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Abstract 

The aim of this study is to synthesize and characterize cheap, efficient and high-performance 3D 

activated carbon (AC) from cork (Quercus Suber) by KOH and KHCO3 activation respectively, Co-

Mn LDH and MnO2-CNT nanocomposite materials with meso/microporous structures for energy 

storage application. The AC derived from cork (Q.suber) was synthesized with KOH in order to 

investigate the electrochemical performance of the AC in relation to KOH activation 

concentration and the AC synthesized by KHCO3 device because both materials performed well 

in 1 M KOH alkaline electrolyte, while ACKOH was chosen as the negative electrode in the 

MnO2-CNT//ACKOH device because both materials showed good performance in 1 M Li2SO4 

neutral electrolyte. The aim of the hybrid devices was to take advantage of the individual 

working potentials of the electrode materials for enhanced electrochemical performance. All 

devices tested displayed energy densities ranging from 14 - 25 Wh kg-1 with corresponding 

power densities ranging from 450 – 500 W kg-1 at a specific current of 0.5 Ag-1 in the 

operating voltage window of between 1.6 V and 2.0 V in aqueous electrolyte media.  All the 

materials tested displayed 99.7% - 100 % long-term cycling stability, showcasing the potential 

use of these materials as electrode materials for electrochemical capacitors. 
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CHAPTER ONE 

1.0 INTRODUCTION 

1.1 Background and motivation 

The ever-increasing world population and the consequent over-dependence on the supply of 

energy from limited fossil fuel has led to the world energy crisis due to the rising demand for 

energy to power the ever-evolving technology driven society and the global industrial 

revolution. This has also resulted in environmental pollution and degradation problems due to 

air and water contaminants in addition to greenhouse gas emissions which has deteriorating 

impact on the environment and are grossly harmful to human life and existence [1–3]. 

 A major route to tackling this present day energy issue is to focus on renewable forms of 

energy that are clean, green, and sustainable for both present and future needs. Some of the 

renewable sources of energy include solar, wind, geothermal and plant biomass wastes [3,4]. In 

order to adequately harness the energy from these renewable sources, efficient, reliable, high 

performance, cheap and easy to maintain energy storage devices are therefore urgently 

needed. Presently, batteries are the conventional energy storage devices that are commonly 

utilized but they suffer from low power density, poor cycle life, sluggish charge/discharge and 

are beset with safety challenges due to the toxicity of the materials employed in its fabrication 

[5,6].  

Electrochemical capacitors (ECs) also known as supercapacitors (SCs) which were first described 

by Becker in 1957 [7] have attracted the interest of numerous researchers in the past two 

decades and quite recently [1,8] because of their potential capacity to replace/compliment 
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batteries as an energy storage devices. This is because in addition to being low cost, they utilize 

materials that are cheap, abundant, renewable and environmentally safe. They also offer the 

merits of delivering power at pulsed rate with good reversibility, superior cycling stability ( 

10,000 cycles) with rapid charge and discharge rate (in seconds) and high power density ( 10 

kW kg-1).  

Electrochemical capacitors can be categorized into three main groups based on their charge 

storage mechanism namely: Electric double layer capacitors (EDLCs), Pseudocapacitors and 

Faradaic (Redox) capacitors. EDLCs are electrochemical storage devices which store energy by 

means of electrostatic reversible ion adsorption/desorption at the electrode/electrolyte 

interface. EDLC behavior are basically observed in carbon-based materials with different forms 

of carbon discovered over the years by scientists [9–13]. Pseudocapacitors are capacitors 

whose storage mechanism mimic the double layer behavior but store energy via electron 

transfers leading to change in oxidation state [3,14,15]. Common pseudocapacitive materials 

studied over the years include Manganese oxide and Ruthenium dioxide [16–20], while Faradaic 

capacitors are capacitors which store energy by rapid reversible Faradaic (redox) reactions 

which involve ion intercalation at the material active surface. Common examples of materials 

exhibiting faradaic behavior include NiO, FeO, MoO2, Fe3O4, Ni(OH)2, MnCo2O4, CoMn LDH, 

CoAL LDH, NiAl LDH, PANI, PPY [21–28].  

A combination of the storage mechanism from different materials could also be explored in 

order to tap in from the various merits of each of the individual storage mechanisms. Hybrid 

capacitors are storage devices which combine the charge storage mechanism of both the EDLCs 
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and the faradaic capacitors by synergizing the respective properties of the double-layer and the 

faradaic-type ECs [15,29,30]. 

Electrochemical capacitors  are however, limited in their use for energy supply for prolonged 

time duration due to their low energy densities (about 5 and 10 Wh kg-1 for commercially 

available SCs), except when used in combination with batteries (with energy densities  180 Wh 

kg-1 ) [5,8,31,32]. This has necessitated the broad interest by research experts in the field to 

boost the energy density of supercapacitors to be comparable to that of batteries while keeping 

their high power density.  

In principle, since energy density ( dE ) is proportional to specific capacitance and square of 

electrode material’s operating voltage window ( spd CE  2V ), the electrochemical 

performance of the electrode material and the electrolyte utilized is fundamentally important. 

Therefore, the ongoing research focus is based on improving the material performance in order 

to increase the voltage window as well as the specific capacitance of the electrode material 

[3,33–35]. The electrolyte employed for the device fabrication is also important. This is because 

aqueous alkaline and acidic electrolytes are quite highly conductive, which makes them to 

attain high specific capacitance values, but their narrow operating voltage makes them achieve 

very low energy densities due to the thermodynamic decomposition of water at 1.23 V. Organic 

electrolytes on the other hand, operate with large voltage windows but suffer from low 

conductivity, high toxicity and high cost. Alternatively, aqueous neutral electrolytes can achieve 

relatively large voltage windows because of the their pH , strong ion solvation and high over 

potential for di-hydrogen evolution [2,3,36]. 
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A variety of carbon materials have been investigated as electrode materials for SC application. 

These includes graphene, carbon nanotubes (CNTs), zeolite-templated carbons, carbide derived 

carbons (CDCs), onion-like carbons (OLCs)  and activated carbons (ACs) [37–41].  

Activated carbon is the most commonly utilized material for SC device fabrication because of its 

excellent properties which include good electrical conductivity, high and controllable porosity, 

large specific surface area (SSA), lightweight, low cost and ease of production [42]. Activated 

carbon can be derived from carbon containing precursors but some of the precursors are quite 

expensive and non-renewable. Biomass wastes have recently been explored for the synthesis of 

ACs because they are a cheap, abundant and readily available as source of carbon [33,43]. Since 

a good synergy between the pore size and large SSA is vital for excellent device performance, 

controlling the pore structure is therefore necessary for proper device application [44][45].  

To accomplish this, important physical and chemical processes are needed to produce high 

quality porous carbons. In the physical process, carbon precursors are carbonized in an inert 

atmosphere and then gasified with carbon dioxide, oxygen or steam at temperatures ranging 

from 600-1200 °C. The chemical process involves activation of the carbon precursor using 

H2SO4, K2CO3, KHCO3,H3PO4, ZnCl2 and KOH and carbonized at temperatures ranging from 400 – 

900 °C [45]. KOH is the most commonly utilized activating agent because it results in the 

production of carbons that are highly porous with well-defined meso/micropore structures. 

However, it’s quite corrosive and environmentally unfriendly nature has led to it limited 

industrial use.  
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Ideal morphological and textural characteristics are also needed for the biomass derived carbon 

for efficient device application. The pretreatment of the biomass carbon precursor to obtain 

hydrochar has recently been seen as a better procedure to obtain high quality carbons because 

of the presence of oxygenated functional groups [46]. In addition to hydrothermal pre-

treatment of biomass precursors, activation with milder activating agents like K2CO3 and KHCO3 

have been shown to retain hydrochar morphology when compared to KOH, hence leading to 

the production of carbons with structures that are closely packed having less diffusion distances 

and thus exhibiting better electrochemical performance [44,46–48]. 

Several other materials have also been examined as potential electrode materials for ECs 

namely; Transition Metal oxides (TMOs), Transition Metal Layered double hydroxides (TM-

LDHs), bi-metallic hydroxides and conducting polymers due to their relatively low cost, ease of 

production, excellent redox activity and environmentally friendly nature [49–51]. Amongst 

these TMOs, MnO2 have been reported to possess a large theoretical SSA, but have poor 

electrical conductivity. In order to curb this problem, they are synthesized with electrically 

conductive carbon materials like AC, graphene or CNTs [52–55]. Graphene which is a two 

dimensional (2D) allotrope of carbon can roll up to produce a uni-dimensional (1D) cylindrical 

nanotube structure called CNTs, which have good mechanical and electronic properties making 

them ideal for use as composite materials to boost the conductivity of the metal 

oxide/hydroxide materials [56].  

Layered double hydroxides (LDH) also referred to  as hydrotalcite-like compounds or anionic 

clays are a type of natural and synthetic materials which have the general formula: 

M1−x
II Mx−

III(OH)2(An−)x
n⁄ . mH2O  where  MII are bivalent cations  such as Mg2+, Co2+, Ni2+, Cu2+, 
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Zn2+, etc, MIII are trivalent metal cations such as Al3+, Cr3+, Co3+, Ga3+ and  𝐴𝑛−is an n-valent 

anion such as Cl-, CO3
2-[57][58][59]. LDHs have been reported to possess higher electrical 

conductivity, better ion transfer and carrier for reaction species which are vital for high 

performance hybrid device fabrication[60,61] Several LDH materials which have been 

investigated as positive electrode material for device fabrication include Co-AL, Ni-Mn, Ni-Co, 

Co-Mn etc. Co-Mn LDH in particular have been investigated because of its exclusive redox mix 

of Co2+/Mn2+. A number of studies have been carried out on the structure and morphology of 

the material but with limited studies on the electrochemical characterization of the material as 

positive electrode and AC as negative electrode in a hybrid device for EC application.This 

research study therefore aims to synthesize cheap, environmentally friendly, 

meso/microporous, high performance activated carbon (AC) from cork (Quercus Suber) 

biomass, Co-Mn LDH nanoflake and MnO2-CNT nanocomposite materials with good pore size 

distribution for energy storage application. 

1.2 Aims and objective: 
 

The aims of this study is to synthesize and characterize activated carbon (AC) from cork 

(Quercus Suber) biomass, Co-Mn LDH nanoflake and MnO2-CNT nanocomposite and investigate 

their respective properties for potential energy storage application. 

The objectives of this study are to: 

1 Synthesize AC from cork (Quercus suber) biomass for high performance energy storage 

application via direct activation with potassium hydroxide (KOH) and carbonization in 
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chemical vapor deposition (CVD) system and via hydrothermal pre-treatment, activation 

with potassium hydrogen carbonate (KHCO3) and carbonization in CVD system. 

2 Synthesize Co-Mn LDH via facile solvothermal synthesis technique. 

3 Synthesize MnO2-CNT nanocomposites through facile hydrothermal reflux technique. 

4 Characterize the morphology, structure, surface area and porosity of the as-synthesized 

materials using X-ray diffraction (XRD), scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), energy dispersive X-ray (EDX), Raman 

spectroscopy, Fourier transform infra-red (FT-IR) spectroscopy, x-ray photoelectron 

spectroscopy (XPS) Brunauer-Emmett-Teller(BET) and Barrette-Joyner-Halenda (BJH) 

techniques. 

5 Fabricate and electrochemically evaluate symmetric devices based on AC derived from 

activation with KOH (ACKOH) and KHCO3(ACKHCO3) respectively. 

6 Fabricate and electrochemically evaluatehybrid device based on Co-Mn LDH as positive 

electrode and ACKHCO3as negative electrode and hybrid device based on MnO2-CNT as 

positive electrode and ACKOH as negative electrode materials using a multichannel 

Biologic VMP300 potentiostat/galvanostat workstation. 

1.3 Thesis outline 
 

This thesis is presented in five chapters as follows: 

Chapter one presents the introduction, aim and objectives of the study and the thesis outline. 

Chapter two presents a literature review on electrochemical capacitors. 
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Chapter Three presents the experimental details which involves the materials’ synthesis and 

characterization techniques adopted in the study. 

Chapter Four presents results and detailed discussion of the results obtained in this work. 

Chapter Five presents summary of the research and recommendations for future work. 
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CHAPTER TWO 

2.0 LITERATURE REVIEW 
 

In this chapter, an overview of electrochemical capacitors (ECs), principles of charge storage 

mechanism in ECs, materials for EC electrodes, electrolytes for ECs, electrochemical 

measurement of ECs electrodes, carbon based nanocomposite and electrochemical device 

fabrication were reviewed. 

2.1 Electrochemical capacitors 

 

Electrochemical capacitors (ECs) also known as supercapacitors (SCs) or ultracapacitors owing 

to their very high capacitance are energy storage devices which store energy much the same 

way like conventional capacitors. But unlike conventional capacitors whose storage mechanism 

is by accumulation of charges at the two electrodes, ECs store energy based on surface 

phenomenon through electric double layer or dielectric polarization by forming a charge 

separation in the range of a few nanometers (0.3 – 0.8 nm) at the electrode/electrolyte 

interface [62–67]. ECs operate by allowing a voltage to be applied across the two electrodes 

(cell) separated with an ion permeable separator inserted between the electrodes to avoid 

electrical contact between them but allows the permeation of electrolyte ions between the 

electrode and electrolyte solution while the in conventional capacitor, the electrodes are 

separated by an insulating dielectric material such that when a voltage is applied, the charges 

are kept separate by the dielectric [63,68]. ECs employ materials with high surface areas (SSA) 

such as carbonaceous materials with high porosity and  shorter distances between the 

electrodes as compared to conventional capacitors [63,65,69,70]. This allows a large amount of 
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charge to be stored leading to very high capacitances which are higher than that of 

conventional capacitors by several orders of magnitude [62,68]. The schematics of a 

conventional capacitor and EC are shown in figures 2.1 and 2.2 respectively. 

 

 

 

 

 

Figure 2.1: Schematic of a conventional capacitor [68] 

 

 

 

 

 

 

Figure2.2: Schematic of an electrochemical capacitor [68] 

ECs as compared to batteries are able to undergo constant full charge-discharge cycles within 

few seconds with excellent cycle life in the order of 105 to 106 cycles [8,65]. ECs are able to 

maintain stability with excellent reversibility within a wide range of temperatures [8,62], 
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whereas batteries which are commonly utilized because of their high energy densities (180 

Wh kg-1) [5,8], are faced with the problem of irreversible phase changes in the electrode 

materials during the charge-discharge process which greatly reduces their life cycle. This makes 

the EC a choice energy storage device when high power density device coupled with fast 

charging and discharging within a short time duration is required [8,62,63,65]. The energy 

density of ECs are still however smaller than that of batteries but very high when compared to 

that of electrostatic and electrolytic capacitors. The outstanding power density of ECs ( 1 kW 

kg-1) makes them superior to conventional capacitors and very complimentary to batteries and 

fuel cells [62]. Therefore a combination of batteries or other sources of power is still required 

for the supply of energy for extended period of time [15,62]. A Ragone plot which relates the 

power density to the energy density that is characteristic of the different energy storage or 

conversion system is presented in figure 2.3. The unique properties of ECs have made them 

useful for various applications such as in hybrid electric vehicles and trams with evidence of 

ability to enhance braking efficiency and battery life, adsorbents, drug delivery systems, 

hydrogen storage, electrochemical energy storage [2,5,42,45,47,48,71].                                                                                                                                                                                                                                      
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Figure 2.3 Illustration of Ragone plot relating power density to energy density of the 

respective energy storage or conversion system[72]. 

2.2 Principle of charge storage mechanisms in ECs 
 

ECs can be grouped into three categories based on charge storage mechanism and depending 

on the type of material, the electrolyte or cell construction [69] namely: Electric double layer 

capacitors (EDLCs), faradaic capacitors and pseusocapacitors [73]. Hybrid capacitors are 

capacitors which combine the individual characteristic of both the EDLC and 

faradaic/pseudocapacitive type of electrode material in its cell design thereby optimizing their 

individual characteristic to boost energy density whilst retaining their power density [15,29,74]. 

An illustration of the different categories of ECs is presented in figure 2.4 below: 
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Figure 2.4 Categories of electrochemical capacitors [75] 

2.2.1 Charge storage mechanism in Electric double layer capacitors (EDLCs) 
 

EDLCs store electrical energy electrostatically at the carbon electrode/electrolyte interface 

forming an electrochemical double layer (Helmholtz layer) via a reversible ion adsorption on the 

surface of the electrode active material [69,76]. The Helmholtz model is analogous to two-plate 

conventional capacitors (see figure 2.1) and it states that two layers of opposite charge form at 

the electrode/electrolyte interface and are separated by an atomic distance [69,77] as shown in 

figure 2.5 (a). The capacitance C (Farad, F) which is the value of the energy stored in the 
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capacitor can be evaluated using the double layer model by Helmholtz [63,76] which is 

expressed as: 

                                                               𝐶 =  𝜀0𝜀𝑟
𝐴

𝑑
                                                                       2.1 

where 𝜀0 is the permittivity of free space, 𝜀𝑟 is the electrolyte dielectric constant, A (m2) is the 

specific surface area of the electrodes, d (m) is the thickness of the electric double layer. 

 The large specific surface area (SSA) and the short charge separation distances allows for more 

energy to be stored. Gouy and Chapman later amended the Helmholtz model by suggesting the 

existence of a diffuse layer and the presence of interaction between the dipole moment of the 

solvent and the electrode which is a continuous distribution of ions in the electrolyte controlled 

by thermal motion [76,78] as seen in figure 2.5 (b).  The Gouy and chapman model was also 

later merged with the Helmholtz model by Stern as shown in figure 2.5 (c) due to the 

overestimation of EDL capacitance by Gouy and chapman model.  
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Figure 2.5 (a) Helmholtz model, (b)  Gouy–Chapman model, and (c) Stern model, displaying 

the inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP) of EDLC at a positively 

charged surface:  [78]. 

The Stern model, from the combination of the above two models, revealed two regions of ion 

distribution called the inner region (Stern or compact layer) and the diffuse layer. The compact 

layer is made up of adsorbed ions. These adsorbed ions are categorized into two types – the 

inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP) [78].  Therefore, the two layers 

correspond to two capacitors in series with capacitance (CH) and diffusion layer capacitance 

(CD). 

The EDL capacitance (CDL) can be defined as the sum of the capacitances from the Helmholtz 

layer (CH) and the diffusion layer capacitance (CD) [76,78] expressed as: 

                                                           
1

𝐶𝐷𝐿
=

1

𝐶𝐻
+

1

𝐶𝐷
                                                                       2.2                                                                     
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EDLC behavior at the plane electrode surface is determined by the type of electrolyte ion, 

electric fields across the electrode, solvent used for dissolving the electrolyte ions and the 

chemical attraction between the surface of the electrode material and the adsorbed ions. 

However, since the EDLC electrode is usually a porous material, the EDLC behaviour at the 

porous surface is more intricate than that at the plane surface. The EDLC behavior at the porous 

surface is determined by the ion convoluted mass transfer path, space constrain with the pores, 

electrolyte ohmic resistance, and the wettability of the pore surface by the electrolyte. EDLCs 

are often constructed using porous conductive materials such as activated carbons (ACs) such 

that the active material electrode is coated on the current collector separated by a thin layer 

separator soaked in an electrolyte. When voltage is applied, the charges at the electrodes are 

polarized with equal numbers of anions/cations at the electrode/electrolyte interface (see 

figure 2.6) [66,76]. 

 

Figure 2.6 EDLC with porous electrodes in a charged state with equivalent circuit [76] 
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The circuit is equivalent to two capacitors C+and C-in series with total capacitance, C and can be 

expressed as:   

                                                           
1

𝐶
=

1

𝐶+
+

1

𝐶−
                                                                2.3                                                                                                           

The maximum stored energy, 𝐸  and Power (P) of the single cell is expressed by the equation 

(2.4 and 2.5) [78,79][76] 

                                                                𝐸 =
1

2
𝐶∆𝑉2                                               2.4                                                                                                        

                                                                  P =  
∆V2

4𝑅𝑠
                       2.5 

Where C (F)is the total capacitance of the cell and Rs () is the equivalent series resistance 

(ESR) or solution resistance of the circuit. All the elements in the equivalent circuit are 

important for the overall performance of the EC. The ESR emanates from the different 

resistances linked with the electrode material, current collector, separator and the electrolyte 

solution, and the resistance at the interface between the electrode material and the electrolyte 

solution[15,78] . The electrolyte and the electrode material are essentially important for the 

performance of ECs. The cell working voltage is limited by the thermodynamic stability of the 

electrolyte solution.  

2.2.2 Charge storage mechanism in pseudocapacitors 
 

As compared to EDLCs, pseudocapacitors store charges through an electron transfer 

mechanism rather than by just the accumulation of ions at the electrochemical double layer 

[15,80,81]. Pseudocapacitance occurs due to charge (∆𝑞)acceptance and change in potential 

(∆𝑉) and the derivative of C, corresponds to the capacitance C. 



18 
 

 

Pseudo-capacitance also results thermodynamic relationships that exhibits itself through 

absorption, oxidation/reduction and/or intercalation of ionic species  [8,76,78]. The 

pseudocapacitance is faradaic in origin and it involves rapid and reversible redox reactions 

between the electrolyte and the electrode surface.  

The most common pseudocapacitive electrode materials include transition metal oxides e.g 

MnO2[82], transition metal nitrides e.g VN [83], conducting polymers e.g PANI [84] and carbon 

materials with oxygen and nitrogen containing surface functional groups [76,85]. 

Pseudocapacitance undergoes faradaic charge in contrast to the EDLC, and can attain higher 

capacitance than EDLCs, it however suffers from low power density as a result of its poor 

electrical conductivity and poor cycling stability [78]. The most extensively studied 

pseudocapacitive materials are MnO2 and RuO2[19]. The amorphous and crystalline forms of 

RuO2 has been vastly studied in aqueous acidic electrolyte due to its high electrical conductivity, 

intrinsic reversibility for a variety of surface redox couples [86,87], where the amorphous 

ruthenium oxide (RuO2.xH2O) have displayed higher specific capacitance of 720  F g-1due to the 

mixed proton – electron conductivity with the materials owing to the fact that superficial redox 

transitions of RuO2 involve proton and the electron double injection/expulsion according to the 

equation 2.7 below. 

Positive electrode:  

HRuO2 H1- RuO2 + H+ + e-                                                                                                             2.6 

Negative electrode: 

HRuO2+ H+ + e- H1- RuO2                                                                                                              2.7 
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Total reaction: 

HRuO2 + HRuO2 H1- RuO2 + H1- RuO2                                                                                            2.8 

Where 01, RuO2and HRuO2 represents the positive and negative electrodes at the fully 

charged states respectively. In the process, there is no net ion exchange between the electrode 

and the electrolyte, the electrolyte concentration may vary as a result of some polarization, EDL 

formation and the availability of redox reaction during the entire charge and discharge process. 

In a proton abundant environment (i.e. H2SO4) the faradaic charges can be reversibly stored and 

delivered through the redox transitions of the oxyruthenium groups i.e. Ru(IV)/Ru(III) and 

Ru(III)/Ru(II).  

The theoretical capacitance of RuO2.xH2O is in the range of 1300 – 2200 F g-1[78].  The 

superior and excellent electrochemical performance is as a result of its tube-like network of 

porous nanostructure, metallic conductivity and hydrous nature, which provides an excellent 

route electrolyte ion and charge transport. The hydrous nature also ensures an excellent proton 

exchange because of the surface of the hydrous oxide which is considered to be a hydrous 

liquid. However, the high cost of RuO2 and the challenge of large scale production limits its 

industrial application. An inexpensive alternative that have been investigated for its 

pseudocapacitive characteristics is the MnO2[8] (this metal oxide will be further discussed in 

section 2.4 ). A number of other metal oxides include iron oxide, vanadium oxide and so on. 

[25,88–90]. 
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2.2.3 Hybrid electrochemical capacitors (HECs) 
 

Hybrid electrochemical capacitors are capacitors that combine the EDLC and faradaic type 

capacitors. As previously described in section 2.2.1, a typical EDLC consists of two similar 

porous carbon electrodes (see figure 2.6). Most of the available commercial EDLCs are 

constructed with these symmetric porous carbon materials. The energy storage is governed by 

the device voltage and the ability of the electrodes to store high amounts of ion per unit 

electrode mass or volume repeatedly [42]. In EDLCs, the charges are stored on the surface 

which leads to low volumetric capacity in contrast to battery type electrodes in which the 

capacity results from intercalation of the ions into the bulk of the electrode. The low volumetric 

charge storage leads to low EDLC energy density. Furthermore, in order to improve the energy 

density, effort is focused on improving operating voltage, thus, emphasis is often on the use of 

organic electrolytes because of their ability to operate within a larger voltage window. But due 

to their poor conductivity as compared to aqueous electrolytes, their environmental 

unfriendliness and the need for purification procedures limits their use. The use of aqueous 

electrotrolytes becomes an obvious alternative nevertheless their limited voltage window (1 V) 

as a result of the thermodynamic decomposition of water leads to lower energy and power 

densities.  Hybrid capacitors therefore, becomes a promising pathway to overcome the limiting 

voltage of the aqueous electrolytes by increasing the working voltage, taking advantage of the 

individual positive and negative electrode materials in order to improve the capacitance, energy 

density of the capacitor without compromising their high power density [8,42,91].  

Hybrid supercapacitor designs often make use of AC and either a conducting polymer or a 

transition metal oxide/hydroxide or carbon nanocomposite as positive and negative electrode 
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respectively [8]. The advantage of the hybrid design is due to the hydrogen sorption 

reversibility in porous carbons to provide an increase in the working voltage above the 1.23 V 

thermodynamic  limit [8]. Carbon nanocomposites that include carbon nanotubes (CNTs) or 

graphene have also been utilized in hybrid asymmetric designs to enhance the energy/power 

density by decreasing the intrinsic resistances that add to equivalent series resistance [8]. 

2.3 Materials for EC electrodes 
 

A variety materials have been widely researched on as electrode materials for ECs, which 

include (i) carbon materials with high SSA such as graphene, ACs, CNTs, onion-like carbons 

(OLCs), carbide derived carbons (CDCs), Zeolite templated carbons (ZTC), (ii) conducting 

polymers such as polyaniline (PANI) and polypyrrole (PPy), (iii) transition metal 

oxides/hydroxides such as MnO2,RuO2, NiO, Fe3O4, Co(OH)2 , Ni(OH)2e.t.c. [27,32,40,41,81,92–

95]. There are quite a number of characteristics that are desired in materials for EC application 

such as  [8,62]: 

 good conductivity, 

 long cycle life ( 105), 

 large SSA  (∼1000 to >2000m2 g−1), 

 good corrosion resistance, 

 mechanical resilience, 

 high temperature stability, 

 thermodynamic stability, 

 controllable pore structure, 
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 good pore size distribution 

 surface wettability, 

 relatively low cost. 

2.3.1 Carbon electrode materials 
 

2.3.1.1 Activated carbon 
 

Activated carbon (AC) is a type of disordered carbon with porous structure and large SSA. ACs 

are mainly amorphous and their network structure consists majorly of sp2 and some sp3 bonded 

atoms [5,42,79]. An example of a scanning electron microscopy image of AC is shown in figure 

2.7. ACs are the most commonly used electrode material for ECs application due to their high 

SSA, low cost, easy production from abundant and renewable sources, good electronic 

conductivity and excellent cycling stability [42,78]. ACs are produced by thermal (physical) 

decomposition and/or chemical activation of a wide range of natural and synthetic 

carbonaceous precursors. Example of the natural precursors include tree barks, nutshells, 

seeds, coal, fruit pits, starch, leaves and grain [5,6,42,96–99]. The synthetic precursors for the 

production of ACs with well-developed pores with consistent properties and homogeneous 

microstructures include polyaniline (PANI), polyvinyl chloride (PVC), polypyrrole (PPy), 

expandable graphite and so on. [42,100–102]. The thermal decomposition process for the 

activation of AC involves the carbonization of precursors at temperatures ranging from 700-

1200 C in air, CO2 or steam. The chemical activation process is usually performed making use 

of activating agents such as zinc chloride, potassium hydroxide, potassium hydrogen carbonate, 
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potassium carbonate, sulfuric acid, Phosphoric acid and sodium hydroxide and carbonized at 

temperatures ranging from 400 to 900 C [44,45,103–107].  

 

Figure 2.7 SEM image of activated carbon [3] 

Most of the available commercial ECs utilize high surface area ACs with SSA ranging from 700 – 

2200 m2 g-1. However low cost carbons with tunable porosities can be derived from innovative 

techniques offering a better control over their chemistry and pore size distribution with SSA 

reaching up to between 2100 - 3430 m2 g-1[5,42]. However, despite extensive research on the 

activation of ACs, controlling the pore structure has been quite challenging with most of the 

pores ranging from 0.4 – 4 nm and having pore size distribution that is relatively varied that 

may hinder their performance in some applications [42,78]. As defined by the International 

Union of Pure and Applied Chemistry (IUPAC), pores can be classified as macropores when their 

sizes are 50 nm, mesopores when their sizes are between 2 and 50 nm and micropores when 

their sizes are  2 nm [76]. An illustration of the different pore sizes in AC is presented in figure 

2.8. It has been reported that high SSA plays a role in achieving high capacitance values 
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[76,108]but  for a number of research on  ACs as have been observed in literature, the trend is 

not quite so [78,108]. In a study on ACs having SSA as much as 3000 m2,a specific capacitance of 

only about 10 F cm-2was recorded which is much less than the theoretical value of 15 - 25 F 

cm-2 meaning that not all the pores were accessible to the electrolyte ions hence not all pores 

contributed to the charge storage [10,65]. Also, this is as a result of the fact that narrow 

micropores may not enhance the total double layer capacitance owing to sieving effect whose 

magnitude depends on the size of the electrolyte ions [76,109–111]. Although micropores 

essentially contribute to the adsorption of ions leading to the formation of double layer, they 

should be electrochemically accessible to the electrolyte ions and hence the presence of 

mesopores is needed for the efficient ion transport to the entire electrode material permitting 

the extraction of energy at higher frequencies to be achieved [66]. Thus the wettability and 

accessibility of the porous structure with sizes fitted to the size of the electrolyte ions for 

effective ion transport is essential for high performance EC [66].  

 

Figure 2.8 Diagramatic representation of different pore sizes in activated carbon 
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A relationship between the pore sizes in ACs and the electrolyte ions can be confirmed from 

their performance in various electrolytes. Typically, the specific capacitance values of ACs in 

aqueous electrolyte is between 100 to 300 F g-1 and  150 F g-1 in organic electrolytes [78,108]. 

The higher capacitance values in the aqueous medium might be as a result of the smaller size of 

the solvated ions and greater dielectric constant as compared to the organic medium. In a study 

by Raymundo-Pinero et al., it was concluded that suitable pore size is more fundamental than 

large SSA in AC for high electrochemical performance in various electrolytes where the 

optimum pore size for good capacitance is 0.7 nm and 0.8 nm for aqueous and organic 

electrolyte respectively [9]. Commercially available ECs however make use of organic 

electrolytes because of their higher operating voltages which yield higher energy densities [62]. 

Other important parameters for enhanced AC performance apart from large SSA include pore 

shape and structure, electrical conductivity, pore size distribution and surface functional groups  

which increase the wettability of the ions of the electrolyte on the surface of the carbon thus 

enhancing the pseudocapacitance [62,78,85]. 

2.3.1.2 Carbon nanotubes (CNTs) 
 

Carbon nanotubes (CNTs) are allotropes of carbon with cylindrical 1-D carbon structure and a 

diameter in the order of a few nanometers (approximately 1/50,000th of the width of a human 

hair) and a length of up to several millimeters. CNTs are categorized into single-walled CNTs 

(SWCNTs) seamlessly rolled up into one graphitic sheet with a diameter between 0.4 and 2.5 

nm and multi-walled CNTs (MWCNTs) consisting of several rolled up coaxial graphitic sheets of 

up to 100 nm[42,112,113].  The SEM image of CNTs and the molecular structure of SWCNTs and 

MWCNT are shown in figures 2.9 (a) & (b) and 2.10 respectively. CNTs are synthesized via 
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catalyst-assisted chemical vapour deposition (CVD) techniques making use of hydrocarbon 

gaseous precursors such as acetylene, methane, propylene among others.  As compared to ACs, 

zeolilte-templated carbons (ZTCs), carbide derived carbons (CDCs), CNTs possess low SSA ( 500 

m2 g-1) and are difficult to fabricate into thick electrodes by conventional electrode preparation 

techniques and maintaining the intrinsic properties on a microscopic scale is quite challenging 

with electrolyte-dependent capacitance performance  [42][78]. However innovative 

preparation techniques permit the formation of vertically or horizontally aligned CNT material 

relative to the current collector which do not require polymeric binder [42]. 

 

 

Figure 2.9 Carbon-nanotube (a) SEM micrograph spongy CNT network; (b) High magnification SEM 

image of a CNT highlighted by the red arrow [114]. 
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Figure 2.10 molecular structure of single-walled band multi-walled carbon nanotubes 

The good electrical conductivity, high mechanical strength, open tubular network which allow 

for rapid and easy ion transport make them a good choice for high performance ECs and 3D 

carbon support for the synthesis of carbon nanocomposite materials [42,78]. The open tubular 

network also contributes to the lowering of the equivalent series resistance (ESR) which 

invariably enhances the power of the electrode. Furthermore, since the tubular structure 

possess excellent resiliency, their nanocomposites can easily adjust to the volumetric changes 

during charging and discharging cycle thus improving the cycling stability of the electrode 

material [108]. 

2.3.1.3 Graphene 
 

Graphene is a 2-D allotrope and one-atom thick layer of graphite corresponding to the (002) 

basal plane of sp2-bonded carbon atoms in a honeycomb lattice structure[42,115,116]. Its unique 

and outstanding properties such as good electron transport, high theoretical SSA  of 2630 m2 

g-1), good thermal conductivity (3000 W mK-1), variable band gap as well as exceptional optical 

and mechanical characteristics have made it attractive for various application [117,118]. 
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Graphene (2D) can be seen essentially as the basic building block of other carbon materials 

since it can be wrapped, rolled up or stacked to produce 0-D fullerene (Bucky ball), 1-D CNT, 

and 3-D graphite respectively[116,119] as illustrated in figure 2.11 . Graphene possesses 

qualities that are superior to other forms of carbon as shown in Table 1 [117,120–122]. A 

number of preparation techniques have been employed for the synthesis of graphene and 

graphene derivatives, such as chemical vapor deposition (CVD), microwave, Hummer’s method and 

dispersion techniques [123–125]. 

 

 

 

 

 

 

 

 

 

Figure 2.11Graphene the building block for  0-D fullerene, 1-D CNT, and 3-D graphite[119]. 

Graphene has attracted research interest as a result of its high SSA. Nevertheless, only a 

specific capacitance of 262 F g-1 has been recorded for graphene in aqueous electrolytes [126–
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128] , owing to the restacking of graphene as a result of the - interactions between the 

graphene sheets leading to the inaccessibility of the available surface area. The restacking of 

graphene can be overcome by embedding the sheets with pseudocapacitive materials or by 

functionalizing it with chemical components such as hydroxyl or carbonyl groups [13,28,129–

132].  

Table 1 Comparison of graphene with other allotropes of carbon [150] 
 
Allotropes of carbon Graphite  Diamond  Fullerene  Carbon nanotubes  Graphene  

Dimensionality Three  Three  Zero  One  Two  

Hybridization Sp2 Sp3 mainly Sp2 mainly Sp2 Sp2 

Crystal system Hexagonal  Octahedral  Tetragonal  Icosahedral  Hexagonal  

Experimental specific 

surface area (m2g-1) 

~10-20  ~20-160  ~80-90  ~1300  ~2675  

Density (gcm-3) 2.09-2.23  3.5-3.53  1.72  >1  >1  

Electrical 
conductivity  
(S cm-1) 

Anisotropic  
2,3×104𝑎, 

2.3×106𝑏 

 10-10 Depends on the 

particular 

structure 

2000 

Electronic properties Conductor  Insulator, 
semiconductor  

Insulator  Depends on 
structure. Can be 
metallic or 
semiconducting  

Semimetal, 
zero gap 
semiconductor  

Thermal conductivity  
(W m-1 K-1)  

1500-2000a 
5-10c 

900-2320  0.4  3500  4848-5300  

Hardness tenacity High  Ultrahigh  Highly elastic  High flexible 
elastic  

Highest 
flexible elastic 
(single layer)  

Optical properties Uniaxial  Isotropic  Non-linear 
optical 
response  

Structural 
dependent  

97.7% optical 
transmittance  

aa-direction 
bc-direction 
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2.4 Faradaic materials 
 

2.4.1 Transition metal oxides (TMOs) 
 

Transition metals are d-block elements and are in the group 3 to group 12 of the periodic table. 

They are all metals and the valence shell electrons are located in the d-orbital and are loosely 

bound. The transition metals have low ionization potentials and show varied oxidation states 

and can form various types of compounds because of their varied oxidation states. The 

transition metal oxidation states at particular voltages give rise to a local or constant charge 

depending on the number of redox couples within the defined operating potential [8]. The 

electrochemical performance of TMOs depends on their electrical conductivity which can vary 

not only among the various metals but also among the polymorphs of each metals that can be 

synthesized by a variety of methods with some being more conductive than the others [8]. 

Different TMOs have been investigated including RuO2, V2O5, SnO2, Fe3O4, NiO, Co3O4 and 

MnO2. As stated earlier, RuO2 has been studied for its high theoretical capacitance of 2000 F g-

1, excellent stability, high electrical conductivity, high rate capability and excellent reversibility.  

However, as earlier stated in section 2.2.2, research towards a cheaper, more environmentally 

friendly alternative makes MnO2 and other metal oxides a better choice [8,133,134]. MnO2 

have different polymorphs with unique crystallographic structures (α, β, γ, δ and). The 

Birnessite-type manganese dioxide, δ -MnO2, displays crystalline layered structures with layers 

of edge-sharing MnO6 octahedral to contain water molecules or cations of other elements at 

the interlayer spacing. This layered structure of δ-MnO2 allows ion intercalation within the 
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interlayer channel while the 2D morphology encourages surface-dependent electrochemical 

reactions appropriate for energy storage applications, particularly in ECs [133]. Other types of 

MnO2 also show good electrochemical performance even though they do not possess layered 

structures.  Charge storage in Mn oxides is generally through the reaction equations 2.10 and 

2.11 [133,134].equation 2.10 involves the insertion of electrolyte cations into the bulk of the 

MnO2 electrode while equation 2.11 involves surface adsorption of electrolyte cations on the 

MnO2electrode[133]: 

MnO2 + C++ e- MnOOC                                                                                                                     2.9 

(MnO2) surface + C+ + e- (MnOOC) surface                                                                                                                                         2.10 

Where C+ represents (H+, Li+, Na+, and K+) electrolyte cations (from acid or neutral electrolyte) 

and both mechanisms involve a redox reaction between the Mn3+ and Mn4+ oxidation states 

[133]. 

With respect to the intercalation mechanism, the variations in valencestate of MnO2are due to 

the intercalation of electrolyte cations into the crystalline lattice of the layered structure, 

leading to lattice expansion which induces the reduction of Mn4+ to Mn3+. On the other hand, 

the interfacial reaction causes a change in the oxidation states of manganese (Mn4+ to Mn3+) 

while the electrolyte cations play a role in maintaining the charge balance of manganese oxides. 

In spite of the relatively high capacitance of MnO2, the practical application of MnO2 is limited 

by its specific capacitance which is lower than 350 F g-1as compared to RuO2.This poor specific 

capacitance and rate capability of MnO2 electrode are due to its poor electric conductivity and 

electrochemical dissolution during cycling. In order to enhance the electrical conductivity and 
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charge storage ability, the hybridization ofMnO2with other materials like carbonaceous or 

conducting polymers to form compounds which can introduce more defects and charge carriers 

to improve the conductivity of MnO2 nanostructured composites are both practicable 

methods[133,134]. Examples of such composites include MnO2/graphene [135], MnO2/CNT 

[136], MnO2/PANI [137], MnO2/carbon nanofibers[138]. 

2.4.2 Layered double hydroxides (LDHs) 
 

Layered double hydroxides (LDH) also referred to  as hydrotalcite-like compounds or anionic 

clays are a type of lamellar compounds which have the general formula M2+
1-xM3+

x(OH)2.(An-

)x/n.mH2O, where  M2+are bivalent cations  such as Mg2+,Co2+, Ni2+, Cu2+, Zn2+, etc, M3+ are 

trivalent metal cations such as Al3+, Cr3+, Co3+, Ga3+ and  An- is an n-valent anion such as Cl-, CO3
2- 

. [57,139]. Structurally, adjacent layers of positively charged octahedral burcite-like layers, 

M(OH)2, are held by negatively charged anions located at interlayer positions[134].LDHs have 

drawn the interest of researchers because they also offer the advantage of low cost, minimal 

toxicity, flexile structure and morphology and have excellent anion-exchange capability which 

have potential for high performance EC application[134].  

2.5 Carbon based nanocomposites 
 

Pseudocapacitive materials play an important role in the fabrication of ECs with increased 

voltage and energy storage capacity. The peudocapacitance majorly comes from redox 

reactions at the surface thus only a very thin surface layer is involved actively in the faradaic 

process [78]. Also, the poor electrical conductivity and cycling stability of TMOs, e.g. MnO2 

limits their application as electrode materials. Thus, the synthesis of nanocomposites using 
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carbon supports helps to increase the electrical conductivity and mechanical strength of the 

nanocomposite. Composite materials are a means of obtaining materials with enhanced 

performance, by combining the varied properties of the individual materials in order to exploit 

the advantages and overcome the limitations of the non-faradaic (EDLC) and faradaic material 

respectively. A number of studies have reported the enhanced electrochemical properties of 

composite materials using different carbon materials as support such as zeolite templated 

carbon (ZTC) [39], onion-like carbon [18][41], and CNT [140]. For example, CNTs have been 

reported to be an effective support for TMOs and CPs due to their open tube-like mesoporous 

structure and excellent electrical/mechanical properties [78]. In a study conducted by Zhang et 

al, CNT array were employed as carbon support to synthesize PANI-CNT composite and 

manganese oxide–CNT hierarchical porous nanocomposites. From the studies a high specific 

capacitance of 1000 F g-1 was recorded for the PANI-CNT composite with good cycling stability 

and 95 % capacity retention at 118 A g-1  and a specific capacitance of 101 F g-1 at specific 

current of 77 A g-1 with good cycling stability was recorded for manganese oxide–CNT 

hierarchical porous nanocomposites [78].  Apart from manganese oxides, the merits of using 

CNTs as supports for the synthesis of composite materials have been reported for other metal 

oxides such as iron, cobalt, vanadium and nickel oxides [76]. 

2.6 Electrolytes for ECs 
 

Electrolytes utilized in ECs are aqueous, organic, or ionic liquids. The two main parameters for 

the choice of an electrolyte are the electrochemical stability potential window and the ionic 

conductivity. This is important to maximize the specific energy values and to enhance power 
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values respectively. The choice of electrolytes also influences ionic concentration, solvated ionic 

radius, toxicity, resistivity and cost of the ECs[76,141]. 

 

2.6.1 Aqueous electrolytes 
 

Aqueous electrolytes such as acidic, alkali and neutral electrolytes e.g. H2SO4, KOH and Li2SO4 

respectively, are often utilized in ECs because of their high conductivity as compared to organic 

electrolytes leading to better power performance. Acidic and alkali aqueous electrolytes have 

conductivity as high as ∼1 S cm-1. However, due to the thermodynamic stability window of 

water which is 1.23 V, the operating potential is relatively low (∼1 V), consequently, the energy 

storage capability is reduced. However, the operating potential window of carbon based hybrid 

ECs in acidic and alkaline aqueous electrolytes can be increased to 1.6 V by using different 

optimized carbons as positive and negative electrodes (or metal oxides/hydroxides). Also, 

aqueous neutral electrolytes have been reported to reach voltage values up to 2 V in symmetric 

AC capacitors and in asymmetric capacitors with an AC negative electrode and a positive 

electrode from transition metal oxide, for e.g. MnO2, with good charge-discharge stability[76]. 

 

2.6.2 Organic electrolytes 
 

Organic electrolytes are mostly utilized in commercial supercapacitor because of the wide 

operating potential window in the range of 2.7 – 2.8 V compared to aqueous solutions. 

However, their ionic conductivity and the specific capacitance (100 –150 F g-1) are lower than 

those of aqueous electrolytes. The high operating voltage lets ECs using organic electrolytes to 

deliver a higher specific energy than aqueous systems. The most commonly used solvents in ECs 
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are Propylene carbonate (PC) and acetonitrile (AN). However, due to the high viscosity of PC, 

the electrochemical performance of ECs prepared with PC is more sensitive to temperature 

variations compared to AN[76]. Salts generally utilized in organic electrolytes are quaternary 

ammonium salts. Among these salts, tetraethylammonium tetrafluoroborate (TEA-BF4) is the 

most commonly used salt for commercial ECs. Selecting the appropriate salt is important in 

optimizing the conductivity of the electrolytes. However, due to high costs, EMIM-BF4 (1-ethyl-

3-methylimidazolium tetrafluoroborate) or MEPY-BF4(1-ethyl-1-methylpyrrolidinium 

tetrafluoroborate) are presently not appropriate for industrial applications.As an alternative, it 

is promising to use TEMA-BF4 (triethylmethylammonium tetrafluoroborate) at higher 

concentrations (2 M) thereby producing higher ionic conductivities and circumventing ion 

diminution during charging of large cells at high power. A different salt, TMPY-BF4 

(tetramethylene-pyrrolidinium tetrafluoroborate), shows higher solubility in propylene 

carbonate which translates to a higher ionic conductivity, and it is presently used commercially 

[76]. 

2.6.3 Ionic Liquids (ILs) 
 

Ionic liquids (ILs) are molten salts at room temperature. ILs require no solvent and have quite a 

number of good properties which include low vapour pressure, stability at increased 

temperatures surpassing  the ∼80 °C limit of organic electrolytes, wide  thermodynamic 

stability window which seems larger to that of organic solvents. However, the ionic conductivity 

of ILs, especially at room temperature, is generally lower than that of organic electrolytes, 

therefore limiting the power performance of IL-based supercapacitors [76]. Examples of the 

ionic liquids are pyrrolidinium, imidazolium, aliphatic ammonium salts such as 
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tetrafluoroborate, trifluoromethanesulfonate, bis(trifluoromethanesulfonyl)imide, 

bis(fluorosulonyl)mide, or hexafluorophosphate, cyclic amines such as aromatic pyridinium and 

saturated hexafluorophosphate or hexafluorophosphate and saturated piperidinium, 

pyrrolidinium[142–145] . 

2.7 Electrochemical measurement 
 

2.7.1 Electrode Fabrication 
 

To prepare electrode for testing, the active EC material (which may be any EDLCs, faradaic or 

pseudocapacitive material) is thoroughly mixed with a conductive agent (carbon or acetylene 

black) to enhance the conductivity of the electrode materials, a binder (polytetrafluoroethylene 

(PTFE) or polyvinylidene fluoride (PVDF) and  N-methyl-2-pyrolidone (NMP) solvent is added 

dropwise  to form a slurry. The paste is then coated on a current collector made from materials 

of good electronic conductivity and excellent corrosion resistance such as gold, nickel foam, 

carbon cloth or paper [38,146]. The thickness of the electrode is determined by the type of the 

electrode material and application, which is usually tens of micrometers and sub-millimeters. 

The fabricated electrode is referred to as a working electrode (WE). 

2.7.2 Electrode material testing 

Electrochemical testing of electrode materials can be carried out in a three-electrode or two-

electrode configurations for the single or half-cell and full cell electrode respectively. Three-

electrode configuration is mainly used for material investigation. It is largely used to determine 

the electrochemical performance characteristics of an active material such as specific 

capacitance or capacity, working potential, material resistance and so on.  The three-electrode 
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configuration (as shown in figure 2.12) is made up of the working electrode (WE), counter 

electrode (CE) and reference electrode (RE). The WE is made up of the active material being 

investigated and is usually pasted on current collectors and is the point where the 

electrochemical reaction takes place. The CE permits the generation of the needed amount of 

current at the WE by changing its potential within the electrolyte solution. The CE is typically 

made from chemically inert materials with good conductivity such as platinum, glassy or 

vitreous carbon. The RE functions as the point where the WE potential is measured and 

regulated by restricting the flow of much current through it.The measurement is usually made 

with an appropriate electrolyte. The electrolyte medium used often determines the choice of 

the RE. The choice of the RE is critical to the realization of the objective of the electrode 

material testing. For example, mercury/mercury oxide (Hg/HgO) or silver/silver chloride 

(Ag/AgCl)  are utilized in aqueous alkaline and neutral electrolytes respectively while saturated 

calomel electrode (SCE) or Ag/AgCl  are utilized in many non-aqueous media such as acetic acid 

[147–149]. 
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Figure 2.12. Diagram showing three electrode configuration [150] 

 

The two-electrode configuration is mainly used for the measurement ofthe electrochemical 

performance of a full cell device. In the two electrode configuration, the WE is connected on the 

positive while the RE and CE are connected together as a second electrode on the negative as 

shown in figure 2.13. In the testing of symmetric or asymmetric working electrodes, the electrodes 

are soaked in an electrolyte and separated by a separator. The working potential of the two 

electrodes is controlled and parameters such as energy density, power density, and cycle life 

can be evaluated [151].  
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Figure 2.13. Diagram showing two-electrode configuration [150] 

 

2.7.3 Electrochemical evaluation of electrode materials 
 

2.7.3.1 Cyclic Voltammetry (CV) 
 
Cyclic voltammetry (CV) is an electrochemical measurement technique generally employed for 

the assessment of thermodynamic and electron transference dynamics of the EC at the 

interface of the active material electrode and the electrolyte. A typical representation CV 

curves is as shown in figure 2.14. It is a very important means of studying the surface reactions 

of the active material.  Different types of materials generate CV curves typical of the 

electrochemical behavior of such material. In a reversible electrochemical process, EDLCs 

material is typically rectangular in shape, while, faradaic capacitors have a shape that is 

characterized by anodic and cathodic peaks. Ideally, a peak voltage difference between the 

anodic and current cathodic peaks of  59 mV are observed. The peak positions do not vary 
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with respect to increase in scan rate, and the ratio of the peak currents should also be unity for 

a reversible electrochemical process. CV is useful for both half-cell and full-cell electrode testing 

in three-and two-electrode configurations respectively.  

 

Figure 2.14.Cyclic voltammetry  diagram showing the differences between the EDLCs 

(rectangular shape) and Faradaic (Curved shape with cathodic and anodic peaks)[152] 

 

In CV measurement, the electrochemical cell testing is determined in a specific operating potential, 

where the potential is applied to the working electrode and measured at various scan rates.The 

cathodic and anodic current responses at the various scan rates is beneficial in determining the 

electrochemical characteristics of the electrode. The following equation (2.12) is employed for 

the evaluation of the specific capacitance (Cs) from the CV curve for both faradic and non-

faradic materials [153]. 

                                         𝐶𝑠 =  
1

𝑚𝑣 (𝑉𝑎−𝑉𝑏)
∫ 𝐼 (𝑉)𝑑𝑉        

𝑉𝑏

𝑉𝑎
                                          2.11 
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Where m (g) is the mass of the electrode, 𝑣 is the scan rate,  𝑉𝑎 − 𝑉𝑏 is the cell potential 

window and ∫ 𝐼 (𝑉)𝑑𝑉 is the integrated area under the curve[153] 

 

2.7.3.2 Galvanostatic charge – discharge (GCD) 
 

Galvanostatic charge-discharge (GCD) is a technique for the study of electrochemical performance 

of an electrode material. Typically, an upper and lower voltage limits are set, and a constant current 

I (positive in charge or negative in discharge), and voltage as a function of time is recorded between 

the minimum and maximum voltage [154].  The next GCD cycle commences once a fixed lower 

voltage is reached. A reverse in current subsequently follows and leads to the decrease of the 

voltage to its lower limit. A diagrammatic representation of a typical GCD curve is as shown in 

Figure 2.15, indicating (1) the cell performance during charging, (2) the cell performance during 

discharging, (3) the initial process, and (4) Ohmic potential drop, associated with the negative 

resistive ohmic loss due to cell resistance. However, different materials present a CV shape 

characteristic of the electrochemical behaviour of that material. For example, EDLC materials e.g 

activated carbon (AC) present a linear GCD curve ensuing from equal charge distributions during the 

charge and discharge processes. While faradaic material display non-linear GCD curve (See Figure 

2.16, Curve B) originating from the redox GCD process. Specific capacitance (Cs) of electrode 

material  (non-EDLC material) can be evaluated from the GCD curve using the following equation 

[58,155,156]: 

                                                        𝐶𝑠 =  
2𝐼𝑑

𝑉2 ∫ 𝑉(𝑡)𝑑𝑡                                                                2.12                                  

Where 𝐼𝑑 (A g-1) is the current density, ∆𝑡 (s) is the discharge time, 𝑉 (V) is maximum cell 

voltage. 
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Figure 2.15 Diagrammatic representation of galvanostatic charge-discharge (GCD) 

process[152]. 

 

Figure2.16 Diagrammatic representation of EDLC galvanostatic charge-discharge (GCD) 

process (curve A) and faradaic charge-discharge process (curve B) [157] 
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But in EDLC materials, the Cs is calculated from the slope of the linear GCD curve using the 

equation [79]: 

                                                               𝐶𝑠 =
𝐼𝑑∆𝑡

∆𝑉
                                                                         2.13  

For an electrode exhibiting battery-like or faradaic GCD curve, the specific discharge capacity, 

𝑄𝐷can be evaluated from the following equation[79]: 

                                                          𝑄𝐷 =
𝐼𝑡

𝑚 ×3.6
                                                               2.14 

where QD is the specific discharge capacity (mA h g-1), t(s) is the discharge duration, I(A) is the 

current (mA), and m(g) is the mass of the electrode. 

2.7.3.3 Electrochemical impedance spectroscopy (EIS) analysis 
 

The electrochemical impedance spectroscopy (EIS) is an important technique for the evaluation 

of electron and ion transport in an electrochemical cell. It is studied in an open circuit potential 

at different frequencies, for example from 10 millihertz (mHz) to 100 kilohertz (KHz). EIS can be 

used to study various parameters such as resistance, capacitance, and inductance. Typically, the 

impedance of an electrochemical cell over a frequency range is studied by applying a low 

amplitude voltage (e.g 5 mV) on a steady potential. The Nyquist and the Bode plot is often used 

to represent the EIS data. The Bode plot is a plot of the phase angle as a function of the applied 

frequency while the Nyquist plot describes the real (𝑧′(𝜔)) and the imaginary (𝑧′′(𝜔)) parts of 

the impedance on the complex plane. An illustration of a Nyquist impedance plot is shown in 

figure 2.17. The Nyquist plot is divided into high, medium and low frequency regions [158]. The 

high frequency region indicates the resistive components (Rs) at the intersection of the curve 
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with the real (𝑧′(𝜔)) axis. At the high to middle frequency region, the diameter of the 

semicircular arc indicates the presence of charge transfer resistance (Rct) related to a resistive 

element existing in the electrode. While at the low frequency region, a nearly vertical line parallel 

to the y-axis show ideal capacitive behaviors, however, the line somewhat deviates from the 

vertical at angles in-between 45- 90 as a result of the  diffusion process of ions. The intersection 

of each semi-circular arc with the real Z’-axis shows the solution resistance (Rs) or the 

equivalent series resistance (ESR) which is a summation of overall interface resistance of 

electrolyte/electrode material intrinsic resistance and electrode material/e current 

collector[158,159].  

 

Figure 2.17 Nyquist impedance plot  

In the low frequency region, the capacitance (C (𝜔)) can be described as sum of the real (𝐶′(𝜔)) 

and imaginary (𝐶′′(𝜔)) parts of the capacitance as a function of frequency. That is [158]: 



45 
 

𝐶(𝜔) =  𝐶′(𝜔) + 𝑗𝐶′′(𝜔)                                                                                                2.15 

𝐶′(𝜔) =  
−𝑍′(𝜔)

𝜔|𝑍(𝜔)|2 
                                                                                                            2.16 

𝐶′′(𝜔)
=  

−𝑍′′(𝜔)

𝜔|𝑍(𝜔)|2
                                                                                                            2.17 

Where the low frequency value 𝐶′(𝜔) corresponds to the capacitance of the cell obtained 

during the constant current discharge. 𝐶′′(𝜔) corresponds to an energy dissipation by an 

irreversible process that can lead to hysteresis, 𝑍|(𝜔)| is the impedance modulus, 𝜔 is the 

angular frequency [158]. A relaxation time τcan be evaluated from the knee frequency in the real 

and imaginary of the capacitance plot by applying the equation: τ = 1/f, where f is the frequency of 

the electrochemical cell, corresponding to the maximum on the Cʹʹ (ω) curve as a function of 

frequency plot and τ is the time needed for the stored energy to be delivered. This represents the 

boundary between a pure capacitive and resistive behavior of the ECs electrode. 

The Bode plot highlights the relationship between the frequency and the imaginary parts of the 

impedance(𝑧′′(𝜔)), and the capacitance of the material can be deduced from the linear portion of 

a graph of log Zʹʹ against log f by applying the equation: 

𝐶 =
1

2𝜋𝑓|𝑍′′|
                                                                                                                        2.18 

Where C is the capacitance (F), f is the frequency and Zʹʹ is the imaginary impedance. 
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2.7.3.4 Stability test 
 

The cycling performance or stability of an electrode material can be tested by charging and 

discharging for an infinite number of cycles. The stability of an electrochemical cell is 

dependent on the particular conditions under which cycling is performed for example voltage 

limits, temperature, current applied, all play a role during cycling[160]. Typically, cyclic stability 

is performed from GCD cycles. The coulombic efficiency , can be determined from the 

following equation[79]: 

                                                         𝜂 =
𝑡𝐷

𝑡𝐶
 × 100%                                                                2.19 

Where 𝑡𝐷 (s) is the discharge time, 𝑡𝐶  (s) is the charge time. 

 

2.7.3.5 Voltage holding 
 

Voltage holding (or floating) test is another reliable method for testing the stability of EC 

electrodes. Voltage holding test is done at a constant load by holding the electrode at 

maximum voltage and determining the capacitance over an entire time period which is based 

on a potentiostaic mode and gavanostatic charge discharge which is reiterated over the period.  

 Voltage holding is very useful technique for stability testing because it provides a direct 

understanding into the probable degradation that occurs during electrochemical process in 

EDLCs at high cell voltages as compared to long-duration cycling test which at times displays no 
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degradation. A true resistance effect is also observed after exposing the electrode to maximum 

voltage which is as close as possible to real or practical application [38,161,162]. 

 

2.7.3.6 Self discharge 
 

ECs as energy storage devices store energy for durations ranging from few seconds to several 

days. The factor responsible for the energy storage duration of ECs is its self-discharge rate. 

Self-discharge of ECs is the slow reduction in the voltage across the capacitor that take place 

when the capacitor is left unconnected to an electrical load. In order to measure the self-

discharge currents, the capacitors are charged for several hours, and then left without an 

electrical load to discharge. The objective of the self-discharge test is to estimate the energy 

loss over the test duration and to determine the drop in the voltage of the capacitor[163]. 

 

 
 

2.8 Electrochemical device Fabrication 
 

2.8.1 Symmetrical cell design 
 

A Symmetrical EC cell is a cell in which both the positive and negative electrode are the same 

material, have equal mass, thickness and size. In symmetric capacitors, the total capacitance is 

equivalent to half the value of a single electrode, that is if C1 = C2 then, CTotal = C/2 [76,164]. The 

Specific capacitance of the cell forEDLC material can be evaluated from the GCD curve as discussed 

in section 2.6.3.2 using the equation: 

                                                           𝐶𝑠 =  4.
𝐼∆𝑡

𝑚∆𝑉
                                                           2.20                                                                                                                
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The factor 4 is normalization to the mass of a single electrode for the two similar capacitors in 

series. 

The specific energy (or energy density), E (Wh kg-1) of the EC is given by: 

                                     𝐸 = 𝐶
1

2
∆𝑉2 =

1000 ×𝐶𝑠×∆𝑉2

2×4×3600
=  

𝐶𝑠∆𝑉2

28.8
                                        2.21                                                             

And the power density Pd(W kg-1) can be evaluated using: 

                                                   𝑃𝑑 =  
3600×∆𝐸

∆𝑡×1000
=

3.6×∆𝐸

∆𝑡
                                                     2.22 

 For faradic material the energy density is evaluated using the equation 2.24 [165]: 

                                                      𝐸 =  
𝐼𝑑

3.6
∫ 𝑉(𝑡)𝑑𝑡                                                                    2.23 

Where 𝐼𝑑 (A g-1) is the specific current, ∆𝑡 (s) is the discharge time, 𝑉 (V) is maximum cell 

voltage, ∫ 𝑉(𝑡)𝑑𝑡  is area under the discharge curve. 

While power density is evaluated same as for EDLC material using equation 2.22 above. 

2.8.2 Asymmetrical (Hybrid) cell design 
 

Asymmetric (Hybrid) capacitors in which the positive electrode and negative electrode are made of 

two distinct materials.  The electrodes are of different capacitance values such that one capacitance 

is larger than the other. In the fabrication of an asymmetric cell, charges on both electrodes are 

taken into consideration and the charges on the electrodes are balanced using the equation 

                                                                  𝑄+ =  𝑄−                                                           2.24                                                                                        

where Q+ and Q- are the charges stored in the positive and negative electrodes respectively for EDLC 

materials and Q is expressed by the following equation: 

                                                                  𝑄 =  𝐶𝑠𝑚∆𝑉                                                   2.25 
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where Cs is the specific capacitance of the electrode, m(g) is the mass of the electrode and ΔV is the 

cell maximum voltage. The mass balancing is therefore achieved by applying the following equation: 

                                                             
𝒎+

𝒎−
=

𝑪𝒔−∆𝑽−

𝑪𝒔+∆𝑽+
                                                                         2.26                                                                        

The mass balancing helps to ensure that equal charge exists on both electrodes, thus the cell have 

similar behavior of a symmetric cell. The specific capacitance, energy, and power densities of the 

cell can therefore be estimated by applying equations 2.16 -2.18 without normalization with the 

factor of 4. 

For purely faradic or materials with battery-like behavior and where both electrodes are purely 

faradic,the mass balancing is achieved using the following equation: 

                                                             
𝒎+

𝒎−
=

(𝑰.𝒕𝒅)−

(𝑰.𝒕𝒅)+
                                                             2.27 

Where m+ and m- are the mass of the positive and negative electrodes, 
(𝑰.𝒕𝒅)−

𝟑.𝟔
and 

(𝑰.𝒕𝒅)+

𝟑.𝟔
are the 

specific capacity of the electrodes. 

While for an asymmetric device where the positive electrodes is a faradic material and the 

negative electrode is an EDLC material, the mass balancing is achieved by using the equation 

below: 

                                                              
𝒎+

𝒎−
=

𝑪𝒔−∆𝑽−

𝑸𝑫+∆𝑽+
                                                        2.28 

Where m+ and m- are the mass of the positive and negative electrodes,𝐶𝑠−is the specific 

capacitance of the EDLC material, 𝑄𝐷+is the specific capacity of the faradic material, ∆𝑉−and 

∆𝑉+are maximum voltage of the EDLC and faradic electrodes respectively. 
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CHAPTER THREE 

3.0 EXPERIMENTAL DETAILS AND CHARACTERIZATION TECHNIQUES 
 

In this chapter, the material synthesis techniques, the experimental procedures/details of each 

material synthesized and characterization techniques used for the analysis of samples will be 

discussed.  

3.1 Material Synthesis techniques 
 

3.1.1 Hydro/solvothermal synthesis technique 
 

The term hydrothermal originated from the field of geology. The term was first used by the 

British geologist Sir Roderick Murchuson to explain the action of water at elevated 

temperatures and pressure in bringing about changes in the earth’s crust and leading to the 

formation of various rocks and minerals [166]. The first hydrothermal synthesis reported in 

literature was by Schafhault in 1845. The commercial value of the hydrothermal technique for 

the synthesis of inorganic compounds was realized when large scale quartz crystal was 

synthesized by Nacken (1946) and Zeolites by Barrer (1948) [166]. 

Hydrothermal synthesis generally involves the growth or synthesis of crystals from any 

heterogeneous reaction in the presence of aqueous solvents in a closed-system under high 

temperature and pressure conditions to dissolve and recrystallize materials that are relatively 

insoluble under ordinary conditions. The temperatures and pressure is usually greater than 

room temperatures and 1 atm. respectively [166,167].The Hydrothermal synthesis route is a 

cheap, effective and straight forward process for the synthesis of single crystals, bulk powders 
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and nanocomposite materials with varied nanoarchitectures with physical and chemical 

properties suitable for energy storage applications [168–170]. Water is the reaction medium 

utilized in hydrothermal conditions in an autoclave system. Autoclaves are sealed steel 

cylinders that are able to withstand high temperature conditions for a prolonged time duration. 

The use of water as a reaction medium has several advantages which include non-toxicity, non-

flammability and thermodynamic stability. It also assists in the tuning of the temperature and 

pressure conditions for material formation. 

The solvothermal synthesis technique is similar to the hydrothermal technique. The 

solvothermal synthesis process involves a chemical reaction in a closed system in the presence 

of solvent (aqueous and non-aqueous) at a temperature higher than the boiling point of the 

solvent [171].The key factor that determines the growth and nanostructure of the synthesized 

material is dependent on the solvent utilized, reaction temperature, reaction duration, pH of 

the reaction medium and pressure of the closed system [171–173]. The morphology of the 

crystals formed can be tuned by controlling the solvent supersaturation, chemical reagent 

concentration and process kinetics [173]. Solvothermal method can be used to synthesize 

thermodynamically stable and metastable states including novel materials that cannot be 

synthesized from other synthesis techniques [171,173]. 

In this study, solvothermal synthesis technique was used for the synthesis of Co-Mn LDH and 

hydrothermal method was use for the pretreatment of raw cork by before carbonization in a 

tube furnace as described in section 3.2.4 below. 
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3.1.2 Chemical vapour deposition (CVD) technique 
 

CVD is a very useful and efficient method suitable for the production of metals and non-metals 

such as carbon and silicon and a variety of materials such as carbides, nitrides, oxides etc 

coatings, powders, fibers and monolithic components [174]. CVD involves flowing a precursor 

gas or gases into a reaction chamber containing one or two substrates to be deposited upon. 

Chemical reactions take place at or close to the hot surfaces, leading to the deposition of the 

material on the substrate, followed by the production of chemical by-products that are flown 

out of the chamber together with the unreacted precursor gases [174,175]. A CVD reaction is 

guided by thermodynamics which is the driving force that indicates the direction the reaction is 

to proceed and by kinetics, which determines the flow process and rate-control 

mechanism[174] 

 

Figure 3.1 Diagram of the chemical vapour deposition system  
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The CVD system for the purpose of this study was used for the production of activated carbon. 

As depicted in the diagram in figure 3.1, the CVD system consists of a 2-inch diameter quartz 

tube which is the reaction chamber, connected to gas flow meters that are in turn connected to 

the various precursor gases used for the material synthesis. 

 

3.2 Material synthesis 
 

3.2.1 Synthesis of Co-Mn LDH 
 

Co-Mn LDH nanoflakes were synthesized by a facile solvothermal method. Briefly, 0.05 M 

Co(NO3)2.6 H2O, 0.10 M MnSO4 and 0.60 M CH4N2O was put into 60 ml of methanol (CH3OH) 

and sonicated for 10 minutes. Then the solution was transferred into a 100 ml teflon lined 

autoclave and placed in the oven at 120 °C for 6 hours. The resulting product was filtered and 

washed several times with deionized water. Figure 3.2 shows schematic of the complete 

synthesis route of the Co-Mn LDH nanoflakes. 
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Figure 3.2 Schematic of the synthesis route of the Co-Mn LDH nanoflakes  

3.2.2 Synthesis of MnO2-CNT 
 

The KMnO4 (Merck, Purity ≥ 98%), H2SO4 (purity 95 -97 %), H2O2 (purity 30 %), HNO3 (Purity 65 

%) reagents were of analytical grade and used without further purification. Deionized water 

was used throughout for the washing of the synthesized sediments until the final product was 

obtained. Multi-walled carbon nanotubes (CNTs) (Nanolab, purity: > 94%, length: 5-20 μm and 

diameter: 10-20 nm), were converted to short and uncapped nanotubes bearing acidic 

functional groups (mainly: -COOH) prior to their use in the synthesis of the nanocomposite.  

Briefly, 0.5 g of pristine CNTs was refluxed for 48 h in 2.6 M HNO3. The washed deposits of CNTs 

were sonicated in a mixture of conc. H2SO4/HNO3 (3:1 ratio, 95-97%, and 65% purity, 

respectively), followed by washing and stirred at 70 ° C for 15 min. in a mixture of H2SO4/H2O2 

(4:1 ratio, 95-97% and 30% purity, respectively). The black powder of CNTs was finally dried at 

60 °C overnight after washing. The CNT-MnO2 nanocomposite was synthesized via the 

conventional hydrothermal reflux technique. Typically, 40 mg of CNTs was dispersed by 

sonication in 0.02 M KMnO4. Subsequently, the mixture (pH = 7.05) was refluxed for 24 h with 

continuous magnetic stirring. The resultant dispersion was then centrifuged and washed several 

times and finally dried at 60 °C overnight in a vacuum oven. The schematic illustration of the 

synthesis process of MnO2-CNT is shown in figure 3.3 below. 
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Figure 3.3 Schematic illustration of (a) the chemical structure route from CNTs to 

functionalized CNTs. (b) Synthesis method for MnO2-CNT nanocomposite using functionalized 

CNTs. 

3.2.3 Synthesis of AC derived from raw cork (Quercus suber) by activation with KOH 
 

The raw cork material used for this study was collected from Algeria and used for the making of 

activated carbon. Typically, 5 g of the material was impregnated with KOH in the ratio of 1:1, 

1:2 and 1:3 and left for 72 h for the material to properly absorb the KOH before drying it in the 

oven at 60 oC for several hours. The samples were then carbonized in a quartz furnace under 

300 sccm argon flow at 800 oC with a ramp rate of 5 oC/minutes for 2 h. The black material 
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obtained after carbonization was washed in 3 M HCl (to get rid of excess unreacted activating 

agent present and also to wash off any impurities present in the sample) and then washed 

repeatedly with deionized water until the filtrate became neutral to a pH indicator. The 

obtained activated carbon (AC) was denoted as AC 1:1, AC 1:2 and AC 1:3. For material: KOH 

ratios of 1:1, 1:2 and 1:3 respectively. The schematic showing the synthesis route of the AC is 

presented in figure 3.4. 

 

 

Figure 3.4 Schematic of the synthesis route of the AC produced by KOH activation 

 

3.2.4 Synthesis of AC derived from cork (Quercus suber) by activation with KHCO3 

 

Mesoporous AC was synthesized via a two-step eco-friendly synthesis route by hydrothermal 

pretreatment to produce hydrochar before activation and carbonization in a chemical vapour 

deposition system. Briefly, 10 g of raw cork (Quercus Suber) was properly washed using 

acetone and deionized water and dried in an oven. Then, the raw cork was put into a 100 ml 

teflon lined autoclave which contains 80 ml deionized water and 0.8 ml of 0.5 M sulphoric acid 
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and treated hydrothermally at 160°C for 12 hours. The hydrochar produced was then washed 

severally with distilled water and dried in an oven at 60C for several hours. Next, the 

hydrochar was activated with KHCO3 in a ratio of 1:1 and carbonized in a CVD system under 

argon flow at a ramp rate of 5C /min from room temperature to 850C for two hours. The 

black product obtained was washed with 3 M HCL and severally with deionized water until 

filtrate became clear and was kept to dry in an oven at 60C for 12 hours. The material was 

denoted as ACKHCO3 1:1. A diagrammatic representation showing the synthesis route of the AC 

is presented in figure 3.5. 

 

Figure 3.5 Schematic of the Synthesis of activated carbon derived from cork by activation 

with KHCO3 

3.3 Material characterization techniques 
 

3.3.1 Scanning electron microscopy (SEM) and Energy dispersive X-ray spectrometry (EDS) 
 

Scanning electron microscopy is one of the most widely used methods for the examination and 

analysis of the microstructure, morphology and chemical composition of materials. The 
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chemical characterization aspect is possible when the instrument is used in conjunction with 

the energy dispersive X-ray spectrometer (EDS). The SEM makes use of a focused electron beam 

to thoroughly scan the surface of the specimen producing a multitude of signals. Image 

formation on the SEM is dependent on the acquisition of signals produced from the electron 

beam and specimen interactions. These interactions are divided into two major categories: 

elastic and inelastic interactions [176–178]. A diagrammatic representation of the interaction 

between a specimen and an electron beam is as shown in figure 3.6 below. 

  

  
Figure 3.6 Diagram of the interaction between a specimen and the electron beam in a SEM 
[179] 
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Elastic scattering results from the deflection of the incident electron by the specimen atomic 

nucleus or by an outer shell electron of similar energy. Incident electrons elastically scattered 

through the angle of more than 90ᵒ are called back scattered electrons (BSE) and can generate a 

useful signal for scanning a sample with an energy greater than 50 eV. Inelastic scattering takes 

place through a number of interactions between the incident electrons and atoms of the 

sample which culminates to the transfer of considerable amount of energy to that atom. The 

excitation of the sample electrons during the ionization of the sample results to the production 

of secondary electrons (SEs) which possess energies less than 50 eV and can be used for the 

sample analysis [176,177]. 

The other signals that are emitted during the interaction of the electron beam with the sample 

are characteristic X-rays, Auger electrons and cathodoluminescence. Characteristic X-rays 

generated by the interaction of primary X-rays with the sample are unique to the sample from 

which it originates and is useful for elemental composition analysis. Auger electrons are 

produced when an incident electron beam ionizes an atom in a sample and an electron with a 

higher energy fills in the vacant electron position. Cathodoluminescence is formed when certain 

samples release energy in the form of photons with infrared, visible or ultraviolet wavelengths 

when electrons recombine to fill holes made by incident beam with specimen. The best possible 

image resolution using this approach is about 50 nm. Transmitted electron are generated when 

electron beam transmit through the sample with loss of energy if the sample is thin [176,177]. 

As stated earlier, EDS is usually performed in conjunction with a SEM. EDS makes use of X-ray 

emitted by a specimen bombarded with incident beam of electrons. All elements from atomic 

number 4 (Be) to 92 (U) can be detected. Qualitative analysis involves the identification of the 
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lines in the spectrum. Quantitative analysis which is the determination of the concentration of 

the elements present involves measuring the intensities of each element in the sample and for 

same elements in calibration standards of known composition[180]. 

Scanning electron microscopy (SEM) of all samples and energy dispersive X-ray spectroscopy 

(EDS) analysis were carried out using Zeiss Ultra plus 55 field emission scanning electron 

microscope (FE-SEM) at an accelerating voltage of 2.0 kV and JEOL 2100 (from Tokyo Japan) 

operated at 200 kV respectively. 

3.2.3 Transmission electron microscopy (TEM) 
 

Transmission electron microscopy (TEM) is a technique in which a beam of electrons is 

transmitted through a very thin sample, interacting with the sample as it passes through. An 

image is formed from the interaction of the electrons transmitted through the sample; the 

image is magnified and focused onto an imaging device, such as a fluorescent screen, on a layer 

of photographic film, or to be detected by a sensor like charge-coupled device (CCD) camera.  

The electron beams have very short wavelengths and are emitted from a tungsten filament 

[178,181,182]. High resolution transmission electron microscopy (HR-TEM), selected area 

diffraction (SAED) analysis of the samples in this work were performed using JEOL 2100 (from 

Tokyo Japan) operated at 200 kV.  

3.3.3 X-ray powder diffraction (XRD) 
 

X-ray powder diffraction is a very important technique for the identification of the phase of the 

sample of a material ranging from fluids to powders and crystals. X-ray diffraction pattern of a 

sample is like the fingerprint unique to the substance. The powder diffraction pattern method is 
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ideally suited for characterizing and identifying polycrystalline phases where every crystalline 

orientation is represented equally. In powder or polycrystalline diffraction it is important to 

have a sample with a smooth plane surface. Where necessary, the sample is normally ground to 

particles of about 0.002 mm to 0.005 mm cross section. The ideal sample is homogeneous and 

the crystallites are randomly distributed [183–185].  

 XRD uses the principle of constructive interference of monochromatic X-rays of the sample to 

be identified. XRD system is made up of three compartments: X-ray tube, X-ray detector and 

sample holder, which lie in the circumference of a circle known as focusing circle. In the XRD 

system, electrons generated from a cathode by a heated filament is accelerated toward a target 

anode (usually copper or cobalt) by an applied voltage. The bombardment of the electrons on 

the target produces the X-rays. The angle θ (Bragg angle) is the angle between the plane of the 

sample material and the source of the X-ray. The angle 2θ is the angle between the detector 

and projection source [183,185]. The rotation of the sample material and the detector produces 

the X-rays. When the X-ray is incident on the sample material, a constructive interference 

occurs which satisfies Bragg’s law: 𝑛𝜆 = 2𝑑𝑆𝑖𝑛𝜃 where n is an interger,  is the wavelength of 

incident wave, d is the spacing between the atomic lattice planes and 𝜃 is the angle between 

the incident ray and the scattering planes. The X-ray signals are processed and recorded by a 

detector and then the signals are further converted to count rates transmitted to a mirror 

[186]. The XRD measurements carried out in this study was performed XPERT-PRO 

diffractometer (PANalytical BV the Netherlands). 
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3.3.4 Raman Spectroscopy 
 

Raman spectroscopy is a non-invasive and non-destructive technique used to measure the 

vibrational, rotational and low frequency modes of a material [187,188]. The technique involves 

irradiating a sample with a laser which is scattered with a finite probability depending on the 

sample type. Typically, the laser beam interacts with the vibrational modes of the molecules of 

the sample and most of the incident laser is transmitted in all directions at the same frequency 

with the incident radiation with a small fraction elastically scattered (Rayleigh scattering) and a 

smaller fraction is inelastically scattered (Raman stokes). The Raman scattered radiation is 

collected and dispersed and the outcome is displayed as Raman spectrum. The Raman 

spectrum is a graph of the intensity of the inelastically scattered radiation versus the shift in the 

radiation wavenumber. As the laser interacts with the molecular vibrations or other excitation 

modes of the sample lattice it leads to the extraction of the chemical and structural information 

of the vibrational modes of the sample. For example, for the sp2 carbons, the spectrum displays 

Raman features which include the G-band which arises from the stretching of the C-C bond in 

the graphitic material and occurs at 1580 cm-1, the 2D or G-band which occurs at 2500 – 

2800 cm-1,is a second-order two-phonon process and the D-band indicates the presence of 

disorder in the sp2-hybridized carbon [187,189]. In this study, the Raman spectroscopy was 

performed using a Jobin Yvon Horiba X6400 micro-Raman spectrometer equipped with 

LabSpecv (Version 5.78.24) analytical software with a 514 nm argon laser and a WiTec alpha 

300R+ confocal Raman system (WiTec Gmbh) with a 532-nm excitation laser.  
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3.3.5 Fourier Transform Infrared Spectroscopy (FT-IR) 
 

FT-IR is a qualitative analysis technique used for the measurement and identification of an 

unknown sample, quality or consistency of samples or amount of components in a mixture 

[190] . In a typical procedure, the sample is irradiated with infra-red radiation such that some of 

the infrared radiation is absorbed and some of it is transmitted. The transmitted radiation 

measures the transmittance while the absorbed radiation measures the absorbance. The 

resulting spectrum represents the molecular absorption and transmission, creating a molecular 

pattern characteristic to that material. Like a fingerprint no two unique molecular structures 

generate similar infrared spectrum [190]. In this study, FT-IR spectroscopy measurements was 

performed using Perkin Elmer Spectrum RX I FT-IR system in the 4000 – 500 cm-1 range with a 

resolution of 2 cm-1 to determine the sample surface functional groups. The samples were 

blended homogenously with KBr in a ratio of 1:100 and making them into transparent pellets 

before measurements 

3.3.6 Gas adsorption and desorption technique 
 

Gas adsorption/desorption is a technique used for the measurement of the specific surface 

area (SSA), pore size distribution (PSD) of a wide range of porous materials [191,192].  In this 

study, the SSA and PSD measurements were performed using a Micrometrics TriStar II 3020 

analyzer employing the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) 

techniques. The SSA was obtained from the N2-adsorption/desorption isotherm with nitrogen 

gas at −196 °C while the PSD data was obtained from the desorption branch of the BJH 

isotherm in the relative pressure range (P/P0) of 0.01 – 1.0. In a typical measurement 
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procedure for obtaining the isotherms, the samples where first weighed and then degassed at 

150 ˚C for 12 hours under vacuum to remove any moisture content. Thereafter, the degassed 

samples were transferred to the analysis compartment in liquid nitrogen at ultra-low pressure 

and at −196 °C. Next, the samples were allowed to absorb gas which was then evacuated. The 

amount of the evacuated gas was then measured to obtain the amount of gas absorbed by the 

samples within a relative pressure P/P0 range. An adsorption isotherm is usually recorded as 

volume of gas adsorbed versus relative pressure. The type of isotherm obtained from the 

analysis gives an indication of the particle and pore size of the sample. Five types of isotherms 

were first reported in 1940 by Brunauer et al. [193]. Six types of the adsorption isotherms were 

later reported by the International Union of Pure and Applied Chemistry (IUPAC) in 1985 [191] 

with explanation of the differences between them with accompanying adsorption and 

desorption hysteresis given by Gregg and Sing [194]. The IUPAC categorization of isotherms is 

as shown in Figure 3.67(a). Type 1 is referred to as the Langmuir type and is related to 

adsorption of microporous structure.  
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Figure 3.7 (a) The IUPAC categorization of isotherms (b) adsorption-desorption hysteresis 

loop[193,194] 

Type II and III describes non-porous or macroporous samples and weak interactions 

respectively. Type IV and V are linked with mesoporous structure and weak interactions 

respectively while Type VI is characterized by stepwise (layer by layer) adsorption on a 

macroporous surface [193]. The adsorption-desorption hysteresis loop is categorized into H1, 

H2, H3, and H4 and presented in Figure 3.7 (b). H1 describes narrow distribution of relatively 

cylindrical –like pores, H2 shows a complex pore structure, H3 is an indication of  non-rigid 

aggregates of plate-like particles or agglomeration of slit-shaped pores, and H4 describes to the 

complex materials including  both micropore and mesopore structure [194]. 
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3.3.7 X-ray photoelectron spectroscopy (XPS) 

XPS is a versatile technique used for the study of atoms, molecules, solids and surfaces [195]. 

XPS is employed for the measurement of the chemical composition, chemical state and 

electronic state of the elements that exist within a material at parts per thousand range. XPS 

spectra is obtained by exposing a material to a beam of X-rays (Al-Kα or Mg-Kα) while 

measuring the kinetic energy and number of elastically scattered photoelectrons that exude 

from the top 0 to 10 nm of atomic layers from the sample. An XPS spectrum is a plot of the 

number of electrons identified versus the binding energy of the identified electrons. The XPS 

peaks is generated by each element at characteristic binding energy values that precisely 

identifying each element that occurs in or on the surface of the sample analyzed. These 

distinctive spectral peaks match the electron configuration of the electrons within the atoms, 

i.e., 1s, 2s, 2p, 3s, etc. The number of electrons identified in each of the characteristic peaks is 

directly related to the amount of element present in the analyzed material. A Physical 

Electronics VersaProbe 5000 spectrometer was used for the measurement of the samples in 

this study 

3.3.8 Electrochemical Analysis 
 

The electrochemical analysis of all samples were performed in a three electrode and two 

electrode configuration with a multi-channel Bio-logic VMP300 potentiostat/gavanostat 

workstation operated using EC-lab v10.4 software at ambient temperature. The 

potentiostat/galvanostat workstation measures the potentiqal difference between the working 

electrode (WE) with current flow and the reference electrode (RE) with no current flow and the 

potential difference via the counter electrode (CE) and records the current as an iR drop  
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[196,197].  Cyclic voltammetry (CV), galvanostatic charge discharge (GCD) and electrochemical 

impedance spectroscopy (EIS) techniques were used for the sample analysis. The EIS study 

was done in an open circuit potential in the frequency range of 10 mHz to 100 kHz. In the 

three electrode configuration used for the single electrode or half-cell measurements the 

active materials served as the WE, Ag/AgCl (3 M KCl) as RE and glassy carbon as CE. 1 M 

Na2SO4, 1 M NaNO3, 1 M Li2SO4, 3 M KNO3, 1 M H2SO4, 6 M KOH and 1 M KOH were utilized as 

electrolytes for analysis of the various single electrodes. A diagrammatic representation of the 

three electrode set up is as shown in figure 3.8. 

 

 

Figure 3.8 Diagrammatic representation of a three-electrode set-up [198] 

 

The materials for the two-electrode testing was assembled using a coin-type cell and Swagelok 

with microfiber glass filter paper as separator. The electrolytes utilized in the fabrication of the 
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two-electrode cells are 1 M Na2SO4, 1 M KOH and 1 M Li2SO4 based on their best performances 

with the active materials in the three-electrode testing. A diagrammatic representation of the 

coin cell and Swagelok two-electrode configuration is as shown in figure 3.9 below. 

 

 

 

a 

 

b 

 

Figure 3.9 diagrammatic representation of (a) coin cell and (b) Swagelok two-electrode 

configuration[199,200] 

The electrodes for the three-electrode measurement were fabricated by preparing a 

homogeneous mixture of the active material (80 wt. %), carbon black (15 wt. %) (to enhance 
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the conductivity of the material) and polyvinylidene difluoride (PVdF) (5 wt. %) as a binder in an 

agate mortar. A slurry was made from the above mixture by adding 1-methyl-2-pyrrolidinone 

(NMP) drop-wise to the mixture and then coated on 2 cm × 2 cm nickel foam (NF) current 

collectors. The coated samples were then dried in an oven at 60 oC overnight. The device for 

the two-electrode measurements was similarly prepared but was coated and pressed on 16 mm 

diameter NFs and dried at 60 oC for 8 hours and then assembled in a coin cell or Swagelok with 

a microfiber glass filter paper as a separator. 
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CHAPTER FOUR 

4.0 RESULTS AND DISCUSSION 
 

The results from the experiments conducted in this research will be presented in this chapter. 

Publications from each research study will also be presented. 

4.1 Electrochemical performance of hierarchical porous activated carbon (AC) derived from 

cork (Quercus suber) synthesized by KOH activation 
 

4.1.1 Introduction 
 

A number of supercapacitor materials have been explored as potential materials for 

supercapacitor application. The electrochemical performance of the supercapacitor device 

depends on the nature of the electrode material and the electrolyte used for the device 

fabrication [33,34,36]. Carbon materials such as graphene, onion-like carbon (OLC), carbide 

derived carbon (CDC), carbon nanotubes (CNTs) and activated carbon (AC) [38,137,201,202] are 

utilized as potential electrode materials for electric double layer capacitors (EDLCs) because of 

their excellent conductivity, large specific surface areas (SSAs), good cycling stability and good 

pore size distribution. Among the EDLC materials AC is the most commonly utilized because of 



71 
 

its relatively low cost, easy production, light weight and pseudocapacitive charge transfer 

mechanism which enhances the specific capacitance due to the presence of functional groups 

[29,32,42,203]. 

The production of AC from renewable and abundant biomass wastes have received significant 

attention recently because they are environmentally friendly, cost effective, sustainable with 

efficiently tunable porosity. Some of these natural and organic biomass wastes include 

pistachio nutshells, sun flower seed shell, rice husk, wood saw dusts, coconut leaves, coco nut 

shell and hemp blasts [96,97,204–208]].  

As a potential source of carbon, raw cork (Quercus suber) are biomass wastes, which are 

natural, organic, abundant, light weight, sustainable and renewable. The cork raw material is 

derived from the bark of the cork tree (Quercus suber). Quercus suber which is widely known as 

cork oak, is a medium sized, evergreen oak tree in the genus Fagaceae family. It grows up to 20 

m by 15 m and is native to south Europe to North Africa, Portugal being the world largest cork 

producer with more than half of the world’s wine and bottle corks produced from Portuguese 

cork [209,210]. A few studies have been carried out on cork by KOH activation and physical 

activation using CO2 for application in the control of environmental pollutants and absorbents  

[210,211]. But from available literature as at the time of this research study no study has been 

carried out on the activation of cork (Quercus suber) for energy storage applications.  

Different activating agents exist for the conversion of biomass wastes into activated carbon. 

The choice of KOH as an activating agent in this study is because it can be used to synthesize 

ACs with well-defined micro pores with tunable pore structures. The study was systematically 
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carried out considering the corrosive nature of KOH and the environmental benignity of 

material produced [212]. 

Herein, we present and discuss the results of nanostructured activated carbon synthesized by 

KOH activation of the cork raw material in the ratio of 1:1, 1:2 and 1:3 (denoted as AC 1:1, AC 

1:2 and AC 1:3 respectively) and carbonized using chemical vapour deposition system in argon 

atmosphere with flow rate of 300 sccm at 800 oC at a ramp rate of 10oC/minute for 2 h. The 

black product obtained after carbonization was washed in 3 M HCl and then washed severally 

with deionized water until the filtrate became neutral to a pH indicator. The black product was 

then dried in an oven at 60oC for several hours.  

4.1.2 Result and discussion 

 

The details of the obtained results is presented in the following publication. 
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4.1.4 Concluding remark 

 

Activated carbon (AC) was successfully synthesized using KOH as an activating agent in different 

mass ratios denoted as AC 1:1, AC 1:2 and AC 1:3 respectively. The study of the morphology, 

structure and porosity of the samples showed a correlation between the sample 

microstructures and KOH activation concentration. The samples were tested in three electrode 

system in 1 M Na2SO4, 1 M NaNO3 and 1 M Li2SO4 neutral electrolytes. The AC 1:2 material 

displayed best performance among the materials synthesized at different mass ratios and also 

in 1 M Na2SO4. A symmetric device was successfully fabricated using AC 1:2 and 1 M Na2SO4 

which displayed a specific capacitance of 166 F g-1 at 0.5 A g-1 and maintained a capacitance 

value of 133 F g-1 as the current density is increased to 5 A g-1, displaying 99.8 % capacitance 

retention of the symmetric device and excellent stability after potentioatic floating for 200 h at 

1.8 V maximum voltage.  

4.2 Investigation of electrochemical performance of hybrid supercapacitor based on Co-Mn 

LDH as positive electrode and AC derived from cork (quercus suber) as negative electrode. 

 

4.2.1 Introduction 

 

The fabrication of high-performance energy storage devices is essential for meeting the 

increasingly high demands for high power, high energy density and low cost energy storage 

devices[213]. Supercapacitors based on EDLC electrode materials can deliver high power 

densities due to their non-faradaic surface reactions but their energy density is considerably 

limited. On the other hand, Faradaic capacitors which store charges by rapid redox reaction 

involving intercalation/de-intercalation and diffusion of ions, results in low power density 

production of the device. Therefore, for future energy needs involving large-scale energy storage 



88 
 

systems bridging the gap by overcoming the limitation of both low power density and low 

energy density is a fundamental issue[15,81,213]. 

Hybrid supercapacitors often combine the advantages of the EDLC and faradaic capacitors in 

order to increase the energy density without compromising the power density [29,213]. 

However, for optimal performance of the hybrid device, the choice/production of highly 

functional material for the device fabrication is essential. 

Among the materials often considered for use as positive electrode materials for hybrid 

supercapacitors, metal layered double hydroxides (LDH) have shown to possess good redox 

activity, high conductivity, large inter-layer spacing and good ion transport for reaction species 

which are vital for high performance hybrid devices [1,50]. Co-Mn LDH has drawn research 

interest because it is easily synthesized, environmentally friendly and has a distinctive redox 

combination of the Co2+ and Mn2+ ions.  

EDLC materials considered for use as negative electrode materials are quite exhaustive but 

activated carbon is the top choice material because of its unique properties which include large 

SSA, good pore size distribution, and high concentration of oxygenated functional 

groups[47,214]. 

In this section, we discuss the electrochemical performance of the hybrid device based on Co-Mn 

LDH with flake-like morphology as positive electrode. The Co-Mn LDH was synthesized using 

a facile solvothermal method by dissolving Co(NO3)2.H2O, MnSO4.H2O and CH4N2O in 

methanol in a ratio of 1:2:12, as detailed in section 3. Activated carbon derived from cork 

(Quercus suber) by KHCO3activation after hydrothermal pretreatment of the raw cork material 
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was used as negative electrode. The device displayed good electrochemical performance with an 

excellent cycling stability over a prolonged period of time. 

4.2.2 Result and discussion 

 

Details of the results from this work is in the following publication. 
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4.2.4 Concluding remarks 
 

Co-Mn LDH with nanoflake-like morphology was successfully synthesized by facile solvothermal 

synthesis and AC with good porous structure was successfully synthesized by environmentally 

friendly hydrothermal/CVD syntheses routes. A hybrid device Co-Mn LDH//AC was successfully 

fabricated with Co-Mn LDH as positive electrode and AC as negative electrode. The device 

displayed very good electrochemical performance with a high energy density of 20.3 W h kg-1 

and corresponding power density of up to 435 W kg-1 at 0.5 A g-1 current density in 1 M KOH 

aqueous electrolyte. A very high stability with 99.7% capacitance retention was obtained after 

10,000 continuous charge-discharge cycles and negligible degradation after subsequently 

subjecting it to voltage holding test for 70 hours at 1.6 V maximum voltage. The results indicate 

the potential use of the hybrid device as possible electrode for energy storage application. 

4.3 Electrochemical characterization of activated carbon derived from cork (Quercus suber) 

synthesized by chemical activation with KHCO3 

 

4.3.1 Introduction 
 

Different chemical activating agents have been employed for the activation of biomass wastes 

for the production of porous activated carbons which include H3PO4, H2SO4, ZnCl2, NaOH, KOH 

e.t.c. But the most commonly utilized is KOH owing to the fact it is useful for the production of 

carbons with well-defined micro- and meso-pore structures with high yield and adjustable 

porosity [45,215]. However, the industrial application of KOH is limited by its corrosive nature. 

This environmental unfriendliness has necessitated the need for milder alternatives for the 
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production of porous activated carbons. It has been reported that mild alkaline salts such as   

K2CO3, KHCO3 can yield good porous carbons with good textural properties [36,44]. 

The difficulty in controlling the pore structure and morphology of the carbon from some 

biomass sources activated with corrosive chemical activating agents in spite of extensive 

research and improvement in activation process greatly hinders their electrochemical 

performance [42,45]. The pre-treatment of carbon containing precursors have also been 

considered to be a better option for the production of high quality carbons with good pore 

structures with high electrochemical performance because of the presence of oxygenated 

functional groups [45].  Mild alkaline salts have also been shown to preserve the hydrochar 

morphology leading to the production of carbons with shorter diffusion distances leading to 

improved electrochemical performance. 

In section 4.1, we discussed the electrochemical performance of AC in relation to KOH 

activation concentration. The effect of KOH activation concentration on the morphology, SSA, 

porosity and electrochemical performance of AC was succinctly elucidated. In this section we 

present the results of AC synthesized from hydrothermally pretreated cork (Quercus suber) 

activated with mild KHCO3 activating agent in a ratio of 1:1, in order to investigate the effect of 

the use of a milder potassium salt in the electrochemical performance of AC. The 

electrochemical characterization of the as-synthesized ACKHCO3 material was carried out in the 

three-electrode set-up in acidic 1 M H2SO4, alkaline 6 M KOH and neutral 3 M KNO3 aqueous 

electrolytes to find the best working parameters. From this investigation, 3 M KNO3 neutral 

electrolyte was used for the design of the full cell symmetric device based on its performance in 

both positive and negative potentials.  
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The details of the result from this investigation is presented in the following publication 

4.3.3 Result and discussion 
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4.3.4 Concluding remarks 
 

Activated carbon synthesized from hydrothermally pretreated cork (Quercus suber) and 

activated with mild KHCO3 has been successfully studied. The SEM micrograph showed a good 

porous granular network structure of the as-synthesized ACKHCO3 material. The activated 

carbon has well-defined microporous and mesoporous structures which provide a good 

interface for rapid ion transport. A symmetric device ACKHCO3//ACKHCO3 was fabricated. The 

device displayed a specific capacitance of 122 F g-1 in 3 M KNO3, energy density of 14 W h kg-1 

and corresponding power density of 450 W kg-1 respectively at 0.5 A g-1 specific current. The 

device also exhibited an excellent stability after voltage holding test at a maximum voltage of 

1.8 V for 120 h and 100% capacitance retention after 10,000 charge-discharge cycles. The 

excellent stability makes the cork-derived material a potential excellent, cost-effective material 

for supercapacitor application. 

4.4 Hybrid supercapacitor device based on manganese oxide decorated on functionalized carbon 

nanotubes and porous activated carbon nanostructures 
 

4.4.1 Introduction 
 

MnO2 has been extensively studied for ECs application because it is environmentally benign, 

inexpensive, abundant, and very redox-active, with a high theoretical capacitance of 1370 F g-1 

and demonstrates good pseudocapacitive performance in aqueous neutral electrolytes as 

compared to acidic and alkaline electrolytes. MnO2 however displays low power density which 

can be attributed to their poor electric conductivity, which restricts electron transfer. Also, the 
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swelling and contraction of the electrode materials during the charging and discharging 

processes results in poor cycling stability.  Hence, synthesizing MnO2 with conductive materials 

such as carbonaceous materials as nanocomposites can help overcome the poor electrical 

conductivity by speeding up the reaction kinetics and providing more active sites for the charge 

transfer reactions. The carbon materials also acting as a support for the growth of the metal 

oxide can make the material electrode more resilient against swelling and damage during the 

charge-discharge process [140,203,216,217]. Thus, the high pseudo-capacitance of the MnO2 

combined with the electrical conductivity of the carbon material should have improved 

electrochemical performance. 

Another way of harnessing the advantages of both metal oxides and EDLC materials is by hybrid 

cell fabrication. As mentioned in section 4.2.1, hybrid ECs combine the advantages of the EDLC 

and faradaic capacitors in order to increase the energy density without conceding the power 

density [29,213]. In this section, we present and discuss MnO2 synthesized with functionalized 

CNT as positive electrode and AC derived from cork (Quercus suber) as negative electrode for 

energy storage application. The detailed results and discussion is presented in the paper below. 

 

 

4.4.2 (Manuscript under review) 
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ABSTRACT 

Birnessite-type MnO2 synthesized on the surface of carbon nanotubes (CNTs) via facile hydrothermal 

reflux technique to produce  MnO2-CNT nanocomposite and 3D microporous nanostructured activated 

carbon (AC) derived from cork (Quercus Suber) with good microstructural, morphological and 

electrochemical properties are herein reported. A hybrid supercapacitor device comprising of MnO2-CNT 

nanocomposite as positive electrode and AC as negative electrode was successfully fabricated and 

tested for energy storage application. The device displayed a maximum working potential of up to 2V 

due to the excellent synergistic contribution from the MnO2-CNT nanocomposite and AC material 

derived from cork (Quercus Suber). The fabricated device displayed good electrochemical performance 

having an energy density of 25 Wh Kg-1 that corresponds to power density of 500 W Kg-1 at a current 

density of 0.5 A g-1 in 1M Li2SO4 aqueous neutral electrolyte. The device exhibited an excellent stability 

of 100% coulombic efficiency after 10,000 charge-discharge cycles and excellent capacitance retention 

after potentiostatic floating test for 60 hours. 
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INTRODUCTION  

The dependency on limited fossil fuel as source of energy that is unclean and detrimental to the 

environment and the high demands of energy globally compel for more innovative ideas on alternative 

energy sources that are efficient and clean. Electrochemical capacitors (ECs) mostly known as 

supercapacitors, are high power density energy storage systems characterized by numerous 

advantageous properties such as rapid charging-discharging ability, excellent stability, wide operating 

temperatures and excellent stability e.t.c. ECs have gained much research interest due to their excellent 

properties that display potential promise of meeting the present day global energy needs and have 

found considerably vast application in systems involving high power density such as light weight 

electronic devices (LWEs), hybrid electric vehicles (HEVs), trams, buses, trains, aircraft and wind 

turbines[1–7]. Electrochemical capacitors occupy an intermediary position among the energy storage 

and conversion systems in such a way that their energy density is higher than that of conventional 

capacitors but lower than that of batteries (which possess lower power density and are also plagued 

with poor stability, rapid temperature increase in operative conditions and slow charge-discharge rate) 

[2,8–10]. In order for ECs to find application in systems which require both high power and high energy 

density, intensive studies focusing on fine-tuning the electrode materials that will result in excellent 

energy and power densities have to be conducted to meet the requirements of such desired 

application[9,11]. Energy density (𝐸𝑑) expressed as𝐸𝑑 =  1 2⁄ 𝐶𝑉2,where C being the cell specific 

capacitance and V the cell maximum potential [10–13], largely depends on the cell potential window 

which is directly dependent on the nature of the electrolyte used as well as the electrode materials used 

in the cell fabrication [7,14]. Also, the combination of different pseudocapacitive or faradaic redox 

electrode materials and electric double layer (EDL) materials with different operating potentials in 

aqueous electrolytes synergistically helps to enhance the energy density of ECs [4,8,10,12,15]. Studies 
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have demonstrated that aqueous neutral electrolytes are able to attain large practical potentials owing 

to their pH values as compared to acidic and alkaline electrolytes [4,13,16–19]. EDL materials such as 

graphene, carbon nanotubes (CNTs), onion-like carbon (OLC), carbide derived carbon and activated 

carbon (AC) are mostly utilized as the negative electrode materials in ECs, which is majorly due to their 

high electrical conductivities, low cost, high surface area, good stability and non-toxicity [1,4,15,20–23]. 

Due to the above excellent properties of carbon nanomaterials employed as suitable negative electrode 

materials in device fabrication for ECs applications, much effort has been devoted on the synthesis of 

carbon nanomaterials from various renewable and abundant carbon sources ([24–29]). Some of these 

renewable sources include tree barks [30], seeds [24], leaves [25] nuts shells [31,32]. Recently,  

activated carbon (AC) obtained from cheap and lightweight material cork (Q. suber), a spongy material 

which comes from the bark of an evergreen oak tree, has been explored for ECs applications ([13,15]). 

The AC obtained from the cork (Q. suber) exhibited good electrochemical performance, their specific 

capacitance values was relatively high [33,34] although less than the values resulting from conducting 

polymers and metal oxides [35,36], their large operating potential window in aqueous neutral 

electrolyte can be explored for good and synergestic electrochemical cell fabrication. On the other hand, 

conducting polymers (i.e., poly aniline (PANI), polypyrrole (PPY), etc.) and transition metal 

oxides/hydroxides (e.g. MnO2, Ni(OH)2, etc.), including their nanocomposites with  EDLC materials,  have 

been employed as positive electrode materials. Among several metal oxides, MnO2 has been widely 

researched for ECs application since they are cheap, naturally abundant, environmentally friendly, highly 

redox-active, possesses a high theoretical capacitance of 1370 F g-1 and displays good performance in 

aqueous neutral electrolytes than in acidic and alkaline electrolytes [1,4,19,37]. In spite of the good 

properties displayed by MnO2, their electrical conductivity is quite low resulting in low cycling stability 

that compromises their electrochemical performance[1,38]. In order to curb this challenge, carbon 

nanomaterials with excellent conductivity are used as supports to provide a framework during 
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MnO2synthesis[39–42] . Thus, nanocomposites resulting from EDLC materials and  manganese oxide-

based electrode materials combine electric double layer capacitance of the carbon material and 

pseudocapacitive charge transfer reactions of the manganese oxide for an improved electrochemical 

performance [39,40]. Among the EDLC carbon nanomaterials, CNTs are more commonly utilized as 

support for the growth of metal oxide composite because of its excellent and outstanding intrinsic 

properties which includes high electrical conductivity (104 S cm-1), large surface-to-volume ratio and 1D 

tubular porous structures which enhance quick ion and electron mobility [1,37,42–44] and 

functionalizing the CNT material further increases its surface reactivity and wettability thus making the 

CNT material more electrolyte accessible thereby increasing the charge storage ability [45]. Several 

studies on MnO2–CNT nanocomposites with different morphologies such as nanoflake, nanosheets and 

nanoflower [4,39,46] have been previously reported, however only a limited study exists on the tube-

like morphology for the MnO2–CNT nanocomposite. Reports have shown that the tubular morphology 

display large surface areas and high surface–to-volume ratio which enhances the flow of electrolyte ions 

within short diffusion distances [37]. Thus growing MnO2 on CNT helps to achieve a tubular morphology 

with the combined advantage of having large surface-to-volume ratio with short electrolyte diffusion 

distances, rapid ion transport, improved electrical conductivity and enhanced electrode 

performance[37]. 

In this report, we present a fabrication of MnO2-CNT nanocomposite with a tubular morphology that 

exhibits enhanced electrochemical performance as the positive electrode material with 3D 

nanostructured AC material obtained from cheap and lightweight material cork (Q. suber)as the 

negative electrode operating synergistically in 1 M Li2SO4 at 2 V in a hybrid (asymmetric) cell device. The 

EC device displayed excellent stability and improved electrochemical performance after 10 000 charge-

discharge cycles. 
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2. EXPERIMENTAL 

2.1 Synthesis of electrode materials 

2.1.1 Functionalization of CNTs and Synthesis of MnO2-CNT 

The KMnO4 (Merck, Purity ≥ 98%), H2SO4 (purity 95 -97 %), H2O2 (purity 30 % ), HNO3 (Purity 65 %) 

reagents were of analytical grade and used without further purification. Deionized water was used 

throughout for the washing of the synthesized sediments until the final product was achieved. Multi-

walled carbon nanotubes (CNTs) (Nanolab,purity: > 94%, length: 5-20 μm and diameter: 10-20 nm), 

were converted to short and uncapped nanotubes bearing acidic functional groups (mainly: -COOH) 

prior to their use in the synthesis of the nanocomposite (Scheme 1(a)). Briefly, 0.5 g of pristine CNTs was 

refluxed for 48 h in 2.6 M HNO3. The washed deposits of CNTs were sonicated in a mixture of conc. 

H2SO4/HNO3(3:1 ratio, 95-97%, and 65% purity, respectively), followed by washing and stirring at 70 ° C 

for 15 min. in a mixture of H2SO4/H2O2 (4:1 ratio, 95-97% and 30% purity, respectively). The black 

powder of CNTs was finally dried at 60 °C overnight after washing. The MnO2-CNT nanocomposite was 

synthesized via the conventional hydrothermal reflux technique, as shown in scheme 1(b). Typically, 40 

mg of CNTs was dispersed by sonication in 0.02 M KMnO4. Subsequently, the mixture (pH = 7.05) was 

refluxed at 130 °C in an oil bath for 24 h with continuous magnetic stirring. The resultant dispersion was 

then centrifuged and washed several times and finally dried at 60 °C overnight in a vacuum oven.  
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Scheme 1.  (a) Schematic view of the chemical structure route from CNTs to functionalized CNTs. (b) 

Synthesis route for MnO2-CNT nanocomposite using functionalized CNTs. 

2.1.2 Synthesis of AC from Cork (Quercus Suber) 

The AC 3D nanostructure material was prepared via a similar procedure in our previous work [13] but 

with some modification. Briefly, 5 g of cork was crushed and activated with 10 g of KOH and allowed to 

dry in an oven. The sample was then carbonized in argon flow at 5 oC/min from room temperature to 
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850 oC for 2 hours (Scheme 2). The carbonized products was collected and washed with 3 M HCl and 

deionized water until filtrate was clear. 

 

Scheme 2. Synthesis route for 3D nanostructuredactivated carbon (AC). 

 

2.2 Structural, Morphological, Composition and Electrochemical Characterization 

The morphology of the materials were studied via scanning electron microscopy (SEM) using Zeiss ultra 

plus 55 field emission microscope (FE-SEM) at an accelerating voltage of 2.0 kV. The transmission 

electron microscopy (TEM) analysis of the samples was carried out in a high-resolution transmission 

electron microscopy (HR-TEM)JEOL 2100 (from Tokyo Japan) equipped with LaB6 filament, a Gartan 

U1000 camera of 2028 х 2028 pixels and operated at 200 kV.The X-ray Diffraction studies of the 

materials was performed using XPERT-PRO diffractometer (PANalytical Netherlands). Raman analysis 

was performed using a WiTec alpha 300R+ confocal Raman system (WiTecGmbh). X-ray photoelectron 

spectroscopy (XPS) analysis was performed using Physical Electronics Versaprobe 5000 spectrometer. 

The electrochemical characterization of the MnO2-CNT and AC samples characterization was performed 

in a three- and two-electrode system using a multi-channel Bio-logic VMP300 potentiostat/galvanostat 
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system at ambient temperature. The MnO2-CNT electrode for the three-electrode measurement was 

prepared by thoroughly mixing 80 wt% MnO2-CNT, 15 wt% carbon black (to enhance the conductivity of 

the material), and 5 wt% polyvinyl difluoride (PVDF) binder followed by dropwise addition of 1- 

methylpyrrolydinone (NMP) in an agate mortar until a uniform paste was obtained. The paste was then 

coated on 2 cm X 2 cm Nickel foam (NF) and dried in an oven at 60oC for several hours. The AC electrode 

was similarly prepared and pasted on 2 cm X 2 cm NF. The MnO2-CNT positive electrode and AC negative 

electrode materials used in the two electrode measurement were also prepared by same method but 

coated on 8 mm radius NFs and dried in an oven at 60 oC for several hours. The electrodes prepared for 

the two-electrode measurements were then soaked in 1 M Li2SO4aqueous electrolyteand assembled in a 

Swagelok cell compartment using a microfiber glass filter paper as separator. The three-electrode tests 

were carried out in the 1 M Li2SO4aqueous electrolyte, using Ag/AgCl and glassy carbon as reference and 

counter electrode respectively. The mass loading for the positive electrode was 1.8 mg and that of the 

negative electrode was 2.2 mg and total mass of the electrode was 4.0 mg/cm2. The specific capacitance 

values of the MnO2-CNT, AC and MnO2-CNT//AC hybrid device was determined using equation (1): 

𝐶𝑠 (𝐹 𝑔−1) =
𝐼∆𝑡

𝑚∆𝑈
                                                                                                                                                      (1) 

where I (A) is the current, ∆𝑡 (𝑠)is the discharge time, m is the total mass of the electrodes, ∆𝑈 is the 

maximum potential. The energy density, 𝐸𝑑 and the power density, 𝑃𝑑 of the MnO2-CNT//AC hybrid 

device was calculated using equation (2) and (3) respectively: 

𝐸𝑑(𝑊ℎ 𝑘𝑔−1) =
𝐶𝑠∆𝑈2

7.2
                                                                                                                                             (2) 

𝑃𝑑(𝑊𝐾𝑔−1) =  
3.6 × 𝐸𝑑

∆𝑡
                                                                                                                                             (3) 

The hybrid device was fabricated taking into consideration the specific capacitance of the MnO2-CNT 

and AC electrodes respectively. Since the charge stored in each electrode is: 
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𝑄 =  𝐶𝑠𝑚∆𝑈                                                                                                                                                               (4) 

The mass balance equation was adopted to ensure equal charges exists on both electrodes using 

equation (5): 

𝑚+

𝑚−
=

𝐶𝑠−∆𝑈−

𝐶𝑠+∆𝑈+
                                                                                                                                                                (5) 

The electrochemical impedance spectroscopy measurements were carried out in an open circuit 

potential in the frequency range of 100 KHz- 10 mHz. Thereafter, the stability tests were performed by 

continuous charge-discharge for several cycles followed by potentiostatic floating tests at maximum cell 

potential. 

3 RESULTS AND DISCUSSION 

3.1 Morphological, structural and compositional characterization  

The SEM images of CNT and MnO2-CNT nanocomposite and AC are presented in figure 1. Figure 1(a) and 

1(b) show the SEM images of the tubular morphologies of CNTs at low and high-magnifications and 

figure 1(c) and 1(d) display the micrographs of MnO2-CNT nanocomposites at low and high 

magnifications. The morphologies show the tube-like nanostructure of the CNT uniformly decorated 

with MnO2 nanoparticles. The formation of the MnO2 on the carbon support can be described by the 

agglomeration of spherical MnO2 nanoparticles from the thermal decomposition of KMnO4, which self-

assemble from spherical aggregates whose rate of evolution is accelerated by the aging temperature. 

The presence of the ions of KMnO4 in solution leads to the initial formation of the MnO2 spherical 

nanostructures at nucleation points where nanoparticles subsequently formed agglomerate into clusters 

of spherical nanoparticles as a result of increased surface energies. This can be described by the Ostwald 

ripening process. The gradual transformation of the spherical aggregates to well-defined MnO2 tube-like 

nanostructure is dependent on the specific aging temperatures. This one-dimensional growth process  
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could be as a result of their unique anisotropic characteristic buildup  of the nanoparticles [37,39,44]. 

Figure 1(e) and 1(f) display the SEM images of the AC sample at low and high magnification. The 

micrographs show a 3D interconnected porous network structure. The formation mechanism follows the 

process of reduction of KOH by carbon leading to the production of metallic K and K2CO3 at 700 oC. 

K2CO3 which decomposes at temperatures  800 oC, is further reduced by carbon leading to the 

production of Co2 and the formation of porous structure. 
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Figure 1. SEM micrographs of (a, b) CNT at low magnification and high magnification, (c, d) MnO2-CNT at 
low magnification and high magnification and (e, f) AC at low magnification and high magnification. 

 

Figure 2 compares the TEM images of the CNT and MnO2-CNT materials which further examine their 

surface morphology. In Figure 2(b) and 2(c), it can be seen that the CNT are decorated by MnO2 

nanoparticles confirming a successful synthesis of the MnO2-CNT nanocomposites (nanohybrid) on the 
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surface of the CNTs. These observations corroborate well with the results obtained from the SEM 

analysis. 

 

Figure 2. TEM micrographs of (a) CNT and (b) MnO2-CNT at low magnificationto view the tubular 
structure of the CNT. (c) High-resolution TEM image of MnO2-CNT. 

 

The structure of the MnO2-CNT nanocomposite and AC 3D nanomaterial studied by XRD are presented 

in figure 3(a) and 3(b). The diffraction peaks occurring at 2 theta (o) values of 12o, 25o, 37o and 66o 

(Figure 3(a)) corresponds to the lattice planes of (001), (002), (111) and (020) related to the birnessite-

type MnO2 (PDF #42-1317). The peak observed at 26o in the CNT spectrum which was also observed in 

the MnO2-CNT nanocomposite can be indexed to the (002) plane (PDF #75-1621). The presence of this 
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peak in the MnO2-CNT nanocomposite is an indication of the presence of carbon in the nanocomposite. 

The broadening of the diffraction peaks indicates the low crystallinity and/or confirm the nanostructure 

of the nanocomposite [8,37,46,47]. The XRD pattern of the 3D AC samples shows peaks occurring at 2 

theta (o) values of 51o and 76o which is related to (100) and (110) lattice planes. The low intensity of the 

peaks shows poor crystallinity of the as-synthesized 3D AC nanostructure. The structure of the MnO2-

CNT nanocomposite and AC samples was further studied via Raman spectroscopy and the Raman 

spectra are presented in figure 3(c) and 3(d). The Raman spectrum of MnO2-CNT nanocomposite (Figure 

3(c)) shows Raman peaks occurring at 495, 570 and 640 cm-1 which are in agreement with the three 

major vibrational features of the birnessite-type MnO2 compounds, therefore affirming the presence of 

MnO2 [48] in the as-synthesized MnO2-CNT nanocomposite as observed in the XRD results[48]. The 

presence of CNT in the nanocomposite is signaled by the D and G Raman peaks occurring at 1346 cm-1 

and 1587 cm-1 respectively, which are characteristic of the disordered carbon in the sp2-hybridized 

carbon network (D-band) and the tangential vibrations of the graphitic carbons (G-band). The D and G 

peaks which can also be clearly observed in the MnO2-CNT nanocomposite is an indication of the 

presence of CNT in the as-synthesized material also confirming the XRD results. In addition, figure 3(c) 

shows the deconvoluted Raman spectra (Lorentzian fit) of the nanocomposite and CNT materials. In the 

deconvoluted Raman spectra, the D1-mode arises from the defects/disorder present in the carbon 

lattice structure, the D2-mode from the lattice vibration corresponding to that of the G (G1) mode. 

These bands, observed in nanocomposite and CNT materials at the same peak positions suggest that the 

structure of the CNT material is maintained in the nanocomposite. Furthermore, an evaluation of the 

ratio of the D to G peak intensities, ID/IG shows only a slight increase in the peak ratio value from 0.95 to 

0.98 indicating that the structure of the CNT component is not changed in the nanocomposite material. 

Similar to figure 3(c), figure 3(d) shows the deconvoluted Raman spectra of AC. The D3-mode arises 

from the distribution of amorphous carbon in interstitial sites of the disturbed carbon lattice structure 



135 
 

while the D4-mode is related to sp2-sp3 lattice vibrations. Both of these modes suggest that there exists 

a level of amorphousness and sp2-sp3 bonds within the AC. 

 

Figure 3. XRD patterns of (a) MnO2-CNT, CNT, and (b) of AC.  The deconvoluted Raman spectra 
(Lorentzian fit) of (c) MnO2-CNT, CNT, and (d) of AC. 

 

For further investigation, the samples were analyzed by X-ray photoelectron spectroscopy (XPS) as 

shown in figure 4. The results from figure 4(a) shows the wide scan XPS spectrum of the as-received 

MnO2-CNT nanocomposite, which displays the main elements (26.98 at% Mn 2p, 45.87 at% O 1s and 

27.15 at% C 1s) of the composition of the material. Figure 4(b) shows the core level spectrum of Mn 2p 

of the nanocomposite material which reveals the binding energy peaks at 642.5 and 654.1 eV 
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corresponding to Mn 2p3/2 and Mn 2p1/2 core levels, respectively. The fitted Mn 2p3/2 peaks show 

different Mn oxidation state of the material. Figure 4(c) shows the core level spectrum of O 1s of the 

nanocomposite material with fitted peaks at 529.8, 530.9 and 532.6 eV which could be ascribed to 

Mn‒O bonds in the manganese oxide and partly to carbon-oxide components (see figure 4(d)). In 

addition, the core level spectrum of C 1s of the nanocomposite material (Figure 4(d)) shows the 

strongest peak at about 284.5 eV attributed to the graphitic carbon, C=C and/or C-C bonds that exist in 

the CNT, and other peaks at 285.5 and 287.6 eV corresponding to C−O and C=O (carbon-oxide 

components/functional groups). This is in agreement with the core level spectrum of C 1s of the CNT 

material which shows the C=C, C−O, C=O and O−C=O components at 284.5, 285.5, 287.6 and 290.3 eV, 

respectively, as shown in figure 4(e). Moreover, the core level spectrum of C 1s of the AC material 

(Figure 4(f)) shows similar peaks as the CNT confirming the predominance content of graphitic carbon in 

the materials. 
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Figure 4. (a) The wide scan XPS spectra of the as-received MnO2-CNT nanocomposite material. The core 
level spectrum of (b) Mn 2p, (c) O 1s and (d) C 1s of the MnO2-CNT nanocomposite material. The core 
level spectra of C 1s of the (e) CNT and (f) AC materials.  
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3.2 Electrochemical characterization 

The three-electrode measurements of the MnO2-CNT nanocomposite and the 3D AC nanostructure 

measured in 1 M Li2SO4aqueous electrolyte are presented in figure 5. Figure 5(a) shows the CV curves of 

the MnO2-CNT nanomaterial measured in the potential window of 0.0 - 1.0 V vs Ag/AgCl at different 

scan rates from 10 - 100 mV s-1. Symmetric quasi-rectangular and reversible pseudocapacitive CV curves 

with no redox peaks can be observed which are related to the combined electrochemical behavior of 

MnO2 and CNT component of the MnO2-CNT nanomaterial. Figure 5(b) displays the CV curves of the AC 

material performed in the potential window of -1.0 – 0.0 V vs Ag/AgCl measured at different scan rates 

of 10 – 100 mV s-1. Nearly rectangular, symmetric CV curves with good current response are observed 

which are characteristic of electric double layer capacitive behavior of carbon material. The charge-

discharge (CD) plots of the MnO2-CNT and AC electrode materials measured at various current densities 

from 0.5 – 5.0 A g-1 are displayed in figure 5(c) and 5(d). The CD curves display almost linear plots. The 

specific capacitance of the MnO2-CNT and AC electrode at 0.5 A g-1,evaluated from equation (1) are 

125.5 F g-1 and 105 F g-1 respectively. Based on the results from the half-cell measurements of the 

electrode materials, a hybrid electrochemical device, MnO2-CNT//AC, was fabricated with MnO2-CNT as 

the positive electrode and AC as the negative electrode. The charge balance theory (equation (5)) was 

used to balance up the charges that exist on both electrodes.  
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Figure 5. Cyclic voltammetry curves of (a) MnO2-CNT and (b) AC. The charge-discharge curves of (c) 

MnO2-CNT and (d) AC materials. 

 

The two-electrode measurements of the MnO2-CNT//AC hybrid electrode device are presented in 

figure 6. Figure 6(a) shows the respective CV curves of the MnO2-CNT and AC electrodes in 1 M Li2SO4 

aqueous electrolyte within the potential window of -1.0 – 1.0 V vs Ag/AgCl at a scan rate of 25 mV s-1. 

The comparative CV plots show that the Pseudocapacitive and electric double layer characteristic of the 

MnO2-CNT and AC electrodes, respectively, can be effectively combined for the fabrication of a hybrid 

cell device. Both electrodes displayed good current response with good stability within their respective 

operating potential windows. Therefore, from this observation, it is expected that the hybrid cell device 
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should operate excellently within the combined potential windows of both electrode materials leading 

to the enhanced energy densities [8,15,39]. Figure 6(b) illustrates the CV curves of the hybrid cell at 

different operating potentials from 1.6 – 2.0 V showing that the hybrid electrode indeed is able to 

operate within the extended potential window of up to 2.0 V as observed by the behavior of the half-cell 

(three electrode) analysis. This excellent increase in the operating window of the hybrid (asymmetric) 

device is also assisted by the use of the neutral electrolytes, that are able to operate with large 

operating potential windows due to their excellent ion solvation, pH and the over-potential for the 

hydrogen evolution [13,18]. The CV curves of the MnO2-CNT//AC hybrid cell device at various scan rates 

ranging from 10 – 100 mV s-1 is presented in figure 6(c). Rectangular CV curve related to an ideal 

capacitive electrode is observed for the MnO2-CNT//AC hybrid device in the potential window of 0 - 2.0 

V. The rectangular shape of the CV curves are still maintained even as the scan rate is increased to 100 

mV s-1 which is an indication of good capacitive behavior of the hybrid electrode. Figure 6(d) displays the 

CD plots of the hybrid cell carried out at various current densities of 0.5 - 5.0 A g-1. The specific 

capacitance of the hybrid cell ranges from 44.25 – 31.25 F g-1 at 0.5 – 5.0A g-1 (taking into consideration 

the total mass of the electrodes). The device displayed the retention of over 70% of the specific 

capacitance value at the high current density of 5.0 A g-1. The plot of specific capacitance vs current 

density is presented in figure 6(e). An energy density value of 24.58 Wh kg-1 corresponding to a power 

density of 500 W Kg-1 was obtained from the hybrid device. The Ragone plot of the MnO2-CNT//AC that 

is a plot of power density vs energy density is as shown in figure 6(f). The energy density value obtained 

from this device is superior or comparable to similar hybrid device electrodes reported earlier in 

literature, as shown in the Ragone plot and table 1. Table 1 is a comparison of this work with works 

earlier reported. 
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Figure 6. (a) CV curves of MnO2@CNT and AC at 25 mV s-1, (b) CV plots of hybrid Cell of MnO2@CNT//AC 
at 25 mV s-1 at various potential windows in 1 M Li2SO4, (c) CV plots of MnO2@CNT//AC ranging from 10 
mV s-1- 100 mV s-1,(d) CD plots of MnO2@CNT//AC ranging from 0.5 A g-1, - 5.0 A g-1,  (e) Plot of specific 
capacitance as a function of specific current and (f) Ragone plot of the cell with comparison to similar 
work in the literature 
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Table 1. Electrochemical performance comparison of hybrid cell devices of this work and works earlier 

reported. 

Electrode device Electrolyte Current 

density 

(A g-1) 

Potential 

window (V) 

Energy 

density  

(Wh kg-1) 

Power 

density  

(W Kg-1) 

Ref. 

MnO2CNT//AC 0.5 M Na2SO4 1.0 2.0 13.9 - [4] 

MnO2//AC 1 M Na2SO4 0.1 2.0 17.1 100 [8] 

PU-

NCNT/MnO2//PU-

CNT 

1 M Na1SO4 1.0 1.8 14.76 7211 [49] 

MnO2/CNT//AC 2 M KNO3 0.1 2.0 21.0 123 [50] 

MnO2/CNT//AC 1 M Na2SO4 0.25 1.8 27.0 225 [39] 

MnO2 

nanotubes//AC 

1 M Na2SO4 0.25 1.8 22.5 146200 [37] 

Pani-MnO2//AC 6 M KOH 0.5 1.6 20 400 [51] 

AC//MnO2/CNT 1 M Na2SO4 1.0 1.5 13.3 600 [1] 

MnO2-CNT//AC 1 M Li2SO4 0.5 2.0 24.58 500 This work 

 

In addition to the high energy density displayed by the hybrid device, it also exhibited excellent stability 

of 100% columbic efficiency at up to 10,000 cycles (see figure 7(a)). The stability test of a device is 

important because it shows the electrochemical behavior of the device over a prolonged period 

[15,52,53]. The remarkable stability performance of this device may be attributed presence of the 

MnO2-CNT nanocomposite because of their nano tube-like structure possess high resiliency which is able 

to accommodate large capacity changes throughout the charge/discharge duration with enhanced effect 

on the life cycle of the device[54]. Also the synergistic contribution from the 3D porous AC which 

provides more accessible pores sites for the diffusion of electrolyte ions [37,55]. This excellent electrode 

performance is confirmed by the improvement on the capacitance of the hybrid device after 10 000 

charge/discharge cycles as depicted in the CV and CD plots shown in figure 7(b) and 7(c). The stability of 
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the MnO2-CNT//AC hybrid device was further tested via potentiostatic floating test at 1.0 A g-1 and 

maximum potential of 2.0 V for 60 hours as it is an adopted reliable technique to accurately evaluate the 

stability performance of the supercapacitor device. A plot of specific capacitance vs floating time for the 

hybrid device is presented in figure 7(d). A decrease in specific capacitance can be observed during the 

first 10 hours, which stabilized for the rest of the floating time displaying 90% capacitance retention. The 

stability performance of this device demonstrates the excellent capacitive performance which indicates 

that the long term cycling and floating does not significantly affect the stable tube-like/porous structure 

of the MnO2-CNT//AC hybrid electrode [15,56].  

 

Figure 7. (a) Plot of columbic efficiency as a function of cycle number, (b) CV curves before and after 
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stability of the MnO2-CNT//AC hybrid device at 25 mV s-1,  (c) CD curves before and after stability of the 

MnO2-CNT//AC hybrid device at 0.5 A g-1  and (d) Plot of specific capacitance as a function of floating 

time. 

 

The electrochemical impedance spectroscopy (EIS) analysis was carried out in an open circuit potential 

in the frequency range of 10 mHz to 100 kHz. EIS is an important tool for investigating the electron and 

ion mobility in an electrode material. The MnO2-CNT//AC hybrid device Nyquist plot is presented in 

figure 8(a). The intersection of the semicircle and the real Z’-axis, indicates the solution resistance (RS) 

with the value of 1.2  (see inset to figure 8(a)). In the high to middle frequency region, the diameter of 

the semicircle (inset to figure 8(a)), shows the charge transfer resistance (Rct)with the value of 1.0 .  

Nearly vertical lines parallel to the y-axis close to the low frequency region can be observed indicating 

ideal capacitive behavior of the hybrid electrode device. The equivalent circuit and fitting for the Nyquist 

plot is presented in figure 8(b). In the equivalent circuit (inset to Fig. 8(b)), the solution resistance is 

connected in series with the constant phase element (Q) which is connected in parallel to Rct . The 

Warburg diffusion element (W) which models the transition from the high to low frequency region is 

connected in series with the Rct. These are then connected in series with the mass capacitance (CL). In an 

ideal capacitive electrode, this mass capacitance should give rise to a straight line parallel to the y-axis 

but a deviation from the ideal behavior was observed as seen in figure 8(a). This deviation is as a result 

of the resistive element, RL which is a leakage current connected in parallel to CL[57,58]. The real (C’) and 

imaginary (C”) parts of the capacitance as a function of frequency are presented in figure 8(c). C’ is the 

real attainable capacitance of the hybrid device with a value of 1.2 F corresponding to a frequency value 

of 0.01 Hz. C” which indicates the transition frequency between an ideal capacitive and ideal resistive 

behavior [59] of the hybrid device is represented by the peak which occurs at a maximum frequency 

value of 0.16 Hz corresponding to a relaxation time,  of 6.3 s, evaluated from 𝜏 = 1
𝜔𝑚𝑎𝑥

⁄ =
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1
2𝜋𝑓𝑚𝑎𝑥

⁄ . The phase angle of the hybrid device is -78 which is close to the ideal value of -90indicating 

good capacitive behavior.  

 

 

Figure 8. (a) Nyquist plot of MnO2-CNT//AChybrid device, (b) Nyquist plot with fitting by the equivalent 

circuit inset to the figure, (c) plot of real and imaginary capacitances as a function of frequencyand 

(d)plot of phase angle as a function of frequency. 
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CONCLUSION 

This work has investigated the electrochemical pseudocapacitive performance of MnO2-CNT as 

the positive electrode and AC derived from the cork (Quercus Suber) as the negative electrode 

in a successfully fabricated MnO2-CNT//AC device. The MnO2-CNT nanocomposite and 3D 

nanostructured activated carbon displayed excellent properties that resulted with good 

microstructural, morphological and electrochemical properties. The synergistic effects of the 

MnO2-CNT and the 3D microporous AC material was maximized to increase the working 

potential of the hybrid device up to 2 V. The device displayed an energy density of 25 Wh Kg-1 

and corresponding power density of 500 W Kg-1 at a current density of 0.5 A g-1 in 1 m Li2SO4 

aqueous neutral electrolyte. The device exhibited an excellent stability of 100% after 10 000 

charge-discharge cycles and excellent capacitance retention after potentiostatic floating test for 

60 hours. The results obtained suggests that the hybrid device has the potential for high-energy 

storage device application.  
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4.4.3 Concluding remark 

 

MnO2-CNT nanocomposite and 3D microporous nanostructured activated carbon (AC) derived 

from cork (Quercus Suber) with good microstructural, morphological and electrochemical 

properties was successfully investigated. A hybrid EC device consisting of of MnO2-CNT 

nanocomposite as positive electrode and AC as negative electrode was fabricated and tested 

for energy storage application. The device displayed a maximum working potential of up to 2 V 

owing to the excellent synergistic contribution from the MnO2-CNT nanocomposite and AC 

material derived from cork (Quercus Suber).  The fabricated device exhibited good electrochemical 

performance with an energy density of 25 Wh Kg-1 and corresponding power density of 500 W Kg-1 at  

0.5 A g-1 specific current  in 1 M Li2SO4 aqueous neutral electrolyte. The device exhibited an excellent 

stability of 100% coulombic efficiency after 10,000 charge-discharge cycles and excellent capacitance 

retention after potentiostatic floating test for 60 hours. 
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CHAPTER FIVE 

GENERAL CONCLUSIONS AND FUTURE WORK 
 

In this chapter, the results obtained from this work with respect to the stated objectives are 

summarized. 3D nanostructured biomass derived activated carbon (AC) from cork (Quercus 

Suber) for high performance supercapacitor application was synthesized. First, via direct 

activation with KOH in raw material: activating agent ratios, followed by carbonization in a CVD 

system and second, via hydrothermal pre-treatment, activation with KHCO3 and carbonization 

in CVD system. Thin Co-Mn layered double hydroxide (LDH) nanoflakes, MnO2-CNT 

nanocomposite, was also synthesized via solvothermal and facile hydrothermal reflux 

techniques respectively. 

The electrode materials characterization  were performed using scanning electron microscopy 

(SEM), energy dispersive X-ray spectroscopy (EDX), Raman spectroscopy,  high resolution 

transmission electron microscopy (HR-TEM), X-ray diffraction (XRD), Fourier transform infra-red 

spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS) and Brunauer-Emmett-Teller 

(BET) and Barrett-Joyner- Halenda (BJH) techniques. The electrochemical performance of the 

materials were investigated in three- and two-electrode configurations using cyclic 

voltammetry (CV), galvanostatic charge discharge (GCD), electrochemical impedance 

spectroscopy (EIS) and stability tests (GCD cycling for several thousand cycles and potentiostatic 

floating for several hours) techniques. 
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In section 4.1 the electrochemical performance of hierarchical porous activated carbon (AC) 

derived from cork (Quercus suber) synthesized by KOH activation was presented and discussed. 

The novel energy storage application study of the cork derived AC was succinctly elucidated.The 

morphology of the materials showed good 3D porous interconnected network structure and an 

evolution of the pores and structures of the materials studied at different raw material: KOH 

ratios, at the same carbonization temperature of 800 oC.  A high surface area of 1081 m2 g-1 and 

a high pore volume of 0.66 cm3 g-1 was obtained when the raw material/KOH ratio was fixed at 

1:2. A symmetric device was successfully fabricated and a specific capacitance of 166 F g-1 was 

obtained for the  at 0.5 A g-1 in 1 M Na2SO4 with energy and power densities of 18.6 W h Kg-1 

and 449.4 W Kg-1 respectively. The device displayed good cycling stability after potentiostatic 

floating test for 200 h at 1.8 V and a 99.8 % capacitance retention after cycling for 5000 cycles. 

The excellent electrochemical performance of the device demonstrates the potential of the 

material for energy storage application.   

The result of the AC synthesized by KHCO3activation was presented and discussed in section 

4.3. KHCO3was utilized as an activation agent because it is milder and less toxic as compared to 

KOH. The ACKHCO3material synthesized at a carbonization temperature of 850 C had a 3D 

granular porous network structure and well-defined microporous and mesoporous structures.A 

specific surface area of 1056.52 m2 g-1 and pore volume of 0.64 cm3 g-1 was obtained from the 

BET-BJH measurements. Three-electrode tests were performed in 6 M KOH alkaline, 1 M 

H2SO4acidic and 3 M KNO3 neutral aqueous electrolytes. Specific capacitance values (Cs) of 133 F 

g-1 and 167 F g-1 at specific current of 1.0 A g-1 was recorded in 3 M KNO3 in the positive and 

negative potential windows. Additional electrochemical study of the material was performed by 
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constructing a symmetric devicein 3 M KNO3 as a result of its reversible performance in this 

neutral aqueous medium. The device displayed a Cs valueof 122 F g-1, energy 14 W h kg-1 and 

corresponding power density of 450 W kg-1at a specific current of 0.5 A g-1.The device also 

exhibited an excellent cycling stability with100% capacitance retention after 10,000 charge-

discharge cycles and after potentiostatic floating for 120 h at a maximum voltage of 1.8 V. The 

excellent stability of the ACKHCO3material makes it an excellent, inexpensive material for 

energy storage application. 

Hybrid supercapacitor devices were fabricated and their electrochemical performance were 

evaluated. The hybrid cell configuration takes advantage of the individual working potentials of 

the electrode materials for enhanced supercapacitor performance. In section 4.2, Co-Mn 

layered double hydroxide (LDH)with thin nanoflake structure and ACderived from cork raw 

material (Quercus Suber) and KHCO3activation with highly porous structure and good textural 

characteristics was presented and discussed. Co-Mn LDH wasused as the positive electrode and 

AC as negative electrode. The device Co-Mn LDH//ACKHCO3 displayed a high energy density of 

20.3 Wh kg-1 and corresponding power density of 435 W kg-1at a specific current of 0.5 A g-1 in 1 

M KOH aqueous electrolyte. The device also showed an excellent stability with 99.7% 

capacitance retention after 10,000 charge-discharge cycles and negligible degradation after 

subsequently subjecting it to potentiostatic floating test at 1.6 V maximum voltage for 70 h. 

These results shows the potential of this hybrid device as possible electrodes for high energy 

density energy storage application application. 

Furthermore, MnO2-CNT//ACKOH hybrid device was fabricated and tested in 1M Li2SO4 aqueous 

neutral electrolyte as presented and discussed in section 4.4. MnO2-CNT nanocomposite was utilized as 
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positive electrode and AC as negative electrode. The device displayed a maximum working voltage of up 

to 2V as a result of the excellent synergistic contribution from the MnO2-CNT tubular nanocomposite 

and 3D porous ACKOH material derived from cork (Quercus Suber). The fabricated device showed good 

electrochemical performance with an energy density of 25 Wh Kg-1and corresponding power density of 

500 W Kg-1 at a specific current of 0.5 A g-1. The device displayed an excellent stability of 100% 

coulombic efficiency after 10,000 charge-discharge cycles and excellent capacitance retention after60 

hours of potentiostatic floating test. 

In a nutshell, the materials and the supercapacitor devices investigated in this study have demonstrated 

excellent electrochemical performances with large operating voltage windows ranging from 1.6 – 2.0 V 

suggesting their potential use as electrode materials/devices for energy storage applications.  

Future work can be done by testing the materials in other types of electrolyte media such as ionic liquid 

or organic electrolytes to investigate the possibility of increasing the operating potential windows and 

hence improve the energy and power densities performance of the materials. More work can also be 

done by working on improving the microstructure and morphology of the investigated materials in other 

to elicit better electrochemical performance from the materials. 
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