structure is retained after introducing 

MnO2 nanoparticles. However, the surfaces of the GNs become much rougher 

than pure GNs, indicating the growth of MnO2 nanoparticles on the surfaces. 

These particles were densely and homogeneously deposited, as confirmed by 

the TEM image shown in Figure 2.18d. In contrast, the TEM image (Figure 2.18c) 

exhibits thin layers of GNs with smooth surfaces. The growth of MnO2 is 
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preferred near the edges of graphene layer (marked by arrows) with the size of 

5-10 nm. Many remained oxygen-containing functionalities (hydroxyl, carbonyl 

and carboxyl groups) on the edges of graphene are vulnerable to oxidation and 

direct electron transfer from sheet defects to MnO4
− results in easy MnO2 

precipitation near the defect sites. MnO2 nanocrystals with particle size nearly 2 

nm with the interlayer spacing of 0.7 nm and very thin amorphous MnO2  

coatings are also formed away from the edges of sheets resulted from the 

reaction of MnO4
− with less active carbon. 
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Figure 0.18: SEM and TEM images of (a, c) GNs and (b, d) MnO2-GNs, 

respectively. 

The CV loops for symmetric supercapacitors are quasi-rectangular in 

nature (Figure 2.19a). The specific capacitances of GNs and MnO2-GNs based 

symmetric supercapacitors obtained from CV loops at 20 mV/s are 150 and 235 

F/g respectively (Figure 2.19b). Meanwhile, the capacitance of MnO2-GNs 
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composites based supercapacitors is much higher than that of GNs 

supercapacitors over a large range of scan rates (5-200 mV/s). It can be seen 

from charge-discharge curves (Figure 2.19c and d) that they are nearly linear 

and symmetrical. Voltage drop is observed to be very small, which indicates that 

the electrodes have low internal resistance. In addition, the charge-discharge 

duration for MnO2-GNs composites are greater than that of GNs, indicating 

higher specific capacitance for MnO2-GNs composites based supercapacitors. 

The enhancement in the specific capacitance of MnO2 dispersed GNs from that 

of functionalized GNs are mainly due to the spacer effect of nanoparticles leading 

to the increase in accessible surface area of the electrolyte and  the progressive 

redox reactions occurring at the surface and bulk of MnO2 through Faradaic 

reactions.117 
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Figure 0.19: (a) CV of GNs and MnO2-GNs based supercapacitors at scan rate of 

20 mV/s. (b) Specific capacitance vs scan rate for GNs and MnO2/GNs based 

supercapacitors. (c, d) CD curves of GNs and MnO2-GNs based supercapacitors 

under a constant current of 10 mA, respectively. 

2.2.2 MnO2 Based Ternary Nanocomposites: MnO2-CNT-Graphene 

Effective surface area of graphene as supercapacitor electrode material 

depends highly on the number of graphene layers.118 Therefore, single or few 

layered graphene with less agglomeration should be expected to exhibit higher 

effective surface area and thus better supercapacitor performance. However, as 
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we showed previously, during the drying process in electrode preparation, GNs 

naturally aggregate and stack to multilayers, inducing inferior physical and 

chemical properties than that in their exfoliated monolayer state.119 The 

agglomeration can be avoided by the introduction of spacers into the graphene 

layers. Both nanocarbon materials and pseudocapacitance materials are 

currently being designed to be introduced into the interlayers of GNs to prevent 

them from aggregating.120-124 These spacers are intended to enlarge the 

interplanar spacing, maintain the high surface area of GNs, and make both sides 

of the nanosheets accessible to the electrolyte. Spacers ensure high 

electrochemical utilization of graphene layers as well as contribute to the total 

capacitance of the system.125  

In the present work CNTs loaded with high surface area γ-MnO2 

nanoflakes prepared by chemical methods are used as spacers in GNs and the 

resultant nanocomposite coated on flexible carbon cloth substrates are used as 

efficient flexible electrodes for supercapacitors. The incorporation of γ-

MnO2/CNTs into GNs is expected to improve electrolyte-electrode accessibility 

and electrode conductivity by reducing the agglomeration of GNs. Symmetric 

supercapacitors are fabricated using GNs-(γ-MnO2/CNTs) nanocomposite 

electrode materials and the electrochemical performance are evaluated using 

two-electrode configuration in 30% KOH electrolyte. Figure 2.20a shows the 

schematic of GNs-(γ-MnO2/CNTs) nanocomposite prepared by ultrasonication of 

chemically functionalized GNs and γ-MnO2/CNTs. The latter is expected to act as 
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an effective spacer between different layers of GNs, thereby preventing 

agglomeration of GNs. Schematic of the symmetric supercapacitor assembly is 

shown in Figure 2.21b.  

 

Figure 0.20: Schematic of (a) GNs-(γ-MnO2/CNTs) nanocomposite and (b) 

symmetric supercapacitor test cell. 

Powder XRD pattern of MnO2/CNTs is shown in Figure 2.21a. XRD 

pattern has a peak around 25.9°, which is the characteristic peak corresponding 

to the reflections of hexagonal graphite (JCPDS card No. 75-1621) and should 

arise from CNTs. According to the XRD standard card, JCPDS 14-644, the rest 

of the peaks on the pattern demonstrate the deposit exist as γ-MnO2. The peaks 

of γ-MnO2 are assigned as (120), (131), (300), (160) and (003) appearing 

respectively at  22.2°, 36.6°, 41.7°, 55.6° and 66.1°. γ-MnO2 is a ramsdellite (2.3 

Å×4.6 Å tunnel structure) matrix with randomly distributed intergrowth micro 

domains of pyrolusite (2.3 Å × 2.3 Å tunnel structure), which are made of MnO6 

subunits with either edge or corner sharing.126 The pyrolusite and ramsdellite 
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structures have similar arrangements along the a and c axes and infinite strings 

of MnO6 can only grow along the b axis.127 γ-MnO2 hexagon-based structures 

consist of ε-MnO2 (space group of P63/mmc), β-MnO2 (space group of P42/mnm) 

and ramsdellite (space group of Pbnm) which indicates that MnO2 exists in 

different crystalline phases.126 To investigate the oxidation state of Mn in γ-

MnO2/CNT nanocomposite, the sample was further characterized by XPS. XPS 

survey spectra for as-prepared γ-MnO2/CNTs showed the peaks of Mn (2p3/2, 

2p1/2, 3s, 3p), O 1s, C 1s and small amount of potassium. Figure 2.21b shows the 

Mn 2p spectrum, with two peaks located at 642.1 and 653.8 eV (with a spin-

energy separation of 11.7 eV) which can be attributed to Mn 2p3/2 and Mn 2p1/2, 

respectively. The peak values agree well with those reported for MnO2, indicating 

the oxidation state of Mn4+.128 Deconvoluted O 1s spectrum of the γ-MnO2/CNT 

nanocomposite is shown in Figure 2.21c, in which 3 peaks (one sharp peak 

located at 529.8 eV and two broad peaks located at 531.1 and 532.4 eV) can be 

observed. This is in good agreement with literature reports of 529.3-530.3 eV for 

oxide, 530.5–531.5 eV for hydroxide, and 531.8–532.8 eV for water.129 Chemical 

compositions of as-prepared γ-MnO2/CNT nanocomposites are determined using 

thermo gravimetric analysis (TGA). TGA curve (Figure 2.21d) of γ-MnO2/CNTs 

shows 6% weight loss below 250 ˚C, which corresponds to a loss of water and 

trace amount of oxygen. Weight loss of about 30% between 400˚C and 700˚C is 

due to the oxidation of the CNTs in air.129 From TGA analysis it is clear that the γ-

MnO2/CNT nanocomposite contains ~30% of CNTs. Hence the GNs-(γ-
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MnO2/CNTs) obtained by mixing of 80% of GNs and  20% of (γ-MnO2/CNTs) 

contains 80% GNs, nearly 12% MnO2, 6% CNTs and remaing 2% of water and 

traces of Potassium (K). 

 

Figure 0.21: (a) Powder XRD pattern, (b) XPS narrow scan spectra of Mn 2p and 

(c) O 1s, (d) TGA curve of the γ-MnO2/CNTs. 

The nitrogen adsorption and desorption isotherms of the CNTs, γ-

MnO2/CNTs, GNs and GNs-(γ-MnO2/CNTs) are shown in Figure 2.22a, using 
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which the Brunauer-Emmett-Teller (BET) surface area values are calculated as 

108.36, 144.89, 153.09 and 317.35 m2/g respectively. Based on the density 

function theory (DFT) model, pore volumes are calculated as 0.18, 0.88, 0.25 

and 0.52 cm3/g respectively for CNTs, γ-MnO2/CNTs, GNs and GNs-(γ-

MnO2/CNTs). It is worth noting that the BET specific surface area of GNs 

dispersed with metal oxide loaded CNTs are much higher than that of GNs, 

which can be explained on the basis of spacer effect of γ-MnO2/CNTs in between 

different GNs layers. The increase in surface area is favorable for better 

supercapacitive performance of the composites. The pore size distributions of the 

samples calculated by desorption isotherms using Barret-Joyner-Halenda (BJH) 

method are shown in Figure 2.22b. BJH Desorption cumulative volume of pores 

between 1.7 nm and 300 nm diameter for CNTs, γ-MnO2/CNTs, GNs and GNs-

(γ-MnO2/CNTs) are 0.18, 0.92, 0.27 and 0.51 cm³/g respectively. 

 

Figure 0.22: (a) Nitrogen adsorption and desorption isotherms and (b) pore size 

distributions of CNTs, GNs, γ-MnO2/CNTs and GNs-(γ-MnO2/CNTs). 
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The morphology of CNTs, γ-MnO2/CNTs, GNs and GNs-(γ-MnO2/CNTs) 

are analyzed using SEM, TEM and HRTEM. SEM image of CNTs (Figure 2.23a) 

shows that their packing density is high. Entangled nanotubes with an average 

outer diameter of 30 nm and length of several micrometers can be seen. Figure 

2.23b shows SEM image of MnO2 nanoflowers loaded over CNTs. The MnO2 

nanostructures synthesized here may have preferably grown on the energetically 

favorable sites under the temperature control, resulting in a highly porous 

structure that promotes efficient contacts between the active material and the 

electrolyte, providing more active sites for electrochemical reactions. Some 

portions of CNTs which are not loaded with MnO2 are also visible. Figure 2.23c 

and d respectively shows SEM images of GNs and GNs-(γ-MnO2/CNTs). 

Presence of GNs, MnO2 nanostructures and CNTs in the nanocomposite are 

evident from Figure 2.23d.   
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Figure 0.23: SEM images of (a) CNTs, (b) γ-MnO2/CNTs, (c) GNs and (d) GNs-

(γ-MnO2/CNTs). 

TEM images of CNTs, γ-MnO2/CNTs, GNs and GNs-(γ-MnO2/CNTs) are 

shown in Figure 2.24a-d respectively. CNTs are having an average inner 

diameter of 10 nm and an outer diameter of 30 nm and an average length in the 

range of 10-30 µm (Figure 2.24a). Figure 2.24b suggests the partial coverage of 
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the MnO2 nanoflowers on the surface of CNTs. MnO2 nanoflowers on the surface 

of CNTs formed whisker-like microstructures with the length of 80-100 nm. Thin 

transparent layers of GNs can be clearly seen from Figure 2.24c. TEM image of 

GNs-(γ-MnO2/CNTs) (Figure 2.24d) shows the presence of CNTs and MnO2 

nanoflowers over the surface of GNs. γ-MnO2 structures with porosity and 

interconnectivity can supply additional accessible space for ions while 

maintaining sufficient conductivity for solid-state electronic transfer. 
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Figure 0.24: TEM images of (a) CNTs, (b) γ-MnO2/CNTs, (c) GNs and (d) GNs-

(γ-MnO2/CNTs). 

HRTEM offers further insight into the morphology and microstructure of 

these nanomaterials. HRTEM images of CNCs, GNs-(γ-MnO2/CNTs) and γ-

MnO2 nanoflowers are shown in Figure 2.25a-d respectively. Figure 2.25a shows 
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the high crystallinity of CNT with an average interlayer spacing of 0.34 nm. CNT 

has an inner diameter of 10 nm and an outer diameter of 30 nm. Nanocrystalline 

MnO2 whiskers have an average length of 60-80 nm are clearly visible in Figure 

2.25b. Figure 2.25c shows that γ-MnO2/CNTs occupy the surface of GNs. From 

Figure 2.25b and d it is clear that the MnO2 nanoflowers are polycrystalline in 

nature and γ-MnO2/CNTs are expected to provide short diffusion path lengths to 

both ions and electrons and also sufficient porosity for electrolyte penetration 

giving rise to high charging and discharging rates of the supercapacitors. 
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Figure 0.25: HRTEM images of (a) CNTs, (b) and (c) GNs-(γ-MnO2/CNTs) and (d) 

γ-MnO2. 

Figure 2.26a and b respectively shows CV loops of the γ-MnO2/CNTs and 

GNs-(γ-MnO2/CNTs) based symmetric supercapacitors. For γ-MnO2/CNTs nearly 

rectangular CV loops are obtained only up to a scan rate of 50 mV/s, whereas, 
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GNs-(γ-MnO2/CNTs) based symmetric supercapacitor retains rectangular CV 

loops, which are characteristics for supercapacitors with low contact resistance, 

up to a scan rate of 300 mV/s, indicating an excellent capacitor behavior and low 

contact resistance. Absence of any oxidation or reduction peaks in the CV loops 

of the latter denotes the good capacitive characteristics of the GNs-(γ-

MnO2/CNTs) composite based symmetric supercapacitors. A comparison of CV 

loops of carbon cloth substrate, GNs, GNs/CNTs, γ-MnO2/CNTs and GNs-(γ-

MnO2/CNTs) composite based supercapacitors at a scan rate of 20 mV/s is 

shown in Figure 2.26c. The CV loops of GNs, GNs/CNTs and GNs-(γ-

MnO2/CNTs) symmetric supercapacitors are rectangular in nature as well. 

Among them, GNs-(γ-MnO2/CNTs) composite materials show higher capacitive 

performance than GNs, GNs/CNTs or γ-MnO2/CNTs as supercapacitor 

electrodes. The specific capacitances of GNs, γ-MnO2/CNTs, GNs/CNTs and 

GNs-(γ-MnO2/CNTs) symmetric supercapacitors obtained from CV loops are 

150, 204, 217 and 308 F/g respectively. Figure 2.26d shows the variation in the 

specific capacitance as a function of scan rate. It can be seen that the specific 

capacitance decreases with the increase of scan rate from 5 to 200 mV/s. It is 

also observed that the specific capacitance of GNs/(γ-MnO2/CNTs) 

supercapacitors is much higher than that of GNS or γ-MnO2/CNTs based 

supercapacitor at the same scan rate. 
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Figure 0.26: Cyclic voltammograms of (a) γ-MnO2/CNTs and (b) GNs-(γ-

MnO2/CNTs) based symmetric supercapacitors at different scan rates, (c) 

comparison of cyclic voltammograms of  carbon cloth substrate, GNs and metal 

oxide dispersed GNs composite based supercapacitor devices at the same scan 

rate of 20 mV/s and (d) specific capacitance change as a function of scan rate. 

Galvanostatic charge-discharge curves of GNs, γ-MnO2/CNTs and GNs-

(γ-MnO2/CNTs) symmetric supercapacitors at a constant current of 10 mA in the 

potential range between 0 and 1 V are shown in Figure 2.27a. It can be seen that 

the curves are nearly linear and symmetrical, which is another typical 
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characteristic of an ideal capacitor. Voltage drop is observed to be very small, 

which indicates that the electrodes have low internal resistance. In addition, the 

charge-discharge duration for GNs-(γ-MnO2/CNTs) composite is greater than that 

of GNs, indicating a high specific capacitance of 310 F/g for GNs-(γ-MnO2/CNTs) 

composite. The specific capacitance is obtained as 153 F/g and 205 F/g for GNs 

and γ-MnO2/CNTs based supercapacitors, respectively. Specific capacitances at 

constant currents from 20 to 50 mA are also calculated, however, the results 

remain practically invariant. For practical applications, supercapacitors must have 

long-term cycle stability. The stability of the supercapacitor devices is evaluated 

by conducting galvanostatic charge-discharge measurements for 5000 cycles at 

a constant current of 10 mA. The specific capacitance as a function of cycle 

number is presented in Figure 2.27b. The specific capacitance of γ-MnO2/CNTs 

rapidly drops to 80% after 2500 cycles and after that it remains almost stable and 

then gradually decreases to 74% at the end of 5000 cycles. Both GNs and GNs-

(γ-MnO2/CNTs) symmetric supercapacitors are found to exhibit excellent cycle 

life over the entire cycle numbers. After 5000 cycles, GNs and GNs-(γ-

MnO2/CNTs) symmetric supercapacitors retain 94% and 90%, respectively, of 

their initial specific capacitance indicating that both the electrode materials have 

excellent cycle stability and very high degree of reversibility in the repetitive 

charge-discharge cycling.  
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Figure 0.27: (a) Galvanostatic charge-discharge curves of GNs and MnO2 

dispersed GNs composite based supercapacitors at a constant current density of 

10 mA, and (b) the specific capacitance retention at a constant current of 10 mA 

as a function of cycle number. 

Impedance spectra of the GNs and GNs-(γ-MnO2/CNTs) electrodes are 

presented in Figure 2.28a. The spectra can be divided into two regions by the so-

called knee frequency, with a semicircle arc in the high frequency region and a 

straight line in the low frequency region. The equivalent circuit for GNs-(γ-

MnO2/CNTs) based ideal symmetric supercapacitor cell is illustrated in Figure 

2.28b. In the equivalent circuit, a solution resistance (RS) is connected in series 

with a double layer capacitance (CD.L), and the CDL is connected in parallel with 

the charge transfer resistance (Rct) and pseudo-capacitance (CP). The solution 

resistance refers to the resistance from the electrolyte, and the charge transfer 

resistance corresponds to the total resistance at the interface between the 
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electrode and the electrolyte. This equivalent circuit gives a theoretical Nyquist 

plot consisting of a semi-circle at high-frequency region followed by a vertical line 

within the low frequency region. The parallel Rct and CDL configuration accounts 

for the semi-circle feature, while CP for the steep line.  

Nyquist plot obtained for GNs-(γ-MnO2/CNTs) electrodes is largely 

consistent with the proposed model. The deviation from this model can be 

attributed to the porous nature of the electrode. The real axis intercept at high 

frequency corresponds to the uncompensated resistance of the bulk electrolyte 

solution (Rs) and it is also known as equivalent series resistance (ESR). 

Experimental results show that  the magnitude of ESR obtained from the x-

intercept of the Impedance spectra  for GNs and GNs-(γ-MnO2/CNTs) composite 

based electrodes are insensitive to the surface condition of the electrode, and it 

is consistent with a value of around 1.2 Ω for the both devices.130-132 Rct is a 

surface property of the porous electrode which is related to the electroactive 

surface area. It is a combination of electrolyte accessible area and electrical 

conductivity of the electrode material. The larger the electroactive surface area, 

the lower the charge-transfer resistance. For pure GNs based system, the radius 

of the semicircle arc in the nyquist plot is large, which indicates the charge 

transfer resistance of GNs is high.  This may be due to fact that the tendency of 

pure GNs layers to agglomerate decreases electrolyte accessible electro active 

surface area. For GNs based system, the specific capacitance value obtained in 

the very low frequency region is consistent with the specific capacitance values 
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obtained from cyclic voltammograms at lower scan rates. Rct of the 

nanocomposite electrode is very small and this implies good electronic 

conductivity at the nanocomposite electrode/electrolyte interface. This also 

indicates that γ-MnO2/CNTs act as efficient spacers between different GNs 

thereby providing more electrolyte accessible electroactive surface area.  

Cp arises from the pseudocapacitance of γ-MnO2. The equivalent circuit 

model shown in Figure 2.28b cannot as such explain either the deviation from 

vertical behavior or the existence of a short curved region in the Nyquist plots 

between the semicircle arc and the steep line in the low frequency region. This 

behavior may arise from the granular and porous nature of the electrode which 

can be accounted for by a transmission line model that contains distributed RC 

network as schematically shown in Figure 2.28c. In the generalized sense of the 

model, the resistances sum up the pore resistances and the electric resistances 

along the solid conductive matrix over different segments within an electrode.133 

The electric resistance is determined to a greater extent by contact resistances 

between the grains than by the bulk resistances within the grains. For the RC 

network having infinite numbers of equal-valued resistances and capacitances, 

the line has a theoretical inclination of 45°. On the other hand, it can readily be 

demonstrated that the angle deviates (changes slope from 45° to nearly 90°) 

from the ideal value for varied resistances and capacitors.  
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Figure 0.28: (a) Nyquist plots for GNs and GNs-(γ-MnO2/CNTs) composite based 

supercapacitors with the at a dc bias of 0 V with sinusoidal signal of 10 mV over 

the frequency range from 100 kHz and 1 mHz. (Z’: real impedance. Z”: imaginary 

impedance). Inset shows an enlarged scale (b) Equivalent circuit for GNs-(γ-

MnO2/CNTs) composite based supercapacitor and (c) transmission model for 

porous electrode. 

Specific capacitance value obtained for chemically modified GNs based 

supercapacitor in the present study is comparable to that reported by Liu et al. for  
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curved GNs based supercapacitors (154.1 F/g at 1 A/g) with ionic electrolyte in 

two electrode configuration.134 For CB spacer dispersed GNs supercapacitor 

electrodes, a maximum specific capacitance of 175 F/g has been reported in 6M 

aqueous KOH electrolyte.120 The use of CNT spacers in polymer modified GNs 

reported to give an average specific capacitance of 120 F/g in 1M H2SO4 

electrolyte.125 Supercapacitor performance of the GNs-(γ-MnO2/CNTs) composite 

we report here is superior to GNs/CB or GNs/CNTs composites.120, 125 For 

MnO2(78%)/GNs in three electrode configurations, Yan et al. reported a specific 

capacitance value of 310 F/g at a scan rate of 2 mV/s.20 In the present study, 

with lower loading of MnO2, we could achieve 308 F/g at a higher scan rate of 20 

mV/s in the two-electrode configuration.135 But, it is well known that the three-

electrode configuration yields larger specific capacitance values than that for the 

same materials in two electrode configuration. From that aspect the values 

obtained in the present study, with two electrode configuration, are highly 

encouraging. In the present study, using symmetric two electrode configuration 

we could achieve a specific capacitance of 310 F/g with 12% of MnO2 loading, at 

a constant charge discharge current of 10 mA. Hence, GNs-(γ-MnO2/CNTs) 

composite with a maximum specific capacitance of 310 F/g, energy density of 43 

Wh/kg and power density of 26 kW/kg can be considered as a promising 

electrode material for high performance supercapacitors. Moreover, the flexible 

nature of the carbon fabric substrate is an extra advantage which opens up new 
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possibilities for incorporating these kinds of composite electrodes in flexible 

energy storage devices. 

 

2.3 MnO2 Based Novel Electrodes 

2.3.1 MnO2-CNT-Textile 

We designed a new nanostructure based on a conductive CNT-textile fiber 

network, which provides an effective three-dimensional (3D) framework for the 

electrodeposition of nanoscale MnO2. Such a 3D network allows for a large mass 

loading of MnO2 without any mechanical peeling problems. The processes for 

fabricating conductive textiles and depositing MnO2 are scalable. The MnO2 

shows much stronger binding with CNT-textile fibers than metal substrates, 

which is beneficial for stable cycling performance.136 

Conductive textiles were fabricated with a conformal coating of CNTs on 

the surface of polyester fibers.137 Due to the high flexibility of CNTs and the large 

Van der Waals forces between CNTs and polyester fibers, an excellent 

overcoating is observed.137 Figure 2.29a illustrates the structure of the 

pseudocapacitor electrode, where MnO2 is conformally electrodeposited onto the 

highly conductive polyester fibers. CNTs have -COOH groups on the surface 

which promote the nucleation of MnO2 and bonding with the conductive textile. 

Figure 2.29b shows the final device structure with the MnO2-CNT-textile as a 
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positive electrode, reduced MnO2-CNT-textile (R-MnO2-CNT-textile) as a 

negative electrode and 0.5 M Na2SO4 in water with pH=10 as the electrolyte. The 

advantages of such a pseudocapacitor are: (1) the conductive textile is much 

lighter than metal foil as a current collector, which reduces the total weight of the 

pseudocapacitor; (2) the highly macroporous structure of the textiles allows for a 

large mass loading of MnO2, much larger than that on flat metal substrate on the 

same projection area; (3) the strong binding between MnO2 and CNT-coated 

polyester fibers is beneficial for achieving stable performance; (4) the material 

and the process could lead to low cost pseudocapacitors. Although the cost of 

CNTs is relatively high, the areal mass loading of CNTs is low (less than 0.2 

mg/cm2). Also, the cost of CNTs is projected to drop in the future with further 

commercialization efforts. Other conductive nanomaterials with potential low 

costs such as graphene and conductive polymers can replace CNT in our 

pseudocapacitors.  
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Figure 0.29: (a) Schematic of conformal coating of MnO2 on CNT-wrapped 

polyester fibers. Black, CNT-polyester fibers; Green, MnO2 nanoflowers. (b) 

Schematic of pseudocapacitor based on MnO2-CNT-textile. The positive 

electrode (bottom) is MnO2, the negative electrode (top) is reduced MnO2, and 

the electrolyte is 0.5 M Na2SO4  in water at pH of 10. 

After washing away the surfactant thoroughly with deionized (DI) water, 

the conductive textile is hydrophobic. To ensure conformal coating of MnO2 over 

the entire textile surface including the fibers inside, textiles are soaked in 4 M 

HNO3 for 4 hours to generate -COOH groups on CNTs, taken out and dried in air 

for one hour.138 The textile is cut with a size of 1 cm by 3 cm, where 1 cm by 1 

cm is immersed into aqueous solution with 100 mM Na2SO4 and 10 mM MnSO4. 

MnO2 is electrodeposited onto the conductive textile with a three electrode setup, 

where a conductive textile with a sheet resistance of ~ 10 Ω/ is used as the 

working electrode, platinum (Pt) as the counter electrode and Ag/AgCl as the 
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reference electrode. A small piece of Pt is used to connect the textile and the 

alligator clip to avoid side reactions. Impedance spectra in the frequency range of 

0.1 Hz-100 kHz are recorded before the electrodeposition to check the 

connections. Typical resistance at high frequency (~100 kHz) is ~20 Ω. The 

MnO2 is electrodeposited with a galvanostatic technique by applying a small 

current, 500 µA, to ensure a conformal coating of MnO2.  

Figure 2.30a shows the conductive textiles after MnO2 deposition. The 

bottom surface becomes darker as the deposition time increases, which indicates 

more materials were deposited. Figure 2.30b shows the mass loading versus the 

deposition time. Due to the highly porous structure of the textile, a larger mass 

loading of MnO2 is achieved by increasing the deposition time. 8.3 mg/cm2 of 

MnO2 is readily achieved, where the textile structure is still highly porous. 

Pseudocapacitors based on MnO2 typically have small mass densities (<0.5 

mg/cm2) due to its low proton diffusion constant (~ 10-13 cm2/s) and low electrical 

conductivity (~10-5 S/cm).19 We found that the MnO2 nanoflowers are 

polycrystalline, which is consistent with the literature (Figure 2.30c and d). The 

strong signals at 642 and 653 eV in XPS in Figure 2.30e correspond to the 

binding energies of Mn 2p3/2 and 2p1/2, respectively.82 The well-resolved peak at 

37.1º etc. in X-ray diffraction (XRD) pattern marked by the arrows (Figure 2.30f) 

are attributed to MnO2,
139 and the other peaks are from textiles or CNTs.128  
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Figure 0.30: (a) MnO2 deposited on conductive textiles with different areal 

masses. The MnO2 mass increases from left to right (0.06, 0.3, 0.8, 2.1, 3.8 

mg/cm2). (b) MnO2 weight versus deposition time. (c) TEM image of MnO2 

nanoflowers by electrodeposition. (d) TEM diffraction pattern of MnO2 

nanoflowers. (e) XPS of MnO2-CNT-textile. (f) XRD patterns of textile, CNT-

textile and MnO2-CNT-textile. 

Figure 2.31 shows SEM images of the MnO2 deposited on conductive 

textile with different electrodeposition times. MnO2 forms nanoflower structures 

which is consistent with previous studies. MnO2 nanoflowers and CNTs can be 

clearly identified (Figure 2.31a and b). As the deposition time increases, the sizes 

of the nanoflowers increase until a continuous, thick MnO2 layer is formed on the 

textile fibers (Figure 2.31c and d). Even for a large mass loading, ~ 8.3 mg/cm2, 
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the 3D textile fiber structure is still maintained without merging into a film. Such a 

highly porous structure with a large mass loading is excellent for pseudocapacitor 

applications. During the experiment, we found that the treatment of the 

conductive textile is crucial for achieving such a uniform coating. The conductive 

textile was washed with HNO3 to remove surfactants and generated -COOH 

groups.138 The washed textile was dried in air for an hour before MnO2 

deposition. A longer drying time in air makes the conductive textile highly 

hydrophobic which prohibits electrolyte penetration and the deposition of MnO2 

inside the structure. A shorter drying time leads to a highly hydrophilic textile 

which allows the water to climb along the fibers and cause corrosion on the metal 

connector during the electrodeposition process.  
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Figure 0.31: (a)-(b) SEM of MnO2-CNT-texitle after a 10-minute deposition. (c) 

and (d) SEM of MnO2-CNT-texitle after 120-minute and 300-minute depositions, 

respectively. 

Impedance of the half cells with a three-electrode setup is tested over a 

frequency range of 100 kHz ~ 0.1 Hz with MnO2-CNT-textile as the working 

electrode, Pt as the counter electrode and Ag/AgCl as the reference electrode 

(Figure 2.32a). 0.5 M Na2SO4 in DI water was used as the electrolyte. Impedance 

of flat Pt without MnO2 deposition was tested as a control experiment, which 

reflects the contribution from the electrolyte (~7 Ω) between the working 
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electrode and the counter electrode in our setup. The impedance at a high 

frequency (100 kHz) for MnO2-CNT-textile reflects the combination of electrolyte 

resistance and textile electrode resistance. For example, the total resistance of 

MnO2-CNT-textile with a 20-minute deposition at 100 kHz is 20.4 Ω (Figure 

2.32a). 13.4 Ω is contributed by the textile electrode and 7 Ω by the electrolyte.  

To illustrate the advantages of the 3D porous textile electrode based 

pseudocapacitors, a comparison study of MnO2 pseudocapacitor with a flat Pt 

substrate was conducted. The MnO2 deposition time is 60 minutes for both the Pt 

substrate and conductive textile. The areal mass is approximately 0.8 mg/cm2. 

The coating is uniform on both sides of the Pt plate immersed into the electrolyte 

solution. After drying in air, the MnO2 film on Pt is fragile and easily cracks into 

pieces. Electrochemical performance was evaluated for MnO2-Pt and MnO2-

CNT-textile, where MnO2-Pt is not dried to avoid cracking. The voltage range is 

chosen according to the Pourbaix diagram of MnO2. Figure 2.32b and c show the 

CV comparisons between MnO2-Pt and MnO2-CNT-textile at scan rates of 5 

mV/s and 50 mV/s, respectively. With the same mass density of 0.8 mg/cm2, the 

capacitance for the MnO2-CNT-textile is much higher than that for MnO2-Pt. As 

shown in Figure 2.32d, a specific capacitance of 185 F/g is achieved for CNT-

textile based device, while only 18 F/g for Pt based device. The specific 

capacitance is based on the mass of MnO2 on the substrates. This 10-fold 

difference in specific capacitance with respect to the mass of MnO2 at the same 

scan rate must be due to the kinetics of ions and electrons in the electrode 
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materials. For the same mass loading, the thickness of MnO2 on textile fibers is 

much smaller than that on the Pt substrate, which largely facilitates the ion and 

electron transport in the electrode materials. As the scan rate increases, the 

specific capacitance decreases for both substrates. This study clearly illustrates 

that the 3D CNT-textile fiber is better than a flat metal current collector for 

pseudocapacitor applications.  

 

Figure 0.32: (a) Impedance of MnO2-CNT-textiles with different MnO2 deposition 

times. The frequency range is 100 kHz~0.1 Hz. (b,c) CV scan comparison of 
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MnO2-CNT-textile and MnO2-Pt at scan rates of 5 mV/s and 50 mV/s, 

respectively. (d) Specific capacitance comparison between MnO2-CNT-textile 

and MnO2-Pt, The mass density of MnO2 for both substrates is 0.8 mg/cm2. 

To achieve the highest specific capacitance with respect to MnO2 mass, 

the thickness needs to be infinitely small, and the scan rate needs to be infinitely 

slow to enhance the transport of electrons and ions in the electrode materials. 

However, high power performance at the device level depends on the total mass 

which includes all the components in a device (electrolyte, current collectors, 

electrodes, separator, packaging, etc.). Therefore, the optimization of MnO2 

mass percentage with respect to the total mass is important. We have carried out 

a detailed study of changing the mass loading and the scan rate in a large range 

to identify a trend, which will be useful for designing practical pseudocapacitors 

based on conductive textiles. First, we performed CV scans of a MnO2-CNT-

textile with a large range of MnO2 deposition times on conductive textile (from 5 

to 600 min). The MnO2 mass varies from 60 µg to 8.3 mg per cm2 accordingly. 

The electrochemical performance of MnO2-CNT-textiles was tested with two 

different scan rates (5 and 50 mV/s). As the MnO2 mass increases, the total 

capacitance increases at the same scan rate, as indicated by the increases of 

the current (Figure 2.33a and b). As the scan rate increases from 5 to 50 mV/s, 

the overpotentials lead to large resistance and the RC time constant causes the 

curves to deviate from those of an ideal capacitor (Figure 2.33b). Second, we 

varied the scan rate from 5 to 200 mV/s for MnO2-CNT-textiles. The CV scan of 
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the 0.8 mg/cm2 sample is shown in Figure 2.33c. As the scan rate increases, the 

peak current increases but the shape deviates from that of an ideal capacitor. 

The specific capacitance with respect to the electrode mass versus the scan 

rates are shown in Figure 2.33d. As the scan rate increases, the capacitance 

decreases dramatically for MnO2-CNT-textile. The highest specific capacitance is 

410 F/g for the sample with a mass density of 0.06 mg/cm2 at a scan rate of 5 

mV/s. As the thickness increases, the specific capacitance decreases due to the 

kinetics of ion transport in MnO2 with its low ion diffusion constants. The low 

electrical conductivity and the low diffusion constant limit the pseudocapacitor 

performance.  
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Figure 0.33: (a, b) CV of MnO2-CNT-textile electrode with different areal mass 

densities for MnO2. The scan rate is (a) 5 mV/s and (b) 50 mV/s. (c) CV of MnO2-

CNT-textile with different scan rates. The areal mass for MnO2 is 0.8 mg/cm2. (d) 

Specific capacitance vs. scan rate for samples with different areal mass densities 

for MnO2. 

It is worthwhile to point out that the mass loading per area is important for 

battery or pseudocapacitor devices. It is considered a good practice to report the 

values of the electrode mass.29 The areal capacitance versus MnO2 with different 
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mass loadings is plotted in Figure 2.34a. At a fixed rate of 200 mV/s, the areal 

capacitance increases with the mass until a saturation value is reached at a 

deposition time of approximately 60 min (mass loading of 0.8 mg/cm2). At this 

fixed scan rate, the capacitance increases with MnO2 thickness or mass until a 

critical value is reached. The critical MnO2 thickness should be close to the Na+ 

diffusion length at this rate. The critical mass loading at a fixed scan rate is 

helpful for device designs. As the scan rate decreases, the ion diffusion length in 

MnO2 increases and more of electrode material contributes to the energy 

storage. For example, at the scan rate of 20 mV/s, the critical areal mass of 

MnO2 is 3.8 mg/cm2 (300 min of electrodeposition of MnO2). For 5 mV/s, no 

saturation was observed in the range of measurement and all of the MnO2 

contributes to the energy storage. The highly porous structures of conductive 

textiles allow for the demonstration of pseudocapacitors with extremely high areal 

capacitances. Figure 2.34b shows areal capacitance versus scan rate for MnO2-

CNT-textile electrodes with a mass loading of 8.3 mg/cm2. Such high areal mass 

loadings are not reported in the literature, and 2.8 F/cm2 at slow a scan rate of 

0.05 mV/s is demonstrated.  
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Figure 0.34: (a) Areal capacitance of MnO2-CNT-textile versus MnO2 mass 

loading. (b) Areal capacitance versus scan rate for a sample with 8.3 mg/cm2 of 

MnO2.   

2.3.2 MnO2-CNT-Sponge 

Different from the textile in the previous section, here we will exploit 

sponge as the substrate for supercapacitors.21 Sponges, with a hierarchical 

macroporous nature, have been widely used in our daily life as cleaning tools 

and can be found everywhere. Sponges are made up of many small cellulose or 

polyester fibers, which make them highly porous and strong absorbing media 

with significant internal surface area. A commercial sponge has been employed 

into this study, which has a high water absorption capacity. A simple experiment 

showed that it can absorb 45 times more water than its own weight. This 

indicates the good accessibility and compatibility of sponge to water and 

aqueous solutions. Sponges offer novel exciting characteristics different from 
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paper and textile that we demonstrated previously: first, sponge has much more 

uniform size of macropores. The pore size can be in the range of 100-500 μm. 

Second, the cellulose or polyester fibers are interconnected virtually free of 

junctions. Therefore, continuous coating of conducting nanomaterials is much 

easier since there are no boundaries to cross.  

We suggest to design and fabricate high performance supercapacitors 

using a simple and scalable method. The fabrication process consisted of four 

simple steps, as illustrated in Figure 2.35. A piece of commercially available 

sponge (pore sizes 100-500 μm) was cleaned by water and acetone for several 

times (Figure 2.35a). After drying completely in a vacuum oven, the sponge was 

cut into small ribbons with thickness of 1 mm and area of 1×2 cm2. The sponge 

ribbons were subsequently coated with CNTs using a simple “dipping and drying” 

process in CNT ink suspension (Figure 2.35b). The next step was to 

electrodeposit MnO2 nanoparticles on the CNT-coated sponge by galvanostatic 

electrochemical deposition (Figure 2.35c). A very small current density (500 

μA/cm2) was required to obtain the desired nanostructure of MnO2. To study the 

dependence of supercapacitor performance on MnO2 deposition time, we 

deposited MnO2 on CNT-sponge for different times: ranging from 3 to 40 min. 

The deposition area of each sample was 1×1 cm2. In the last step (Figure 2.35d), 

two identical MnO2-CNT-sponges were sandwiched with a piece of polymer 

separator dipped in 1 M Na2SO4 electrolyte inserted in between, and sealed in a 

coin cell to complete the symmetrical two electrode assembly. 



133 

 

 

Figure 0.35: Fabrication process of MnO2-CNT-sponge supercapacitors: (a) A 

piece of sponge is cleaned and cut into small ribbons; (b) CNTs are coated onto 

the skeleton of the sponge by a “dipping and drying” method; (c) nanostructured 

MnO2 is electrodeposited onto the conductive CNT-sponge skeleton; (d) two 

pieces of MnO2-CNT-sponge electrodes were assembled into coin cell to form a 

MnO2-CNT-sponge supercapacitor. 

The weight of a clean 1×2 cm2 sponge is about 10 mg, which is much 

lighter than the rigid metal and other flexible substrates with the same area.45, 105, 

140 Due to the mechanical flexibility of CNTs and strong van der Waals 

interactions between the macroporous sponge cellulose and CNTs, the CNTs 

can be easily coated onto the skeleton of a sponge, rendering the insulating 
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sponge highly conductive by a simple dipping and drying process.141 The mass of 

CNT on the CNT-sponge is ~0.24 mg/cm2 after two times of dipping and drying. 

After conformal coating of CNTs onto the skeleton of the sponge, it still 

maintained hierarchical macroporous nature where its intricate assembly of pores 

remained open to allow the flow of electrolyte. The CNTs coated on the sponge 

have formed a thin layer of CNT network wrapped around the skeleton of 

sponge. The amount of CNTs coating on sponge can be readily controlled by the 

dipping time and ink concentration. In this section, we optimized the dipping time 

to maximize the amount of CNTs coated on the sponge but without blocking its 

pores. Undercoating degrades the conductivity of the CNT-sponge electrode 

while overcoating closes the pores of the sponge and prevents the movement of 

the electrolyte ions. The mechanical resilience of the CNT-sponge skeleton was 

tested by folding, twisting, and stretching it repeatedly. After all the mechanical 

tests, the CNT-sponge always reverted to its original shape without any 

permanent deformation. 

SEM images of the MnO2-CNT-sponge showed clearly the 3D hierarchical 

macroporous open-pore structure (Figure 2.36a). Flower-like MnO2 nanoparticles 

were uniformly deposited onto the conductive CNT-sponge skeleton, even at the 

edges (Figure 2.36b and c). This further confirms that CNTs have been 

conformably coated on the sponge. Figure 2.36a also shows an exciting point: 

the backbone of sponge is free of junctions and promotes the continuous coating 

of CNT to form excellent conducting pathways in the whole structure. After 
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deposition of MnO2, the highly porous nanostructure remained, which is good for 

the fast transportation of electrons and ions in the supercapacitor devices. The 

deposition mass of MnO2 can be well controlled by adjusting the deposition time. 

We found that the surface of the CNT-sponge can be fully covered by MnO2 after 

10-minute of electrodeposition. Increasing the deposition time will increase the 

mass loading and the thickness of MnO2. If the electrodeposition is run for one 

hour, a very thick film of MnO2 with some cracks can be observed due to the 

large thickness. TEM images revealed that the nanostructure of MnO2 is highly 

porous and includes many small nanoplates (Figure 2.36d). The average pore 

size of the MnO2 is around 3.2 nm and it has a BET specific surface area of 174 

m2/g. An HRTEM image together with SAED pattern demonstrated that the 

deposited MnO2 are polycrystalline (Figure 2.36e and inset). We further 

confirmed that the polycrystalline MnO2 nanoparticles belong to ε-MnO2 by XRD 

(JCPDS 00-030-0820) (Figure 2.36f). The flower-like MnO2 nanoparticles on 

macroporous CNT-sponge essentially form a so-called double porous 

nanostructure.141 This unique structure provides outstanding performance for the 

intercalation/de-intercalation of electrolyte cations into electrode materials, and 

we therefore expect a high performance supercapacitor. 
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Figure 0.36: Characterizations of MnO2-CNT-sponge electrodes: (a) an overall 

view of 3D macroporous hierarchical MnO2-CNT-sponge electrode; (b) MnO2 

uniformly deposited on the skeleton of CNT-sponge; (c) high magnification of 

porous MnO2 nanoparticles on CNT-sponge, inset shows morphology of an 

individual MnO2 flower-like particle; (d) a TEM image of MnO2 shows highly 

porous structure; (e) high resolution TEM (HRTEM) image and the inset SAED 

pattern of porous MnO2 showing the polycrystalline nature of MnO2; (f) XRD of 

the as-synthesized structure showing the ε-MnO2 phase. 

The electrochemical performance of CNT-sponge substrate was tested 

using a two-electrode coin cell configuration. Two pieces of symmetrical CNT-

sponge, one piece of separator and 1 M Na2SO4 have been used as electrodes, 
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separator and electrolyte, respectively. All measurements have been conducted 

at room temperature. As shown in Figure 2.37a and b, the CNT-sponge devices 

(without MnO2 deposition) can be operated over a wide range of scan rates: from 

0.001 up to 200 V/s. The cyclic voltammograms retain the rectangular shape 

(which is characteristic of the ideal electrochemical double layer capacitive 

behavior) even at a high scan rate of 20 V/s. As expected, the currents increase 

with the applied scan rates, but surprisingly the CNT-sponge devices operates at 

the highest reported scan rate for aqueous electrolyte supercpacitors.19, 22, 45, 82, 

105, 140, 142 We can therefore conclude that ultrahigh power can be obtained from 

this kind of device.143 Another good feature of the CNT-sponge device is its good 

electrochemical behavior even at an extremely high scan rate of 200 V/s, which 

is comparable to micro-supercapacitors built on rigid silicone substrates.143, 144 

Furthermore, a linear dependence of the discharge current on the scan rate up to 

8 V/s can be observed from Figure 2.37c. The deviation of the linear dependence 

after 8 V/s is due to the diffusion limit of electrolyte ions to the electrode 

materials. The discharge currents are calculated from the discharge scan with an 

average over the whole voltage range at specific scan rates.143, 144 A mean areal 

capacitance of 0.36 mF/cm2 can be obtained from the slope of Figure 2.37c, 

which is comparable to the value of carbon materials based micro-

supercapacitors.144 A maximal value of 0.9 mF/cm2 can also be obtained at a 

scan rate of 1 mV/s, but this value can be improved if more CNTs have been 

coated on the sponge. Figure 2.37d illustrates the charge-discharge behavior of 
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the CNT-sponge device. The figure shows ultrafast charge-discharge rate and 

linear dependence on voltage and time, with very small voltage drop at a specific 

current of 10 A/g. These results indicate that the CNT-sponge substrates used in 

the present work exhibit excellent supercapacitor performance. More importantly, 

these results coupled with other promising features of the CNT-sponge (such as 

ease of fabrication, low cost, light weight and flexibility) make it a highly 

promising energy storage substrate.  
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Figure 0.37: Electrochemical behaviors of CNT-sponge substrates: (a and b) 

cyclic voltammetry scan from 0.001 to 10 V/s and from 20 to 200 V/s, 

respectively; (c) discharge currents as a function of scan rates (linear relation is 

obtained up to scan rate of 8 V/s); (d) galvanostatic charge-discharge curves at a 

specific current of 10 A/g. The mass of CNT on CNT-sponge substrate is ~0.24 

mg/cm2. 

Figure 2.38e shows the digital photograph of the MnO2-CNT-sponge 

electrodes prepared by electrochemical deposition of MnO2 onto conductive 
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CNT-sponge. The amount of MnO2 was controlled by the deposition time. Here, 

we varied the deposition time from 3 to 40 min. It was observed that as the 

deposition time increased, the mass loading of MnO2 increased accordingly. This 

can be observed from the increased darkness of the sponge as shown in Figure 

2.38b. The first ribbon on the left in Figure 2.38b is a bare sponge, and the 

second one from the left is a CNT-sponge without MnO2 on it. The remaining 

samples from left to right are MnO2-CNT-sponge with deposition time from 3 to 

40 min. The color of the bottom part of the CNT-sponge becomes darker with 

increased electrodeposition time, which means more MnO2 has been deposited 

on the sponge. This can be further confirmed by plotting the change of MnO2 

content and MnO2 mass loading versus deposition time (Figure 4a). As can be 

seen from Figure 2.38a, the MnO2 content (the weight percentage of MnO2 in 

MnO2-CNT composite) and its mass loading increased with the deposition time. 

Each data point in Figure 2.38a is an average value of at least 10 samples. At 

low deposition time, e.g., 10 min, the MnO2 mass loading is around 0.1 mg/cm2 

and its content in the MnO2-CNT composite is nearly 30% by weight. These 

values are higher than the values obtained from rigid metal substrates such as 

platinum at the same deposition time due to the large surface area of the sponge. 

When the electrodeposition time increased to 40 min, the mass loading of MnO2 

increased to 0.5 mg/cm2, which is more than twice of CNT loading on the 

sponge, and the corresponding MnO2 content in the MnO2-CNT composite is as 

high as 67% by weight. For long deposition times, e.g., 20 hours, the mass 
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loading of MnO2 can go up to 12.8 mg/cm2, which is twice of the weight than the 

CNT-sponge itself. To reveal the good adhesion between MnO2 and CNT-

sponge, a simple Scotch tape adhesion test was performed comparing the 

MnO2-CNT-sponge and MnO2-platinum electrodes. It can be seen clearly from 

Figure 2.38c that superior adhesion performance is observed for the MnO2-CNT-

sponge: no peeling was observed in the case of MnO2-CNT-sponge (Figure 

2.38c), while significant peeling was observed in the case of the rigid Pt foil 

(Figure 2.38d). Another result that demonstrates the superior electrochemical 

performance of the MnO2-CNT-sponge electrodes is comparing its cyclic 

voltammetry behavior to the flat MnO2-Pt substrate. A three-electrode 

configuration has been setup to test the electrochemical performances by cyclic 

voltammogram. At scan rate of 50 mV/s (Figure 2.38f), the electrochemical 

performance of MnO2-CNT-sponge outperforms that of MnO2-Pt electrode in 

terms of wider voltage range and higher capacitance. At a 5 min 

electrodeposition of MnO2, a specific capacitance of 1230 F/g based on MnO2 

mass can be achieved from MnO2-CNT-sponge electrode at scan rate of 1 mV/s. 

However, the value is just 155 F/g for MnO2-Pt electrode under the same 

condition (Figure 2.38g). This controlled experiment further confirms the 

outstanding electrochemical performance of MnO2-CNT-sponge electrode.   
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Figure 0.38: MnO2-CNT-sponge supercapacitor electrodes: (a) MnO2 content and 

mass loading vs elctrodeposition time from 3 to 40 min; (b) photograph of MnO2-

CNT-sponge electrodes array, the samples from left to right are corresponding to 

bare sponge, CNT-sponge, MnO2 deposition on CNT-sponge for 3, 5, 10, 20, 30 

and 40 min; (c and d) photograph of Scotch tape tests of MnO2-CNT-sponge and 

MnO2-Pt electrode, respectively; (e) photograph of a MnO2-CNT-sponge 

electrode; (f) cyclic voltammogram of MnO2 on Pt vs MnO2 on CNT-sponge at 50 

mV/s after 5 min deposition of MnO2; (g) specific capacitance comparison 

between MnO2-Pt and MnO2-CNT-sponge (all based on the mass of MnO2). 
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To completely investigate the electrochemical performances of MnO2-

CNT-sponge supercapacitors, a typical two-electrode configuration has been 

employed in this work.29, 145 The MnO2-CNT-sponge serves as electrode as well 

as current collector, and the integrated binder-free structure provides highly 

porous and conductive channels for the full access of electrolyte ions to the 

active electrode material in supercapacitors. As shown in Figure 2.39a and b, the 

full cell has been studied by cyclic voltammograms over a wide range of scan 

rates: from 0.001 to 10 V/s. Take the 5 min MnO2 deposition sample as an 

example. The CV shapes are almost rectangular at scan rates below 2 V/s and 

remain quasi-rectangular at scan rate up to 10 V/s (Figure 2.39b), indicating the 

excellent charge storage characteristics and ultrafast response of the electrodes. 

The high scan rate of 10 V/s is 1 to 2 orders of magnitude higher than the rate 

used in most of the literature for the MnO2/CNT composite electrodes with 

aqueous electrolyte.22, 23, 28, 82, 146 The voltages versus time profiles were obtained 

by galvanostatic charge-discharge measurements (Figure 2.39c). The device can 

be steadily operated over a wide range of applied specific current, from 1 to 100 

A/g. The internal resistances29, 147 (including the electrical resistances of 

electrodes, the ions diffusion resistances and the interfacial resistance between 

the electrode and electrolyte) derived from the voltage drop are consistent with 

the values calculated from impedance electrochemical spectroscopy. The cyclic 

voltammetry response of different samples under different deposition times have 

been demonstrated in Figure 2.39d and e, at specific scan rate of 20 and 200 
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mV/s, respectively. The corresponding current increases with MnO2 content on 

the electrodes for both scan rates, suggesting that more materials contributed to 

charge storage. When the scan rate changed from 20 to 200 mV/s, the CV 

shapes remained nearly rectangular, with only a few deviations for samples with 

high mass loading. This clearly shows the excellent electrochemical performance 

of the MnO2-CNT-sponge supercapacitors. The specific capacitances with 

respect to the mass of MnO2 have been derived from CVs and plotted in Figure 

2.39f, which are comparable with the values calculated from galvanostatic 

charge-discharge curves.  A specific capacitance of 1000 F/g can be obtained 

based on the mass of MnO2 at scan rate of 1 mV/s. The specific capacitances of 

MnO2-CNT-sponge supercapacitor are competitive with literature values.28, 45, 105, 

140, 142, 146, 148 The specific capacitance decreases with the scan rates and MnO2 

deposition times, but remains constant at scan rates higher than 100 mV/s. The 

measured specific capacitance depends strongly on scan rate for low mass 

loading devices, but depends weakly on scan rate for high mass loading devices. 

For example, the specific capacitance decreased from 1000 F/g at 1 mV/s to 581 

F/g at 100 mV/s for the 3 min electrodeposition device. In comparison, it 

decreased from 444 F/g at 1 mV/s to 295 F/g at 100 mV/s for the 10 min 

electrodeposition device. For higher mass loading devices, such as 30 and 40 

min MnO2 depositions, negligible change in specific capacitance was observed, 

especially at high scan rates. This is mainly due to the limited conductivity of high 

mass loading samples and the limited utilization of MnO2 at high scan rates. At 
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low mass loading of MnO2, the highly conductive double porous electrodes 

provide good opportunity for electron transportation and ions accessibility, 

maximizing the utilization of MnO2 materials. At even lower deposition time, the 

theoretical specific capacitance can be possibly achieved in this unique structure.   

 

Figure 0.39: Electrochemical performance of MnO2-CNT-sponge supercapacitors: 

(a and b) cyclic voltammograms of a 5 min MnO2 deposition device at low and 

high scan rates, respectively; (c) galvanostatic charge-discharge of a 5 min MnO2 

deposition device under different current densities: (d and e) cyclic 

voltammograms of device with different MnO2 deposition times at scan rate of 20 

and 200 mV/s, respectively; (f) specific capacitance vs scan rate for devices with 

different MnO2 deposition time, ranging from 0 to 40 min. The capacitance 
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contribution of CNT-sponge has been subtracted from all MnO2-CNT-sponge 

devices. All data are taken in a 1 M Na2SO4 full cell at room temperature. 

Looking into the charge storage mechanisms of MnO2-CNT-sponge 

supercapacitors, a possible electrochemical reaction can be proposed as the 

following: 

MnO2 + xH+ + yNa+ + (x+y)e- <---> MnOOHxNay 

The energy storage contributions come from both surface adsorption/desorption 

of electrolyte cations (Na+) to the surface of CNTs and MnO2, and the fast, 

reversible redox reactions by means of intercalation/extraction of protons into/out 

of MnO2.
2, 149 The conductive double porous structure facilitates the 

adsorption/desorption of Na+ and the transportation of electrons and protons, 

allowing full access of the electrolyte to electrode materials and maximizing the 

utilization of MnO2. Therefore, the cyclic voltammograms exhibit the ideal 

rectangular shapes and a specific capacitance of 1000 F/g can be obtained 

based on the mass of MnO2.  

Electrochemical impedance spectroscopy (EIS) and long time cycling 

stability are two important parameters to determine the performances of 

supercapacitors. Figure 2.40a and inset show the Nyquist plots in the frequency 

range from 100 kHz to 0.01 Hz, which can be represented by the equivalent 

circuit and the corresponding model for ideal supercapacitors, as shown in Figure 
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2.40b. In the equivalent circuit, a solution resistance (RS) connects in series with 

a constant phase element (CPE), and the CPE connects in parallel with the 

charge transfer resistance (RCT) and pseudo-capacitance (CP). The solution 

resistance refers to the resistance from the electrolyte, the CPE accounts for the 

double-layer capacitance, and the charge transfer resistance (also called 

Faraday resistance) corresponds to the total resistance at the interface between 

the electrode and the electrolyte.132 Experimental results show that RS is 

insensitive to the surface condition of the electrode, and it is consistent with a 

value of around 1.5 Ω for all our devices. However, RCT increases with the mass 

loading of MnO2 on the surface of the CNT-sponge, from 4.5 Ω at 3 min MnO2 

electrodeposition to 28 Ω at 40 min deposition (Figure 2.40a). Typically, the 

Nyquist plot can be divided by the so-called knee frequency into a high frequency 

semicircle and a low frequency vertical line,132 as schematically illustrated in 

Figure 2.40b. The semi-circle intersection with the abscissa depends on the 

internal resistance and the vertical line implies good capacitive behaviors of 

supercapacitors. The internal resistances (including RS, RCT and other 

resistances) of all samples are consistent with those derived from the voltage 

drop of charge-discharge curves. This result clearly indicates that the internal 

resistance increases with the MnO2 deposition time due to increased mass 

loading of semiconducting MnO2, making the MnO2-CNT-sponge electrode less 

conductive. A long time charge-discharge cycling up to 100000 cycles has been 

performed on CNT-sponge devices using a scan rate of 10 V/s. The results, 
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shown in Figure 2.40c, indicate that 98% of the initial capacitance was retained. 

In comparison, the cycling stability of MnO2-CNT-sponge supercapacitors was 

also investigated up to 10000 charge-discharge cycles using a specific current of 

5 A/g. It is seen that 96% of the initial capacitance has been retained after 10000 

cycles (Figure 2.40c inset) for the 40 min MnO2 deposition device. These results 

demonstrate good stability of both CNT-sponge and MnO2-CNT-sponge 

supercapacitors. Figure 2.40d shows a Ragone plot of MnO2-CNT-sponge 

supercapacitors. Although it is challenging to compare accurately the 

performance of all types of supercapacitor due to a large number of variables 

such as materials mass loadings, charge-discharge rates and testing 

configurations, the rough comparison can still be made. The Ragone plot shows 

that the specific energy and specific power values of our sponge supercapacitors 

are very competitive compared to the ones reported in the literature10, 146, 148-152, 

with maximum specific energy of 31 Wh/kg and specific power of 63 kW/kg. All 

the specific energy and power values were calculated from the galvanostatic 

charge-discharge curves. These values demonstrate the outstanding capability of 

CNT-sponge and MnO2-CNT-sponge supercapacitors as high-power and high-

energy storage systems. 
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Figure 0.40: Nyquist plot, equivalent circuit model, long time cycling and Ragone 

plot of MnO2-CNT-sponge supercapacitors: (a) Nyquist plot of supercapacitor 

devices with different MnO2 deposition times, ranging from 0 to 40 min. (b) 

equivalent circuit model of the device; (c) capacity retention vs cycle number for 

CNT-sponge device up to 100000 cycles at a high scan rate of 10 V/s and 40 min 

MnO2-CNT-sponge supercapacitors under 10000 cycles at a specific current of 5 

A/g, respectively; (d) Ragone plot of MnO2-CNT-sponge supercapacitors under 

different mass loadings of MnO2. 
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In summary, novel sponge supercapacitors have been fabricated using a 

simple method while providing remarkable performance. The macroporous 

nature of the sponge along with the porous nature of the electrodeposited MnO2 

nanoparticles provided a double porous electrode structure giving good 

conductivity and full accessibility of electrolyte to MnO2, improving the 

performances of MnO2-CNT-sponge supercapacitors dramatically. The MnO2-

CNT-sponge supercapacitor exhibits high specific capacitance, ultrafast charge-

discharge rate, excellent cycling stability as well as good energy and power 

density, making it a promising electrode for high-performance large-scale energy 

storage systems. 

  

2.4 Conclusions 

In this chapter, we have explored MnO2 based nanomaterials and 

nanostructures as supercapacitor electrodes for energy storage applications. We 

focused on studying the MnO2 and its nanocomposites, including binary systems 

of MnO2-CNC and MnO2-graphene, ternary system of MnO2-CNT-graphene, as 

well as two novel electrodes of MnO2-CNT-textile and MnO2-CNT-graphene, as 

good candidates for high-performance supercapacitors. These studies vary from 

fundamental understanding of the materials synthesis and rational designs of the 

structures to the real applications of the device systems will make a huge 

potential to direct the high-performance supercapacitors in the future. 
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Chapter 3 

 

MnO2 as Templates for Conducting Polymers and 

Activated Nanocarbons 

3.1 Conducting Polymers 

3.1.1 Introduction of Conducting Polymers 

Electrically conducting polymers (ECPs) are referred to a class of organic 

polymers that conduct electricity. Different from traditional polymers that have low 

electrical mobility due to the bounded valence electrons in sp3 hybridized 

covalent bonds, the ECPs have a conjugated π-system that is formed by the 

overlap of carbon pz orbitals. This leads to a contiguous backbone of sp2 

hybridized carbon centers. An unpaired valence electron on each sp2 center 

resides in pz orbitals and forms a bonding π band and corresponding antibonding 

π* band. When the conducting polymer is properly oxidized, an electron can be 

removed from this band and the remaining electrons within this partially emptied 

band become more mobile, and thus conductive. The ECPs store charges by fast 

doping and dedoping processes.153 ECPs can be p-doped (an ion insertion 

process that raises the redox state and electronic conductivity of the polymer) 

with anions when oxidized and n-doped (adding of an electron to an unfilled band) 

with cations when reduced, as shown in Figure 3.1. The mainly investigated 
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conducting polymers as supercapacitor electrode materials are polyaniline (PAni), 

polypyrrole (PPy), polythiophene (PTh) and derivatives of PTh.  

 

Figure 0.1: The doping and dedoping processes of ECPs. 

3.1.2 Polyaniline 

PAni, as an electrical conducting polymer, is known to be a good 

pseudocapacitor material owing to its many promising characteristics, including 

high doping level, good electrical conductivity (0.1-5 S/cm), low cost, high 

theoretical capacitance and excellent electrochemical response.154, 155 Although 

PAni has a theoretical capacitance of as high as 2000 F/g, this theoretical value 

is hard to achieve due to the limited reactive sites available in the material that 

the electrolytes can access.156 Therefore, a number of studies have been 

conducted on the preparation of different nanostructured PAni in supercapacitor 

devices for the improvement of capacitance.157-160 It was also revealed that the 

electrochemical performance of PAni is highly dependent upon its shapes when 

its dimension goes down to nanoscale. However, distinguished from inorganic 

nanomaterials, it is difficult to manipulate the shapes of nanostructured 
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conducting polymers. Recently, Park et al. reported anisotropic growth of PAni 

nanostructures with three different morphology (i.e. nanospheres, nanorods and 

nanofibers) and the specific capacitances of the pseudocapacitors based on 

these PAni are in the order of PAni nanospheres<nanorods<nanofibers.161 

However, the obtained specific capacitance in this report (4~55 F/g for full cells) 

are much lower than that of most of PAni pseudocapacitors (100~400 F/g for full 

cells). Thus, it is a good opportunity to develop a robust route to prepare 

nanostructured PAni with well-controlled morphology and enhanced 

electrochemical performance for pseudocapacitor energy storage applications. 

We proposed a general approach in which oxide templates can be used to 

create novel morphologies of conducting polymers, and will take an specific 

example of using MnO2 as reactive template to produce PAni in this section.162 

Three different morphologies of nanostructured PAni (i.e. nanofibers, 

nanospheres and nanotubes) were synthesized using MnO2 with tunable 

morphologies as the reactive templates. MnO2 was chosen as the reactive 

template in this study due to its low cost, facile fabrication of a variety of 

morphologies and easy availability of different crystallographic forms as 

discussed in the previous chapters.163 The oxide template-guided PAni have 

much higher surface area, resulting in much improved capacitance than the PAni 

without using the template. The growth mechanism of the template-guided PAni 

with different morphologies was also discussed. Furthermore, the 

electrochemical properties of nanostructured PAni pseudocapacitors were 
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investigated and the performance is highly dependent to the morphology of the 

PAni, highlighting the importance of the morphology controlled process.  

The morphology-dependent polyanilines were prepared by a reactive-

template technique using different morphologies of MnO2 as sacrificial 

templates.163 Typically, 50 mg of MnO2 nanospheres or nanotubes were 

dispersed in 30 mL of water and bath sonicated for 30 min before transferring to 

ice bath. A solution containing 100 µL of aniline dissolved in 20 mL H2SO4 (2.8 

mL of concentrated H2SO4 in 17.2 mL of water) cooled also in ice bath previously 

was rapidly poured into the MnO2 solution under stirring. Subsequently, the 

mixture was stirred in the ice bath for 6 h, and the resulting product was filtered, 

washed by water and ethanol for several times. Finally, the product was dried 

under vacuum at 60 °C for 12 h. The preparation of polyaniline nanofibers was 

conducted using a method without any templates.160, 164 

3.1.3 Polyaniline Characterization 

Three different morphologies of PAni nanostructures (i.e. nanofibers, 

nanospheres and nanotubes) were prepared by a facile chemical polymerization 

process. Among them, PAni nanofibers were obtained without any templates 

while the PAni nanospheres and nanotubes were synthesized using different 

morphologies of MnO2 nanostructures as the sacrificial templates.163, 164 The 

different morphologies of MnO2 can be easily tuned by controlling the reaction 

time in a one-pot hydrothermal reaction as discussed in Chapter 2. The resulting 
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PAni nanostructures mimic of the starting MnO2 template, producing various 

morphologies of PAni. As shown in Figure 3.2, the shapes of PAni nanospheres 

(Figure 3.2b) or nanotubes (Figure 3.2d) were similar to those of MnO2 

nanospheres (Figure 3.2a) or nanotubes (Figure 3.2c) respectively, indicating the 

successful preparation of PAni by using MnO2 as sacrificial templates. The 

porous structures of MnO2 nanospheres have been retained well in PAni 

nanospheres (Figure 3.2b), and the tubular nature of MnO2 nanotubes have also 

been kept in PAni nanotubes, as shown in Figure 3.2d. It is noticed that 

compared to MnO2 templates, the surface of the PAni became relatively rough, 

as some particles formed and attached to the surface of PAni nanospheres 

whereas some nanofibers also formed and mixed with the PAni nanotubes during 

the preparation of PAni nanotubes. The PAni nanotubes became curved and 

entangled to each other because of the high flexibility of polymer chains as 

compared to rigid MnO2 nanotubes. In contrast, the PAni nanofibers prepared 

without the MnO2 templates connect more easily and form dense networks of 

PAni nanofibers, as indicated by the SEM images in Figure 3.2e and f.  
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Figure 0.2: SEM images of nanospheres of (a) MnO2 and (b) PAni, nanotubes of 

(c) MnO2 and (d) PAni, and (e) low and (f) high magnification SEM images of 

PAni nanofibers. 

Figure 3.3 shows the TEM images of the three different nanostructured PAni 

morphologies. Figure 3.3a shows PAni nanosphere with a diameter of 3.5 µm.  

These spheres are characterized by a porous surface, where multiple PAni 

nanosheets are stacked as shown in the zoom-in image in Figure 3.3b. Figure 

3.3c depicts the typical morphology of the PAni nanotubes. It is worth pointing 

out that the wall of the nanotube consists of multiple layers, an observation that 

will be discussed in the next session. As labeled in Figure 3.3c, layer 2 is the 

original wall derived from the MnO2 nanotube. Layer 1 (outer layer) and layer 3 
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(inner layer) are the PAni layers that grow on the surface of the MnO2 templates 

outwards and inwards respectively, resulting in larger outer diameter and smaller 

inner diameter than the MnO2 templates. Layer 4 is the hollow area of the PAni 

nanotubes. Figure 3.3d shows the interconnected PAni nanofibers network, 

corresponding to the SEM image shown in Figure 3.2f.  
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Figure 0.3: TEM images of PAni nanostructures. (a) Low and (b) high 

magnification TEM images of PAni nanosphere, where (b) is the zoom in image 

of the rectangular area in (a). (c) TEM of PAni nanotubes, where the wall of the 

nanotubes contains three layers of PAni, indicated as (1) outer layer, (2) original 

MnO2 layer and (3) inner layer, whereas (4) is the hollow area of the nanotubes. 

(d) TEM of PAni nanofibers.  
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The energy dispersive X-ray spectroscopy (EDX) of MnO2 and the resulting 

PAni nanostructures are shown in Figure 3.4. As a comparison, it is easy to 

observe that the EDX spectra of PAni nanospheres and nanotubes are very 

similar (Figure 3.4b and d), which are totally different from that of MnO2 

nanospheres and nanotubes (Figure 3.4a and c). Importantly, the disappearance 

of Mn peaks in the spectra of PAni confirmed the successful preparation of high 

purity PAni nanostructures using MnO2 as sacrificial templates. The carbon and 

nitrogen peaks in the EDX spectra of polyaniline originate from the polyaniline 

backbones, whereas the peak of sulfur comes from the sulfuric acid used in the 

preparation of polyanilines, indicating the resulting PAni nanostructures are 

H2SO4 doped PAni. 
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Figure 0.4: SEM-EDX of (a) MnO2 nanospheres, (c) MnO2 nanotubes, and (b) 

PAni nanospheres and (d) PAni nanotubes. 

 

XRD and Raman analyses were carried out to further characterize the PAni 

nanostructures. As shown in Figure 3.5a, the XRD patterns of the three PAni 

nanostructures display typical emeraldine salt forms of amorphous PAni, which 

agrees well with the reported literature.163, 165 Compared to PAni nanofibers, the 

XRD peaks of PAni nanospheres shifted to lower angles, which may be related to 

the conductivity of the PAni nanospheres.166 Moreover, the intensity of the peaks 

at around 16° and 20° for PAni nanospheres are higher than that of PAni 
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nanofibers, suggesting the appearance of a relatively ordered structure and the 

decrease of the polymer chain distance.167 This is due to the ordered pore 

structure in PAni nanospheres as shown in their SEM image (Figure 3.5b) and 

TEM image (Figure 3.4a). In contrast, the intensity of the peaks centered at 

around 16° and 20° for PAni nanotubes are lower than that of PAni nanofibers, 

indicating the decrease of the ordered structure and the increase of the distance 

in the polymer chains.167 The Raman spectra show very similar characteristic 

peaks for the three different morphologies of PAni nanostructures, which also 

agree with the PAni prepared by chemical polymerization in the reported study 

(Figure 3.5b).168 For example, the bands at 1165 cm-1 can be assigned to C-H 

bending of the benzenoid ring.168 The band located at 1218 cm-1 is attributed to 

C-N stretching mode of the single bonds.169 The band at 1335 cm-1 corresponds 

to the semiquinone radical structure of the PAni.170 The band situated at 1471-

1505 cm-1 corresponds to C=N stretching mode of the quinoid units, and the one 

at 1593 cm-1 is contributed to C=C stretching of the quinoid ring.168  
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Figure 0.5: (a) XRD patterns and (b) Raman spectra of PAni nanostructures, 

respectively.  

We further conducted nitrogen adsorption-desorption analysis to demonstrate 

the increased surface area of PAni nanospheres and nanotubes compared to the 

PAni nanofibers. As shown in Figure 3.6a, the BET surface areas of PAni 

nanosphere (67.9 m2/g) and PAni nanotubes (77.1 m2/g) are much higher than 

that of PAni nanofibers (30.9 m2/g), highlighting the advantages of the PAni 

nanomaterials prepared by the MnO2 sacrificial templates. The much increased 

surface areas of our PAni nanospeheres and nanotubes are attributed from their 

porous nature and the values are among the highest reported to date for PAni 

nanostructures by chemical methods. For example, Huang et al. prepared 

different acids doped PAni nanofibers by interfacial polymerization method, and 

the obtained surface areas ranged from 37.2 m2/g to 54.6 m2/g.171 Qin et al. 

synthesized PAni naoparticles with surface area of 53.1 m2/g.172 Pan et al. 
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reported PAni hydrogel with surface area of 41.6 m2/g.165 The average pore size 

of PAni nanospheres (11.5 nm) and nanotubes (18 nm) are comparable to that of 

PAni nanofibers (16.3 nm), which are all much larger than the size of the 

electrolyte ions used in the supercapacitor fabrication and will allow fast flow of 

the electrolyte ions into the PAni electrode materials (Figure 3.6b). 

 

Figure 0.6: (a) BET surface area and (b) pore size distribution of the three 

different morphologies of PAni nanostructures, respectively. 

3.1.4 Growth Mechanism of Polyaniline Nanostructures 

The growth mechanism of the two different morphologies of PAni 

nanostructures (i.e. nanospheres and nanotubes) using corresponding 

morphologies of MnO2 as the sacrificial templates can be explained as 

following.163, 173 MnO2 was found to be a strong oxidant in acidic medium with an 

electrochemical potential of 1.23 V according to the half reaction of MnO2 in 

acidic conditions173: 
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𝑀    4     → 𝑀                     

Because of the higher potential of MnO2 than that of the aniline polymerization 

(the oxidation potential of dimer aniline is 0.5 V), MnO2 is able to oxidize aniline 

and produce polyaniline in acidic environment. As shown in the schematic 

illustration in Figure 3.7, initially, MnO2 with different morphologies (nanospheres 

and nanotubes) are dispersed well in aqueous solution separately (Figure 3.7a). 

Once aniline in acidic solution is mixed with the MnO2 templates, the aniline 

monomers are oxidatively polymerized on the surface of the MnO2 templates, 

forming the heterogeneous MnO2-PAni core-shell structures (Figure 3.7b).163, 164 

The redox reactions are spontaneously accelerated in the heterogeneous 

systems, leading to further polymerization of aniline at the interface between the 

MnO2 and aniline acidic aqueous solution.173 The MnO2 templates accept two 

electrons to be reduced to water-soluble Mn2+ ions, while aniline monomers lose 

electrons to be oxidatively polymerized to PAni. Finally, the redox reactions using 

different morphologies of MnO2 as the reactive templates as well as oxidants in 

acidic conditions result in complete replication of MnO2 by PAni, forming different 

morphologies of PAni nanostructures (Figure 3.7c). In the preparation of PAni 

nanotubes, the redox reactions take place on the exposed surfaces of the MnO2 

nanotubes (both inner and outer surfaces as shown in the zoom-in picture in 

Figure 3.7b) and form thin films of PAni covering on the both surfaces, which also 

applied to the synthesis of PAni nanospheres. With the MnO2 nanotubes 
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gradually consumed, another layer of PAni can be formed on the original site of 

the wall of MnO2 nanotubes (zoom-in part in Figure 3.7c). This leads to the 

unique PAni nanotube structures with three layers of shell, larger outer diameter, 

and smaller inner diameter than the MnO2 nanotube templates as demonstrated 

in the TEM image (Figure 3.3c).  

 

Figure 0.7: Growth mechanism of PAni nanostructures by taking the tunable 

morphology of MnO2 as reactive templates. (a) Schematics of MnO2 nanosphere 
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and nanotubes, (b) PAni coated MnO2 hybrid structures, and (c) PAni 

nanosphere and nanotubes obtained by removing the MnO2 reactive templates 

automatically in the aqueous solution. 

3.1.5 Electrochemical Performance 

The electrochemical properties of the three different morphologies of PAni 

nanostructures were studied by CV, CD and EIS in classical two-electrode full 

cell supercapacitors, which consistent with the best practical method for the 

evaluation of supercapacitor performance.29 Figure 3.8 shows the CV and 

corresponding CD curves for the three different of PAni morphologies used as 

electrode materials in aqueous H2SO4 electrolyte. The PAni nanofibers (PAni-NF) 

based pseudocapacitors show nearly rectangular CV shapes at different scan 

rates (Figure 3.8a), corresponding to the linearly symmetrical CD curves under 

different current densities (Figure 3.8b). However, the CV behavior of PAni 

nanospheres (PAni-NS) based pseudocapacitors deviated from rectangular 

shape and a pair of typical redox reaction peaks appears in the anodic and 

cathodic process (Figure 3.8c). The CD curves of the PAni-NS based 

pseudocapacitors are not as symmetrical as the PAni-NF ones, also indicating 

the redox reaction peaks in the charge and discharge process (Figure 3.8d). In 

the case of PAni nanotubes (PAni-NT) based pseudocapacitors, a pair of redox 

reaction peaks can be found in quasi-rectangular CV curves (Figure 3.8e), 

making the corresponding CD curves also quasi-symmetrical (Figure 3.8f). The 

redox peaks are induced by Faradaic transformation of emeraldine-pernigraniline 
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form of polyaniline during the charge and discharge process of the 

pseudocapacitors. The intensity of the redox peaks indicates that the 

electrochemical response of the PAni to the electrolyte. Among the three different 

morphologies of PAni nanostrucutres, PAni-NT pseudocapacitors exhibit 

extensive redox peaks than the other two ones, suggesting better 

electrochemical performance of the PAni-NT pseudocapacitors. 

 

Figure 0.8: Electrochemical performance of three different morphology of PAni 

nanostructures as pseudocapacitor materials in aqueous H2SO4 electrolyte. 

Cyclic voltammetry and galvanostatic charge-discharge curves of (a, b) PAni 

nanofibers, (c, d) PAni nanospheres and (e, f) PAni nanotubes, respectively.  

The comparison of electrochemical performance of the pseudocapacitors 

based on the three different morphologies of PAni nanostructures is summarized 
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in Figure 3.9. At the same scan rate of 50 mV/s, the CVs vary with different PAni 

morphologies. The integrated area of the CV loops increases in the following 

order: PAni-NS<PAni-NF<PAni-NT (Figure 3.9a). This agrees well with the 

behaviors of the CD curves, where the charge and discharge time increases in 

the same order (Figure 3.9b). The change of the calculated specific capacitance 

derived from the charge-discharge curves with the current density is summarized 

in Figure 3.9c. It is found that the specific capacitances of PAni-NT 

pseudocapacitors are higher than that of the other two morphologies and the 

capacitance values vary in the order of PAni-NS<PAni-NF<PAni-NT, confirming 

the behaviors of the CV and CD. For example, at the same current density of 10 

A/g, the specific capacitance for PAni-NT based pseudocapacitors (477 F/g) is 

higher than that of PAni-NS based pseudocapacitors (315 F/g) and PAni-NF 

based pseudocapacitors (385 F/g). The highest specific capacitance obtained at 

low current density of 1 A/g is 502 F/g for the PAni-NT pseudocapacitors, 345 F/g 

for PAni-NS pseudocapacitors, and 404 F/g for PAni-NF pseudocapacitors. The 

enhancement of specific capacitance of PAni pseudocapacitors based on 

different morphology is as high as 51% (comparison of PAni-NT vs. PAni-NS at 

current density of 10 A/g). This finding suggests that the electrochemical 

performance of PAni pseudocapacitors is highly morphology dependent and it is 

crucial to optimize the morphology of PAni for the best performance. It is 

interesting that although PAni-NS has higher surface area than the PAni-NF, its 

capacitance is lower. This is probably due to the limited diffusion and 
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transportation of the electrolyte ions to the entire parts of the big PAni spherical 

particles, especially their condensed central parts, preventing the full utilization of 

the inner surface of the PAni spheres. In contrast, the much increased surface 

area of PAni-NT over PAni-NF contributed largely to their energy storage 

capacity, as the hollow nanostructures provide more exposed surface for 

electrochemical reaction to take place. From another point of view, the structure 

tortuosity (a parameter used to bridge the pore structure and the permeability of 

the materials) of PAni nanostructures varies with their morphology, porosity, pore 

size and its distribution, which may also have effect on the electrochemical 

performance of the PAni pseudocapacitors. The relative high tortuosity of PAni-

NS makes the electrolyte ions difficult to diffuse to the whole particles, resulting 

in modest electrochemical response and capacitance values. While the lower 

structure tortuosity of PAni-NF and NT contributes to easier and faster access of 

electrolyte ions to the materials, giving better electrochemical response and 

higher capacitance values. Nevertheless, the specific capacitance values of our 

PAni-based pseudocapacitors are slightly higher than the reported ones (in two-

electrode configuration).161, 174, 175 Ryu et al. reported PAni symmetrical 

supercapacitor with a specific capacitance of 107 F/g.174 Meng et al. reported a 

flexible and solid-state PAni-carbon nanotube supercapacitor with a high specific 

capacitance of 360 F/g at 1 A/g.175 The specific capacitances of the 

pseudocapacitors based on the anisotropic growth of three different 

morphologies of polyaniline nanostructures (i.e. nanospheres, nanorods and 
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nanofibers) are in the order of PAni nanospheres<nanorods<nanofibers, agrees 

with the behavior of our PAni pseudocapacitors. However, the reported specific 

capacitance in this report (4~55 F/g for full cells) are much lower than that of our 

PAni pseudocapacitors (300~500 F/g for full cells), demonstrating the superb 

electrochemical performance of our PAni nanostructures by facile morphology 

control.161 The Nyquist plot in Figure 3.9d shows low impedance of the PAni 

pseudocapacitors (<1 Ω), indicating good electrical conductivity of the devices.  
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Figure 0.9: Comparison of electrochemical performance of three different 

morphologies of PAni nanostructures as pseudocapacitor materials in aqueous 

H2SO4 electrolyte. (a) Cyclic voltammetry at scan rate of 50 mV/s; (b) 

galvanostatic charge-discharge at current density of 5 A/g; (c) specific 

capacitance vs. current density; and (d) electrochemical impedance 

spectroscopy. 

As an important parameter to determine the overall performance of 

supercapacitors, the long term cycling of our pseudocapacitors with the three 
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different morphologies of PAni have been tested and presented in Figure 3.10. It 

shows gradual degradation of the capacitance with the cycle number. However, 

the overall capacitance of PAni-NT cell is higher than the other two, when tested 

under the same current density of 10 A/g. Even after 5000 cycles, the specific 

capacitance value of PAni-NT cell is still as high as 314 F/g, much higher than 

the PAni-NS cell (182 F/g) and PAni-NF one (234 F/g). This further demonstrated 

the advantages of the PAni-NT and the morphologies dependent electrochemical 

properties of PAni nanostructures.  
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Figure 0.10: Cycling performance of three different morphologies of PAni 

nanostructures as pseudocapacitor materials in aqueous H2SO4 electrolyte with 

current density of 10 A/g. 

 

3.2 Activated Nanocarbons 

3.2.1 Introduction 

To date, carbon based materials are dominant in the commercial available 

supercapacitors.176 The electrical charges in the supercapacitors are stored 

electrostatically by the formation of electrochemical double layers on the 

interfaces of the carbon based electrode materials and the electrolytes.177 The 

supercapacitor energy storage capacity is largely determined by the capability of 
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the electrolyte ion adsorption and desorption with the high surface area carbon 

materials. Different forms of carbon materials, such as 1D carbon nanotubes, 2D 

graphene nanosheets, 3D carbon aerogels are all investigated as efficient 

materials for supercapacitors.7, 118, 178-181 Unfortunately, the preparation 

processes of some of those nanocarbons are relatively costly due to the specific 

requirements of the instruments and conditions, which largely prevent their 

widespread applications as materials for low-cost supercapacitors. Activated 

carbon, however, is the most widely used material for supercapacitors (including 

the commercial ones).7, 8 The yield of the activated carbon is usually in the scale 

of tons in industry.182 However, the commercial activated carbon materials are 

typically in the form of big bulks, lacking in flexibility in specific dimensionalities or 

morphologies. It was demonstrated that the electrochemical performance of the 

carbon based supercapacitors is strongly related to their dimensionality, 

morphology, surface area, porosity and heteroatom doping level.183 Therefore, 

carbon based materials with desirable morphology and high surface area are 

preferable for high-performance supercapacitors. Although different forms of 

nanocarbons are available by some individual preparation processes, it is still a 

great challenge to prepare activated nanocarbons with controlled dimensionality 

and morphology in a systematical route. 

We demonstrate in this section a facile carbonization and activation 

process toward the preparation of porous activated nanocarbons with well 

controlled dimensionality and morphology, including 0D activated carbon 
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nanoparticles (A-CNP), 1D activated carbon nanotubes (A-CNT) and 2D 

activated carbon nanosheets (A-CNS). The resulting functionalized nanocarbons 

with large surface areas (1332 m2 g-1 – 2005 m2 g-1 depending on the specific 

morphology), good electrical conductivity, and highly porous nanoarchitectures 

were applied as supercapacitor materials with excellent electrochemical 

performance. The supercapacitors with the three different nanocarbons showed 

morphology dependent electrochemical performance. Among them, the A-CNT 

based supercapacitors showed the best electrochemical performance due to 

their higher surface area, opened porous structures and better electrical 

conductivity. The porous nanocarbons based supercapacitors present high 

specific capacitances, excellent rate capability, and superior long-term cycling 

stability in both aqueous and ionic liquid electrolytes. A very high energy density 

of 50.5 Wh kg-1 with power density of 17.4 kW kg-1 can be obtained from A-CNT 

based supercapacitors in ionic liquid electrolyte (with charge time of ~ 10 s), 

making the nanocarbons very promising for high-performance energy storage 

devices. 

3.2.2 The Preparation of Three Different Nanocarbons 

Figure 3.11 shows the process flow used to prepare the nanocarbons 

directly derived from polyaniline nanostructures by the carbonization and 

activation process. Although Figure 3.11 only shows two types of structures, all 

the three structures (A-CNP, A-CNS, and A-CNT) were prepared using the same 

process. The starting polyaniline nanostructures with different morphologies were 
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obtained by a one-step chemical polymerization process using tunable 

morphologies of MnO2 as reactive templates as was described in the previous 

section.162 Among them, A-CNP is derived from polyaniline nanofibers, while A-

CNS and A-CNT are derived respectively from polyaniline nanosheets and 

nanotubes (Figure 3.11). The one-step chemical polymerization process carried 

out using metal oxides as reactive templates provides a general approach to 

prepare conducting polymer nanostructures with different morphologies. 

Moreover, the subsequent carbonization and KOH activation process produces 

different nanocarbons with well-controlled morphologies.162 Meanwhile, the KOH 

activation process produces many nanopores on the activated nanocarbons 

surface, as shown in the zoom in images in Figure 3.11. It will be shown that 

these activated nanocarbons with increased surface areas contributed to the 

supercapacitors with largely improved energy storage performance.  
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Figure 0.11: Schematic illustration of the preparation of activated nanocarbons 

derived from polyaniline nanostructures with different morphologies. 

 

3.2.3 Characterization of the Nanocarbons 

Figure 3.12 shows the morphological and microstructural features of the 

as-prepared activated nanocarbons. It can be seen that the high temperature 

carbonization process does not significantly alter the overall morphology of the 

starting polyanilines. However, the polyaniline nanofibers underwent high 

temperature treatment tend to break into some small carbon nanoparticles that 

aggregated together (not shown here). In contrast, the carbon nanosheets and 

nanotubes kept their original morphologies well. The KOH activation process has 
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a great impact on the microstructures of the nanocarbons. For instance, the 

surface of the activated nanocarbons becomes very rough (Figure 3.12) 

compared to the relatively smooth surface of the unactivated nanocarbons (not 

shown here). Furthermore, the activation process makes the nanocarbons highly 

porous and produces many nanopores on the nanocarbons. It is clearly shown 

that many nanopores are formed on the A-CNS (inset of Figure 3.12b) and A-

CNT (Figure 3.12c). 

 

Figure 12: SEM images of the three different activated nanocarbons: (a) 

activated carbon nanoparticles, (b) activated carbon nanosheets, and (c) 

activated carbon nanotubes.  
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The microstructures of the activated nanocarbons were further 

investigated by TEM. Figure 3.13a shows that the agglomerated A-CNP consists 

of small nanoparticles with uniform size of about 12-18 nm, and Figure 3.13b 

shows the porous nature of the A-CNP, where many micropores can be found on 

its surface. In the structure of the A-CNS, the A-CNS retained the flower-like 

morphology which is comprised of self-assembled carbon nanosheets (Figure 

3.13c). One can easily identify numerous pores on the carbon nanosheets 

surface as well (Figure 3.13d). The pores on the nanosheets were further 

characterized that apart from most of the micropores (<2 nm), there are also 

some mesopores (2-50 nm) formed on the nanosheets. The surface of the A-

CNT also became rather rough after activation, but individual nanotubes are 

separated from each other (Figure 3.13e). HRTEM (Figure 3.13f) also indicates 

its highly porous feature with many micropores on the nanotube. The introduction 

of the pores on the carbon materials by the KOH activation is a well-known 

technique that has been applied to graphene nanosheets, carbon nanotubes, 

and carbon nanofibers.14, 184, 185 The activation process introduced pores on the 

carbon structures and significantly improved the surface area of the carbon 

materials.  
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Figure 13: TEM and HRTEM images of the three different activated nanocarbons: 

(a, b) activated carbon nanoparticles, (c, d) activated carbon nanosheets, and (e, 

f) activated carbon nanotubes.  

 

 XPS was conducted to investigate the functionality of the heteroatoms in 

the activated nanocarbons. Three major peaks corresponding to C (C 1s), O (O 

1s) and N (N 1s) can be clearly seen from the survey spectra (not shown here). 

However, compared to unactivated carbon nanotubes (CNT), the intensity of N 

1s decreased but that of O 1s increased for A-CNT, indicating that the activation 

had a huge effect on the doped heteroatoms. Specifically, the N/C atomic ratio 

dropped from 1.6% to 0.1%, while the O/C ratio increased from 3.2% to 6.7% 
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after activation. As compared to CNT, the predominant C 1s peak of A-CNT 

shifts slightly to a lower binding energy and its full width at half maximum become 

narrower, suggesting an increased degree of graphitization in the A-CNT (not 

shown here).186, 187 This is further supported by the comparison of the Raman 

spectroscopy between CNT and A-CNT, where the G band becomes much 

shaper in the A-CNT and the intensity ratio of the G band to the D band 

increases from 0.869 (CNT) to 0.893 (A-CNT) after the activation (not shown 

here). The high resolution C 1s spectrum of CNT and A-CNT (Figure 3.14a) can 

be fitted with seven components, located at 284.5 eV, 285.2 eV, 285.8 eV, 286.6 

eV, 288.0 eV, 289.3 eV, and 290.8 eV corresponding to the C=C (sp2 

hybridized), C–C (sp3 hybridized), C=N (sp2 hybridized), C–O–C/C–OH (epoxy 

and hydroxyl), C=O (carbonyl) and C-N (sp3 hybridized), O=C–OH (carboxyl) 

groups, epoxy groups to the π–π* shake-up satellite structure characteristic of 

conjugated systems respectively.188-190 The decrease of the percentage of 

graphitic carbon and nitrogen-containing surface functional groups corresponds 

to the increase of the oxygen-containing surface functional groups due to the 

KOH activation, which further indicates the pronounced selective impact of the 

activation on the functional groups of the nanocarbons. Furthermore, the N 1s 

high resolution XPS spectrum of CNT and A-CNT (Figure 3.14b) can be fitted 

using five components that are assigned to pyridinic N (398.1-398.6 eV) N1, 

nitrile functional group (C≡N) (~399.4 eV) N2 or/and pyrrole-like nitrogen, 

graphite-like structure (quarternary N) (400.4-400.8 eV) N3, the pyridinic N-oxide 
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(~402.0 eV) N4 and chemisorbed nitrogen oxide species (404.0 – 406 eV) N5.191-

195 It is noticed that the concentration of pyridinic nitrogen group decreased 

significantly from 23.2% to 5.3% after activation, while the other nitrogen 

containing groups increased with different percentages. This is most probably 

due to the transformation of pyridinic nitrogen atoms into pyrrole-like nitrogen 

atoms (from 9.8% to 17.7%), graphite-like nitrogen atoms (from 43.7% to 44.3%), 

pyridinic nitrogen-oxygen atoms (from 11.7% to 19.9%) and chemisorbed 

nitrogen-oxide atoms (from 11.6% to 12.8%) that caused by the high temperature 

activation process.187 The combination of the highly graphitic degree of the 

activated nanocarbons and the increased percentage of pyrrole-like nitrogen, 

graphite-like nitrogen, pyridinic nitrogen-oxygen and chemisorbed nitrogen-oxide 

groups mentioned above are believed to contribute to the significantly increased 

electrochemical activity of the activated nanocarbons as were also found in 

previous studies.186, 187, 196 
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Figure 0.14: XPS curves of A-CNT. High resolution XPS of the deconvoluted (a) 

C 1s and (b) N 1s peaks. 

 We further conducted physisorption technique to measure the specific 

surface area and the pore size distribution of the nanocarbons. Figure 3.15a is 

the nitrogen adsorption-desorption isotherms of the three different activated 

nanocarbons. The calculated BET surface area of the activated nanocarbons (A-

CNP: 1332.4 m2 g-1; A-CNS: 1957 m2 g-1; A-CNT: 2005.9 m2 g-1) are much higher 

than that of their unactivated nanocarbon counterparts (Figure S5a, CNP: 17.9 

m2 g-1; CNS: 345.8 m2 g-1; CNT: 379.9 m2 g-1), indicating the dramatic 

enhancement of surface area after activation. The pore size distribution of the 

activated nanocarbons (Figure 3.15b) shows that the majority of the pores are in 

the range of micropores, with only a small portion in the range of mesorpores. 

The micropore area of A-CNT obtained by the t-plot model is as high as 1104.3 

m2 g-1, while the value for A-CNS is 687.3 m2 g-1. This agrees with the 

observation of the pore size by the HRTEM, where some mesopores can be 
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clearly identified on the A-CNS. However, the pore size distributions of the 

activated nanocarbons are different from that of the unactivated carbons, where 

most of the pores of the unactivated nanocarbons are located in the range of 

mesopores (not shown here). The high surface area and the uniform pore size of 

our activated nanocarbons are expected to contribute to the enhanced 

physisportion of the electrolyte ions onto the surface of the materials, and hence 

increase the energy storage density.  

                                                       

 

Figure 0.15: (a) Nitrogen adsorption and desorption isotherm and (b) pore size 

distribution curves of the three different activated nanocarbons: A-CNP, A-CNS, 

and A-CNT.                                                                                                                                                                                                                                                                                                                                  

3.2.4 Electrochemical Performance of the Nanocarbons in Aqueous Electrolyte 

The electrochemical performance of the nanocarbons was firstly studied 

using three-electrode configuration. We chose to study the A-CNT and CNT as 

an example to show the different electrochemical behaviors between activated 
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and unactivated nanocarbons. Figure 3.16a shows a comparison of CD curves 

between the CNT and A-CNT. It is clearly shown that the electrochemical 

performance of the A-CNT as supercapacitor electrode material is much better 

than that of the CNT. This conclusion is supported by the longer charge-

discharge period under the same current density (Figure 3.16a). When 

comparing the electrochemical behaviors of the three different morphologies of 

activated nanocarbons by CV and CD, we found that the A-CNS and A-CNT 

have very similar behaviors, which are much better than that of A-CNP. As 

shown in Figure 3.16b, the CV curves of A-CNS and A-CNT are almost 

overlapped, but their areas are much larger than that of the A-CNP. Similarly, the 

charge and discharge process of A-CNT is slightly longer than that of the A-CNS, 

but both are much longer than that of the A-CNP (Figure 3.16c). These indicate 

that much higher capacitance can be obtained from A-CNS and A-CNT than that 

of A-CNP. Figure 3.16d is a summary of the specific capacitance with the change 

of current density to all the carbon materials. It is found that the specific 

capacitances of activated carbons are much higher than that of the unactivated 

carbon counterparts. For example, a high capacitance of 319 F g-1 is obtained 

from the A-CNT based electrode, which is much higher than that of 227 F g-1 

from the CNT electrode at the same current density of 1 A g-1. The specific 

capacitance of A-CNT is slightly higher than that of A-CNS (315 F g-1 at 1 A g-1), 

which is consistent with the values of the specific surface area. However, the 

specific capacitance of A-CNP is much lower than that of the unactivated CNS 
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and CNT, although its surface area is much higher. This is probably caused by 

the limited electrolyte diffusion through the highly condensed materials of A-CNP. 

The high specific capacitances of A-CNT (319 F g-1 at 1 A g-1) and A-CNS (315 F 

g-1 at 1 A g-1) are among the best reported values for carbon based 

supercapacitors, which are higher than that of the reported carbon nanotube (283 

F g-1), graphene nanosheets (164 F g-1 at 10 mV s-1) and graphene/carbon 

nanotube hybrid (120 F g-1), but lower than that of the 3D carbon 

nanotube/graphene sandwich structure (385 F g-1 at 10 mV s-1).119, 197-199 Even at 

the high current density of 30 A g-1, the specific capacitances are still as high as 

154 F g-1 for A-CNT and 145 F g-1 for A-CNS. The superior electrochemical 

behaviors of the activated nanocarbons probably benefit from (1) highly activated 

porous structures, which allow fast diffusion of the electrolyte ions to the whole 

material surfaces for the formation of electrochemical double layers; (2) excellent 

electrical conductivity of the activated nanocarbons, which facilitate the fast 

electron transportation in the electrodes; (3) large surface area and desirable 

porosity of the activated nanocarbons, which allows the electrolyte ions to be 

easily adsorbed on the surface of the materials; (4) relatively low level of oxygen 

doping, which helps in improving the electrochemical activity and the electrode-

electrolyte double layer formation. 
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Figure 0.16: Electrochemical performance of the nanocarbons in three-electrode 

tests in aqueous electrolyte. (a) Comparison of galvanostatic charge-discharge 

curves between CNT and A-CNT at a current density of 5 A g-1; Comparison of (b) 

CV at the same scan rate of 10 mV s-1 and (c) CD at the same current density of 

5 A g-1 for the three activated nanocarbons; (d) The change of the specific 

capacitance with the current density.  

We then focused on studying the three activated nanocarbons as active 

materials in the classical two-electrode configuration, which is considered as the 
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best practical method to determining the materials’ performance for 

supercapacitor devices.29 Figure 3.17 shows the CV curves at different scan 

rates and CD curves at different current densities for all the activated 

nanocarbons as supercapacitor materials (including A-CNP, A-CNS and A-CNT). 

The CV curves exhibit ideal rectangular shapes at relatively low scan rates (5-

100 mV s-1), and they gradually changed to quasi-rectangular at very high scan 

rates (1000-2000 mV s-1). The CD curves show perfect symmetrical charge and 

discharge curves with very small voltage drops even at high current densities. 

These behaviors indicate excellent electrochemical performance of the activated 

nanocarbons in the aqueous electrolyte.  
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Figure 0.17: Electrochemical performance of the activated nanocarbons in the 

two-electrode tests in aqueous electrolyte. CV curves at different scan rates and 

CD curves under different current densities for (a-c) A-CNP, (d-f) A-CNS, and (g-i) 

A-CNT. 

The comparison of the electrochemical properties among the three 

different nanocarbons reveals that the energy storage capacity is in the order of 

A-CNP<A-CNS<A-CNT, as demonstrated by the increased CV loop areas at the 

same scan rate as well as the increased charge-discharge periods at the same 
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current density (Figure 3.18a). Specifically, the capacitance of the A-CNS is 

almost doubled that of the A-CNP, while both are lower than the capacitance of 

A-CNT as shown in Figure 3.18b. The specific capacitance of A-CNT is as high 

as 145 F g-1 at current density of 1 A g-1, higher than 120 F g-1 for A-CNS and 65 

F g-1 for A-CNP at 1 A g-1. Even at a high current density of 30 A g-1, the specific 

capacitance of A-CNT (125 F g-1) is still higher than that of A-CNS (104 F g-1) 

and A-CNP (49 F g-1). Moreover, the rate capability of A-CNT (86.2%) and A-

CNS (86.6%) is better than that of A-CNP (75.3%), indicating the superior energy 

storage capacity of A-CNT and A-CNS even within very limited charge times. The 

electrochemical impedance spectroscopy (EIS) demonstrates the conductivity of 

the supercapacitor devices. As shown in Figure 3.18c, the EIS of the three 

nanocarbons shows nearly ideal impedance behaviors of the supercapacitors, 

highlighting by the small ESR at high frequency range, low charge transfer 

resistance and the nearly ideal capacitive behaviors demonstrated by the vertical 

lines at low frequency range. The conductivity of the supercapacitor devices is in 

the order of A-CNP<A-CNS<A-CNT, indicating by the lower ESR of A-CNT than 

that of A-CNS and A-CNP (Inset of Figure 3.18c). The high conductivity of the 

activated nanocarbons will greatly contribute to the electrochemical energy 

storage capacity of the supercapacitors. As one of the most important 

parameters to determine the overall performance of the supercapacitors, the 

electrochemical stability of our activated nanocarbons based devices were cycled 

at a current density of 10 A g-1 for 20000 cycles (Figure 3.18d). It is demonstrated 
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that our supercapacitors are remarkably stable in the aqueous electrolyte. The A-

CNS cell underwent almost no loss on capacitance (retention of 99.8%) even 

after 20000 fast charge and discharge cycles. Meanwhile, the A-CNT 

supercapacitor retained 97.1% of its initial capacity, and the A-CNP cell retained 

92.6% of the capacity after 20000 cycles. The superb cycling stability further 

demonstrates the high performance of our supercapacitor devices. 

 

Figure 0.18: Comparison of electrochemical performance of the three activated 

nanocarbons in two-electrode tests in aqueous electrolyte. (a) CD curves at 

current density of 5 A g-1; (b) The change of the specific capacitance with the 
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current density; (c) Electrochemical impedance spectroscopy; (d) 

Electrochemical cycling stability at current density of 10 A g-1 for 20000 cycles. 

3.2.5 Electrochemical Performance of the Nanocarbons in Ionic Liquid 

The electrochemical voltage window can be increased greatly by using 

organic or ionic liquid electrolytes. The voltage window increase results in higher 

energy storage capacity of the devices, as the energy density is proportional to 

the voltage square (E=0.5CV2).200 We achieved this by replacing of the aqueous 

electrolyte with the ion liquid electrolyte in the supercapacitors. 1-Ethyl-3-

methylimidazolium tetrafluoroborate (EMIMBF4) was selected as the electrolyte 

because it is one of the most commonly used ionic liquids for supercapacitors 

with excellent properties (e.g., low viscosity, high ionic conductivity, and wide 

working electrochemical window).201 Compared to a voltage window of 1V in the 

aqueous electrolyte, the ionic liquid can have a voltage window of 3.5 V. As 

presented in Figure 3.19, the supercapacitors based on the activated 

nanocarbons in EMIMBF4 exhibit good electrochemical performance, with 

rectangular shapes of CV curve over a large range of the scan rates (5-3000  mV 

s-1) and highly symmetrical charge-discharge curves over different current 

densities (1-50 A g-1).  
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Figure 0.19: Electrochemical performance of the activated nanocarbons in the 

two-electrode tests in ionic liquid electrolyte. CV curves at different scan rates 

and CD curves under different current densities for (a-c) A-CNP, (d-f) A-CNS, 

and (g-i) A-CNT. 

When putting together the same electrochemical curves of the three 

different nanocarbons for comparison, it is found that the electrochemical energy 

storage capacity is in the order of A-CNP<A-CNS<A-CNT, as revealed by the 

increased CV areas and longer charge-discharge periods from A-CNP to A-CNS 
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and then A-CNT (Figure 3.20a). This is consistent with the behavior of the 

supercapacitors in the aqueous electrolyte. Figure 3.20b is the summary of the 

specific capacitance at different current densities. It is shown that the specific 

capacitance of the supercapacitors is in the order of A-CNP<A-CNS<A-CNT, 

agrees well with the behaviors of the CV and CD. Specifically, the A-CNT based 

supercapacitor show a high specific capacitance of 140 F g-1 at current density of 

1 A g-1, much higher than that of the A-CNS based cell (110 F g-1 at 1 A g-1) and 

the A-CNP cell (83.5 F g-1 at 1 A g-1). Even at a high current density of 50 A g-1, 

the specific capacitance of the A-CNT supercapacitor (105.9 F g-1 at 1 A g-1) is 

still much superior to that of the A-CNS cell (95.6 F g-1 at 1 A g-1) and the A-CNP 

cell (44.2 F g-1 at 1 A g-1). The high values of the nanocarbons supercapacitors in 

ionic liquid electrolyte we achieved are among the best capacitances for the 

carbon based devices, which are higher than that of activated carbon 

supercapacitor (111 F g-1), multiwalled carbon nanotube supercapacitor (41 F g-1), 

but lower than the activated graphene reported by Zhu et al. (166 F g-1 at 5.7 A g-

1).14, 202, 203 The difference of the capacitance between A-CNT and A-CNS is 

smaller at higher current density, while the difference between A-CNS and A-

CNP becomes larger with the increased current density. This results in better 

rate capabilities (capacitance ratio of supercapacitor at 50 A g-1 to 1 A g-1) of the 

A-CNS (86.9%) and A-CNT (75.6%) than that of the A-CNP (53%). The EIS in 

Figure 3.20c shows good conductivity with relatively small resistance, indicating 

the supercapacitor devices with fast charge rate and excellent power density. 



195 

 

The conductivity values for the three activated nanocarbons based 

supercapacitors are also in the order of A-CNP<A-CNS<A-CNT, consistent with 

their electrochemical behaviors. 

 As two of the most primary parameters to show the energy storage 

capability of the supercapacitors, the energy and power density of our 

supercapacitors were included in the Ragone plot (Figure 3.20d). It is clearly 

seen that the energy and power density of the activated nanocarbons based 

supercapacitor in ionic liquid electrolyte are much higher than that in the aqueous 

electrolyte. For example, the energy density of 56.6 Wh kg-1 with power density 

of 4.4 kW kg-1 are obtained from A-CNT based supercapacitor in ionic liquid 

electrolyte, which is higher than that in aqueous electrolyte with energy density of 

4.7 Wh kg-1 and power density of 1.3 kW kg-1. The supercapacitors also shows 

the morphology dependent energy storage capacity in the order of A-CNP<A-

CNS<A-CNT. In the same ionic liquid electrolyte, the A-CNP based 

supercapacitors can obtain energy density of 32.8 Wh kg-1, while these values for 

A-CNS and A-CNT based cells are as high as 44.8 Wh kg-1 and 56.6 Wh kg-1 

respectively. Most importantly, the high energy of 50.5 Wh kg-1 and power 

density of 17.4 kW kg-1 (with charge time of 10.5 s) provided by the A-CNT based 

supercapacitors are among some of the highest reported values for the carbon 

based supercapacitors.10, 14, 134, 204-206 It is conclusively demonstrated that our 

activated nanocarbons are good materials for high performance supercapacitors. 
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Figure 0.20: Comparison of electrochemical performance of the three activated 

nanocarbons in two-electrode tests in ionic liquid electrolyte. (a) CD curves at 

current density of 10 A g-1; (b) The change of the specific capacitance with the 

current density; (c) Electrochemical impedance spectroscopy; (d) Ragone plot 

(energy vs. power density) of the nanocarbons in both aqueous and ionic liquid 

electrolytes. 

  



197 

 

In summary, we have demonstrated a general chemical route for the 

preparation of porous activated nanocarbons with controlled dimensionality and 

morphology for high performance supercapacitor applications. Three different 

activated nanocarbons (i.e. 0D activated carbon nanoparticles, 1D activated 

carbon nanotubes and 2D activated carbon nanosheets) were derived 

successfully from different polyaniline nanostructures by a facile carbonization 

and activation process. The resulting activated nanocarbons with large specific 

surface area (1332-2005 m2 g-1), good conductivity, highly porous 

nanoarchitectures and some levels of heteroatoms doping showed excellent 

electrochemical performance as electrode materials for supercapacitive energy 

storage applications. The A-CNT based supercapacitors are capable of 

delivering a high energy density of 50.5 Wh kg-1 and power density of 17.4 kW 

kg-1 with charge time of ~ 10 s, highlighting the good electrochemical 

performance of these materials as supercapacitor electrodes. 

 

3.3 Summary 

In this chapter, we have investigated the use of sacrificial MnO2 templates 

to engineer the morphology and nanostructure of the conducting polymers and 

activated nanocarbons as supercapacitor materials with excellent energy storage 

performance. The fabrication of different polyaniline and activated carbon 

nanostructures offers a general chemical route toward the preparation of different 
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conducting polymers and porous nanocarbons with desirable morphologies, 

structures and properties. The approaches discussed in this chapter provide a 

new opportunity for better design of high-performance supercapacitors for energy 

storage applications. 
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Chapter 4 

 

Conclusions and Future Work 

 

4.1 Conclusions of the Dissertation 

In this dissertation, we have evaluated MnO2 nanostructured electrodes 

for supercapacitor energy storage applications. The following results have been 

obtained. 

1. A systematic study was conducted on the preparation of varying 

morphology MnO2 nanostructures from nanosheets to nanofibers and nanotubes 

by controlling the hydrothermal reaction conditions. The growth mechanism of 

the morphology-dependent MnO2 nanostructures was investigated by SEM, TEM 

and 3D electron tomography. The electrochemical performance of MnO2 

supercapacitors was revealed to be highly correlated to their surface area, 

determined by their morphology and crystallinity, as well as their cycling 

performance, determined by their defects formation during cycling. The often 

observed unusual increase in specific capacitance with cycling was studied and 

correlated not only with MnO2 electrode morphology, but also with its structural 

and chemical state, including the formation of defective regions on the materials 

and the interaction of the materials with the electrolyte. 
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2. MnO2 based nanocomposite electrodes were designed for high 

performance supercapacitor devices. Binary nanocomposites of MnO2-CNC and 

MnO2-graphene showed better electrochemical performance than that of the 

MnO2, mainly due to the improved electrode conductivity. Ternary 

nanocomposite of MnO2-CNT-graphene exhibited further improvement of 

electrochemical performance compared to the binary nanocomposites. The MnO2 

grown on CNT acts as an effective spacer for graphene nanosheets to avoid their 

restacking and agglomeration, while the graphene nanosheets separated in 

between the MnO2-CNT contribute to the good electrical conductivity of the 

composite. The supercapacitors based on the novel electrodes of MnO2-CNT-

textile and MnO2-CNT-sponge showed excellent electrochemical performance 

with high energy and power density, due to the rational design of the electrodes 

and the inherent advantage of the structures.  

3. A general chemical route has been developed to synthesize conducting 

polymers and porous activated nanocarbons with well-controlled morphology and 

microstructures by taking the transition metal oxides as the reactive templates. 

As long as the oxidation potentials of the corresponding monomers are lower 

than the electrochemical potential of the metal oxides, different conducting 

polymers can be easily polymerized by treating the metal oxides with different 

morphologies as both the oxidants and templates. The obtained conducting 

polymers highly mimic the morphologies of the metal oxides, producing 

conducting polymers with different morphologies that some of them are difficult to 
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obtain by other methods. Taking polyaniline as an example, we have 

successfully prepared polyaniline nanospheres, nanotubes and nanofibers by 

using the corresponding MnO2 nanostructures as the reactive templates. The 

further carbonization and activation of the conducting polymers produced 

different activated nanocarbons with high surface area, good electrical 

conductivity and highly porous nanostructures. Their electrochemical 

performance as supercapacitor materials demonstrated the morphology- 

dependent enhancement of the capacitance with excellent energy and power 

densities, suggesting the importance of the morphological optimization for 

supercapacitor materials with the best electrochemical performance. 

Overall, the work presented in this dissertation largely enhanced the 

energy storage performance of the MnO2 based supercapacitors by solving the 

conductivity issue of the MnO2. Compared to the reported literature, our 

supercapacitors showed very promising electrochemical performance with much 

improved energy and power densities as summarized in the Ragone plot in 

Figure 4.1. 
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Figure 21 Ragone plot shows the achieved energy and power densities of our 

MnO2 based supercapacitors, including the supercapacitors of MnO2 binary and 

ternary nanocomposites, MnO2-CNT-textile and MnO2-CNT-sponge in aqueous 

electrolytes, as well as activated nanocarbons in ionic liquid electrolyte. All data 

are obtained from full cell supercapacitors. 
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4.2 Future Work and Investigations 

In order to further improve the energy storage capacity and fully exploit the 

potential of MnO2 based supercapacitors, the following directions are believed to 

be taken into account. 

1. It is noted that the aqueous electrolytes are widely used for MnO2 

based supercapacitors, where two major problems should be solved from the 

electrolyte point of view: (1) the strictly limited voltage range of the 

supercapacitor device due to the decomposition of the aqueous electrolytes; (2) 

the limited capacitance that can be obtained from the existing electrolytes. It is 

important to explore non-aqueous electrolytes that can be used properly for 

MnO2 based supercapacitors with higher voltage range and good 

electrochemical performance. One approach is to fabricate asymmetric 

supercapacitor by extending the voltage window while maintaining good 

electrochemical performance of both positive and negative electrodes, which will 

discuss further in the next section. Another approach is to utilize organic or ionic 

liquid electrolytes for MnO2 based supercapacitors with higher energy density 

and good electrochemical stability. The third approach is to exploit the so called 

redox-active electrolytes that may largely improve the capacitance of the MnO2 

based supercapacitors, which was shown recently in carbon and conducting 

polymer based supercapacitors.162, 207 
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2. The fabrication of MnO2 based asymmetric supercapacitors can not 

only extend the voltage window (1.5-2 V in asymmetric supercapacitors vs. 0.8-1 

V in symmetric supercapacitors in aqueous electrolytes), but also benefit to the 

enhancement of electrochemical performance of both positive and negative 

electrodes. When incorporating the MnO2 based positive electrode with some 

other metal oxides (SnO2, Fe3O4, V2O5, MoO3, etc.) or carbons (activated 

carbons, carbon nanotubes, graphene, etc.) based negative electrodes in proper 

ways, the asymmetric devices will generate greatly improved electrochemical 

properties due to the integrated effects from both electrode materials. Under 

such circumstances, the total capacitance of the asymmetric devices will be 

enhanced significantly. Therefore, the energy and power density of the devices 

will also be improved accordingly. 

3. The fundamental understanding of the surface redox reactions 

dominated energy storage mechanism of the MnO2 supercapacitors is extremely 

important for the better preparation and development of MnO2 materials in the 

future. On the one hand, the theoretical models based on the energy storage 

process of the MnO2 supercapacitor electrodes will be very useful for the 

prediction of the electrochemical behaviors of MnO2. On the other hand, the 

direct observation of the charge and discharge process and the associated 

evolution of the MnO2 electrodes by some in-situ techniques such as TEM, XRD, 

XPS and Raman spectroscopies will open a new area towards the fundamental 
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studies of supercapacitors, as much work has been conducted recently in the 

field of battery.208-211  

4. The exploration and discovery of other Mn based electrode materials is 

important to the future supercapacitor development. For example, Mn based 

sulfides would be also good candidates for supercapacitor materials as 

compared to Mn based oxides. In addition, the Mn based ternary oxides and 

sulfides (such as CoMnOx or CoMnSx, NiMnOx or NiMnSx, MnVOx or MnVSx, etc.) 

would become a class of excellent materials for supercapacitor energy storage 

systems in the near future. Furthermore, the Mn based layered intercalation 

compounds such as LixMnO2, NaxMnO2, etc. will improve the energy storage 

capacity of the supercapacitors significantly, due to their faster ionic diffusion with 

enhanced redox reactions than the conventional MnO2 electrode materials.212  
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