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ABSTRACT 
In this thesis, six (6) different electrode materials for supercapacitor applications were created 

and studied. Electrode materials are one of the most important components in supercapacitors. 

The increase in energy density requires require electrode materials that have high surface area, 

conductivity, redox properties. Hence, in this study, the electrochemical characteristics of 

nitrogen doped activated carbons (N-ACs)  material made from marula nuts as a carbon source 

and melamine as a nitrogen source were studied in both symmetric and asymmetric capacitors. 

Again, potassium and lithium intercalation in manganese fluorophosphate (MFP) were studied 

in asymmetric capacitor. Ceria oxide (CeO2) was used to form a composite with MFP and the 

electrode material was studied in asymmetric capacitor. All of the synthetic materials' 

morphology, crystallinity, defects, elemental composition, and structural porosity were 

examined. Additionally, electrochemical analysis of all materials in different electrolytes were 

ran to obtain current response, charge and discharge time and charge transfer resistance using 

two (2) and three (3) electrode systems respectively. Firstly, marula nutshell waste, was used 

as a source of carbon to form activated carbons (ACs) doped with nitrogen. The high surface 

area and nitrogen present on the material resulted in energy density that is high (17.2 Wh/kg). 

Secondly, a novel chemical intercalation synthesis method based on potassium hydroxide-

induced hydrothermal process was used to create alkali ion-containing triplite MFP. Research 

findings in the study indicate that d-spacing increase when intercalating potassium into the 

triplite structure. An asymmetric supercapacitor was fabricated using potassium intercalated 

material (K+/MFP) as a cathode and N-ACs as anode in alkaline and neutral electrolytes. 

Higher energy density (26.9 Wh/kg ) was observed in 1 M KNO3 than 6 M KOH with 25.2 

Wh/kg. Thirdly, assembly of asymmetric supercapacitor of N-ACs and Li+/MFP was done. The 

electrode material exhibited energy of 18.8 Wh/kg in 1 M LiFSTI with capacitance retention 

of 69.5% after 15 000 cycles. N-ACs and MFP-CeO2 was assembled in 1 M K2SO4. The 

material gave energy of 23.8 Wh/kg  with specific power of 525.6 Wh/kg. The MFP-CeO2//N-

ACs had a good cycling stability of 69.8% after 15 000 cycles. 
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CHAPTER 1 
1. Introduction 

1.1. Background and motivation 

The climate crisis is centred on energy, and energy is essential to finding a solution. While heat 

and power are generated from usage of fossil fuels, greenhouse gases are also generated from 

using of fossil fuels [1]. The biggest contributor of climate change comes from coal, gas and 

oil which generates about 75% emissions while about 90% comes from carbon dioxide [2]. 

Hence, emissions must be reduced to mitigate contributions of greenhouse gases affecting 

climate change. To mitigate effects of harmful gases generated by using  fossil fuels, we must 

reduce the use of fossil fuels and start relying on clean, accessible and affordable energy 

systems. To do this, clean and reliable energy need to be invested in to reduce usage of fossil 

fuels. However, the ability to supply energy to the population and to simultaneously circumvent 

environmental issues is a difficult one [3]. A disturbing truth about the supply of energy is also 

hampered by the fact that there are still billions of people living in the world with a lack of 

basic energy even as the population increases [4], [5]. The UN Millennium Development Goals 

(MDGs) are goals to overcome the lack of energy supply [6], [7], [8]. Energy is important to 

sustain living such as its use in cooking, lighting, transport and information transfer [9]. 

However, the human population needs to alter the way energy is produced, transported and 

consumed [10]. The increase in population rate also results in an increase in number of people 

using cars, this lead to transport emissions to double and lead to environmental pollution since 

most cars are dependent on fossil fuels [11]. The reliance on energy in the world, as estimated 

by the World Energy Council, will double by 2050 [12].  

Again, South Africa has been relying on coal for generation of about 80 % electricity from 

ESKOM Company. However, ESKOM has been struggling with debts, mismanagement, 

failing power plants for the past few years. Due to these, South Africa has been receiving 

disrupted power supply daily for certain hours. These power cuts affects the living conditions 

of many people and it slowing economic growth.  

Therefore, to avoid uninterrupted supply of energy and also mitigate harmful release of gases 

when using fossil fuels (coal, gas and oil), the need to develop environment more friendly 

sources from renewables to produce energy is needed [1]. 
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 Renewable energy have abundant sources such as the sun where greenhouse gases are little or 

not emitted [13], The various sources of renewable energy are shown in Fig 1.1 [13].  

Out of the mentioned renewable energy sources indicated in Fig.1, solar and wind energy are 

the most practical energy sources because they can produce large amounts of energy  and can 

be scaled accordingly [14] . The challenges associated with power storage and transmission are 

a major barrier to the use of renewable energy, even though it appears to be a growing solution 

to environmental pollution. In order to integrate renewable technology and ensure the 

distribution of electricity, grid energy storage is a crucial component. 

 

 

 

 

 

 

 

 

 

Traditionally, batteries are used to store energy and provide backup power [15]. Systems for 

storing energy in batteries rely on secondary batteries, which can be charged and discharged 

repeatedly without suffering damage [16]. Batteries are electrochemical devices that uses 

electrical energy conversion into chemical energy to store energy [16]. To create energy, this 

chemical energy is released once more. There are several significant battery energy storage 

technologies, some of which are brand-new and some of which are well-established. The lead-

acid battery, which is used in automobiles, nickel cadmium batteries, sodium sulfur and lithium 

ion batteries, are examples of common types [17], [18]. Fast response times for both power 

absorption and release are a hallmark of battery systems, however, all batteries deteriorate over 

time and with use. Some gradually lose charge, which restricts their utility for long-term 

storage. Batteries also suffer from low power density as shown from Ragone plot in Fig. 1.2. 

Fig. 1. 1. Image showing different types of renewable energy sources [13]. 
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An alternative kind of energy storage system that can be used for high power density 

applications is supercapacitors (SCs). SCs are known to deliver high power density in a short 

period of time. Hence, in this study, SCs were explored as energy storage devices. [19]. 

 

 

Fig. 1. 2. Ragone plot showing different types of energy storage system [20]. 

1.2. Supercapacitors as energy storage device 

Energy storage has become a main topic in the world due to the massive increase of population.. 

This also calls for an economical and friendly way to store energy that will be long lasting. 

Again, the energy need to be outsourced from a variety of materials which are readily available 

and environmentally friendly at a cheaper cost. Energy storage at a faster charging rate can be 

overcome by the use of SCs which also offers a longer life cycle [21].  

The energy storage in SCs can be improved by lot of factors such as doping to improve the 

conductivity of the material, using symmetric devices and  electrolytes that can operate at wider 

voltage range [22], [29]. Thus, SCs can not only be applied in suppling backup energy but also 

as power devices in small appliances such as cell phones, laptops etc. They are also used in 

transportation such as electric cars. The production of environmentally friendly high energy 

and high power SCs devices could provide a global path of transportation industry a reality.  

Hence, SCs have been studied as an alternative energy storage device as they take shorter 

periods to charge, can have a long life cycle and have high reliability. SCs are energy storage 
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devices comprising of two electrodes as cathode and anode, separator immersed in an 

electrolyte between the electrodes to prevent migration of ions (see Fig 1.3).  Electrolyte ions 

are oriented at the electrolyte/electrolyte interface to build and release electrical double layers 

(EDLs), which causes  electrons movement. SCs consist of three types such as EDLCs, 

pseudocapacitor and hybrid capacitors. Storage of energy in EDLCs by non faradaic charges 

(Fig. 1.3), pseudocapacitors by faradaic charges wherelse hybrid capacitors store energy by 

both faradaic and non-faradaic charges. EDLCs mostly uses  are carbon materials because they 

are cheaper to synthesize, contain surface area that is high and  offers stability that is high. 

 

Fig. 1. 3. Diagram of supercapacitor (EDLCs) (copyright permission from M. Winter and R. 

J. Brodd , 2004). [16]. 

Activated carbons (ACs) are carbon materials produced at a low cost i.e. biomass and consist 

of surface area that is high (~2000 m2/g) and good thermal stability [21], [25]. Their properties 

are fascinating which makes them suitable for application in SCs [23], [27]. The high surface 

area facilitates the diffusion of electrolyte ions for storing energy. However, energy storage 

depends on many factors, such as the availability of micropores and mesopores, ion 

conductivity, and the type of electrolyte used [28]. Also, the conductivity of ACs has been 

reported to be low, hence, nitrogen doping can be introduced for further improvement of the 

conductivity since nitrogen can easily replace carbon as their atomic masses and sizes are 

similar [29]. Altogether, the process of introducing nitrogen on ACs can improve the energy 

storage in SCs. Manganese fluorophosphate (MFP) as a pseudocapacitor will be used in the 

study for energy storage. MFP belongs to the triplite family with a formula Mn2PO4F. It has 
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been reported by Nzimande et al.[30] to have an open framework that allow for diffusion of 

electrolyte ions. Secondly, Mn-based materials are widely recognized as essential components 

of SCs [31] and battery cathodes [32] etc. because they are massively abundant naturally 

(especially in South Africa, which has about 80% of the world's manganese reserves) [33]. 

However, MFP has shown poor electrochemical performance. Hence, in this study, potassium 

and lithium intercalation will be introduced on MFP because cation doping/intercalation has 

been reported to stabilize LiMn2O4 by reducing electrochemically active Mn3+, which is 

responsible for manganese disproportionate reaction into electrolyte [18].  Again, cation 

intercalation has been reported to increase volume expansion that can help in more diffusion 

of electrolyte ions  [34].  

Due to its non-toxicity to the environment, cerium (Ce) stands out among the lanthanides as 

the most ideal candidate for coating MFP.  CeO2 is reported as a material to use in SCs due to 

qualities that have a large band gap of 3.2 eV, strong transparency and outstanding redox 

properties [35]. 

1.3. Purpose of the study 

1.3.1. Aims of the study 

The hypothesis in this study is that the conductivity improves when nitrogen to the carbon 

electrode is introduced and this will  lead to an increase in energy storage. Again, alkali metal 

intercalation was aimed to improve the d-spacing of MFP and its electrochemical behaviour 

thus increasing energy storage. Ceria coating was also aimed at improving the redox behaviour 

of MFP. 

1.3.2. Objectives  

ü To synthesize activated carbon at different ratios from marula nutshell as a biomass 

source. 

ü To synthesize nitrogen doped activated carbon. 

ü To synthesize manganese fluorophosphates (MFP). 

ü To intercalate potassium and lithium into MFP. 

ü To coat MFP with ceria oxide. 

ü The synthesized materials will be characterized using Scanning electron microscopy -

energy dispersive spectroscopy (EDS), Brunauer-Emmett-Teller (BET), Thermal 
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gravimetric analysis (TGA), Raman spectra, X-ray diffraction (XRD) and X-ray 

photoelectron spectroscopy (XPS). 

ü Supercapacitor cell was fabricated using T-type cell and carbon paper coated with the 

electrode materials. 

ü The electrochemical properties of the synthesized materials will be characterized by 

using cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and 

electrochemical impedance spectroscopy (EIS). 

 Thesis Outline 

This work is divided into 7 chapters entailing the aims and objectives of the study, challenges 

of energy storage and motivation behind the use of activated carbons in the study. Also, the use 

of supercapacitors is discussed in Chapter 1. 

Chapter 2 entails the discussion about different types of supercapacitors, their mechanisms of 

action, and materials used in their construction.  It also discusses the synthesis of activated 

carbons from biomass and different activating agents used to make activated carbons.  

 The role of nitrogen doping in modifying the electronic properties of SCs is discussed. Finally 

the use of manganese fluorophosphates (MFP), together with the role of potassium and lithium 

intercalation and ceria coating of the MFP is discussed. 

Chapter 3 discusses the biomass valorisation of marula nutshell waste into nitrogen-doped 

activated carbon for use in high performance supercapacitors. 

Chapter 4 entails the turning of Mn2PO4F by potassium intercalation for asymmetric 

supercapacitors.  

Chapter 5 discusses the enhanced pseudocapacitance of Li+/MFP: The effect of alkaline, 

neutral and ionic electrolyte.  

Chapter 6 discusses hierarchically designed ceria nanorods decorated on a sleeping ‘triplite’ 

material for use in asymmetric supercapacitors. In alkaline and neutral electrolytes 

Chapter 7: General conclusions and recommendations  
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CHAPTER 2: Literature review 
2. Introduction: The need for energy storage 

The global energy demand increases daily due to the increase in population rate. Households 

survive on food, water and energy for sustainable growth. Without these, most people in the 

world would plunge [1]. Historically, the supply of energy has commuted slowly, for example, 

the use of wood as energy fuel has decreased immensely to coal, oil, gas and shifted now to 

renewables such as biomass [2]. Electricity generation has been made from natural sources 

such as the sun. The sustainability to obtain clean energy is still a challenge the world is facing, 

despite the numerous availability of energy sources in the world [3]. Our increase in reliance 

on energy has prompted a lot of research on supercapacitors (SCs) as energy storage devices 

[4], [5]. Energy storage such as SCs have high power density that is delivered in a very short 

period of time, longer life cycle and good cycling performance [6], [7]. However, the downside 

use of SCs is the lower energy storage, due to low per cell voltage [8]. As such, a lot of attention 

has been given on  the development of electrode materials for improvement of energy storage 

[9]. Carbon materials are favourable for use in electric double layer capacitors (EDLCs) 

because they are cheaper, have different shapes that can be altered by activating, 

functionalization and doping using heteroatoms such as nitrogen, boron and sulphur to improve 

the surface area and surface chemistry of the material  [9–12]. Different kinds of carbon 

materials have been used in EDCLs, i.e. activated carbons (ACs) [13], [14], graphene [15] and 

carbon nanotubes (CNTs) [16]. In this study, ACs has been chosen as an electrode material for 

use in EDLCs over other carbon materials due to its eco-friendly nature and cheaper cost [17], 

[18]. High surface (>2000 m2/g) can be achieved in ACs by activating using different activating 

agents such as ZnCl2, H3PO4, KOH etc [19], [20].  

 

On the other hand, alkali intercalation in manganese-based materials have been used as 

pseudocapacitive materials due to increase of volume expansion to accumulate large number 

of electrolytes ions [21]. Furthermore, ceria oxide has also been reported to give outstanding 

redox behaviour when used as a coating material [22]. This chapter will give an overview on 

electrode materials and different types of SCs. Detailed discussion on the type of biomass 

material and its activating agents  to produce ACs is also provided.  
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In addition, manganese based material (Mn2PO4F), effect of alkali intercalation and CeO2 will 

also be discussed. In this chapter, the key parts and latest improvement of SCs and electrode 

materials used including different types of electrolytes will be discussed briefly. 

2.1.Electrochemical capacitors 

Electrochemical capacitors, (ECCs), sometimes known as supercapacitors or ultracapacitors 

are devices that stores energy with a far larger capacitance and energy density than the 

conventional dielectric capacitor [23]. Compared to batteries, electrochemical capacitors have 

a significantly lower energy density and a much larger power capacity. As a result, depending 

on the application, ECCs can compete with both regular capacitors and batteries. ECCs may 

generally be a substitute for batteries when the quantity of energy to be stored is too little for a 

battery and the system's peak power need is greater than its average power consumption [24]. 

2.1.1.  Capacitors vs. supercapacitors 

A capacitor is an electrochemical device that supply more power density than SCs via electric 

field but have less energy [25]. The structure of a capacitor involves two plates which are 

parallel to each other as shown in Fig. 2.1. Between the two plates, there is a dielectric layer 

that prevents migration of ions [26]. The charging of the capacitors occurs by first applying 

voltage across the plates, upon that, positive and negative charges migrate towards the electrode 

surface of opposite charges.  
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Fig. 2. 1. Illustration of a capacitor [27]. 

The flow of current then occurs when the system is charged and voltage is applied, which create 

capacitance [26]. Hence, capacitance (C) in Farads (F) is measured as electric charges flows 

between two plates where potential (V) is applied. Equation 2.1 is used to measure capacitance 

in electric capacitors [26]: 

																																																							𝐶 = !
"
                                                                            eqn 2.1 

Capacitance is directly proportional to both area of the electrode and the permittivity of free 

space when plates are parallel in electric capacitors. However, it is indirectly proportional to 

the distance between the plates. This can be expressed in equation 2.2 [26]. 

                                                                   𝐶 = 	 𝜀#𝜀$
%
&

                                                     eqn 2.2 

Where the surface area of the electrodes are represented by A (m2/g), C is the capacitance in 

farad, permittivity of free space is given as 8.9x10-1 F/m).  

 

Two essential parameters in capacitors are energy and power density. Energy density is related 

to the capacitance obtained at a given potential, which can be expressed in equation 2.3 [28]. 

                                                                   𝐸 = 	 '
(
𝐶𝑉(                                                       eqn 2.3 

This explains that an increase in capacitance will lead to an increase in energy density.  

Power density is related to the voltage drop (ESR), which can also be expressed in as [29]:               
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																																																																															𝑃
)*+,	 !"

#×%&'
                                                  eqn 2.4 

Equation 2.4 shows that a lower ESR will results in higher power density.  

SCs are energy storage devices that relies on charging and discharging of electric charges 

between the electrodes surface of high surface area [30]. The principle of energy storage of 

capacitors and SCs are similar [31]. However, SCs make use of porous materials with high 

specific surface areas and dielectrics which are thinner leading to an electric double layer [32]. 

This leads to a higher capacitance and energy density which is 10,000 greater than of 

capacitors. This offers a great potential of using SCs commercially.  

The difference between capacitors and SCs lie on the type of materials used and the dielectric 

between the electrodes. SCs make use of electrode that have a higher surface area. 

2.1.2. Supercapacitors vs batteries 

The difference between SCs and batteries lie in the mechanism of energy storage and the 

amount of energy and power density both deliver. SCs stores energy via electrostatic charges 

between the electrodes (non-faradaic) whereas batteries stores energy via chemical reactions 

(faradaic reactions) at the electrodes [33]. Batteries have higher energy but lower power density 

than SCs. This is because reactions (non-faradaic reactions) occurring at the electrode surface 

in batteries are slower, whereas in SCs, the reaction process that leads to double layer is faster 

[34]. The high amount of energy in batteries and the small weight makes it useful in industries. 

However, problems associated with the use of a battery is life cycle, shelf life and power 

density. Hence, there is a need for energy storage devices that can deliver energy in a short 

period of time [35].  

SCs are deemed as promising energy storage devices due to faster charging process in seconds 

that lead to high power density. Other advantages of using SCs are long life cycle and wider 

operating voltage [35].  Energy and power are two parameters that are important in 

electrochemical energy devices. Ragone plot is used to distinguish energy and power density 

of different types of energy storage systems in a logarithm scale (Fig. 2.2) [36].  
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Fig. 2. 2. Ragone plot of different types of electrochemical energy storage devices [36]. 

As per the Ragone plot, assuming an electric vehicle has gadget with high energy storage (i.e. 

batteries), the battery makes the vehicle to travel longer distance before getting charged. 

Whereas, if the vehicle has a SCs device, the acceleration of the vehicle will be faster due to 

high power density of the device. This means that batteries can last for a day without charging 

whereas SCs needs charging constantly [37]. However, the volume changes that happens in a 

battery are due to redox reactions limiting the life cycle thus causing a reduction of power 

density.  Thus, SCs can be used due to the fast charging rate is seconds that lead to high power 

delivery and energy storage that is lifelong [38]. 

2.1.3. Working standards and evaluation of different kinds of supercapacitors 

Three main categories in capacitors are electrolytic capacitors, non-electrolytic capacitors and 

supercapacitors [36]. This can be further split into electric double layer capacitor (EDLCs), 

pseudocapacitors and hybrid capacitors (Figure 2.1).  
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Fig. 2. 3. Classification of different types of supercapacitors [39]. 

These categories are differentiated by the specific type of materials used. The energy storage 

in capacitors is through an electrostatic charge between two conducting metal plates. The 

energy storage is led by the movement of opposite charged electrolyte ions through the opposite 

charged metal plates. Conventional capacitors are known to store little energy as compared to 

electric double layer capacitors due to the plate area being limited. The higher amount of energy 

obtained in EDLCs arises from the larger area and the separation distance between the plates 

[30].  

The energy storage components in SCs are electrodes, current collectors, electrolyte and 

separator. 

2.1.4. Types of supercapacitors 

There are three types of supercapacitors namely electric double layer capacitors (EDLCs), 

pseudocapacitors and hybrid capacitors [39]. 

2.1.4.1.Electric double layer capacitors (EDLCs) 

EDLCs stores charge by non-faradaic charges [30]. The illustration of EDLCs is shown in Fig. 

2.4 comprising of porous electrode material separated by a separator submerged in an 

electrolyte [40]. Between the electrodes, voltage is applied and this led to charges being stored 

by electrostatic interactions. Electrode materials of choice in EDLCs must be porous in nature 
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to accumulate charges. The advantage of using EDLCs is high power densities, fast charging 

in seconds and good cyclic stability [41].  

 

 

Fig. 2. 4. Schematic illustration of EDLCs [40]. 

The following equations are used to explain energy storage by ion adsorption on electrode 

materials:   

Positive electrode: 

Charging process: 𝐸.' + 𝐴/    														𝐸.'0 //𝐴/ + 𝑒/                                                    eqn 2.5 

Discharging process: 𝐸.'	0 //𝐴/ + 𝑒/	      									𝐸.' + 𝐴/                                                  eqn 2.6 

 

On the negative electrode: 

 

Charging process: 𝐸.( + 𝐶0                𝐸.(0 //𝐶0                                                              eqn 2.7 

Discharging process: 𝐸.(0 //𝐶0                𝐸.(	+ 𝐶0 + 𝑒/                                                 eqn 2.8       
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Reactions occurring at the cathode and anode electrode are summarized as follows:: 

 

Charging process: 𝐸.' + 𝐸.(	+ 𝐴/	+ 𝐶0	                𝐸.'//𝐴/ + 𝐸.(//𝐶0                           eqn 2.9 

Discharging process: 𝐸.'//𝐴/ + 𝐸.(//𝐶0             𝐸.'+ 𝐸.(+ 𝐴/	+ 𝐶0                       eqn 2.10 

 

Where Es1 and ES2 represents the first and second electrode surface. The anion electrolyte is A- 

and C+ is the cation. Electrolyte ions interacts with the electrode surface and this process is 

represented by the sign //. Upon charging the system via the external load, electrons make a 

way from the negative terminal to positive terminal. The interface between electrode and 

electrolyte (//) lead to formation of a double layer where there is migration of cations (C+) 

towards negative electrode (Es2) and anions (A-) towards the positive electrode (Es1). Upon 

discharging the system, the reverse process occurs. Transfer of charges does not occur between 

the electrode and electrolyte in this type of process. It is also reported that during the processes 

occurring in EDLCs, the electrolyte concentration stays constant.  

2.1.4.2.Pseudocapacitors 

Pseudocapacitors stores energy by reversible faradic reactions or by ion intercalation at the 

electrode surface [42]. Redox mechanism can occur in materials such as metal oxides and the 

intercalation process can be due to the insertion of Li+ into host materials (Fig. 2.5). Although 

the intercalation process is mainly surface controlled rather than diffusion controlled such as 

in batteries. The high capacitance in pseudocapacitance is advantageous for an increase in 

energy storage. However, the disadvantage of pseudocapacitors is the low capacitance retention 

as compared to EDLCs [43].  The illustration of pseudocapacitors is shown in Fig. 2.5.  
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Fig. 2. 5. Schematic illustration of pseudocapacitors [40]. 

The mechanism of transportation of electrolytes ions to the electrode materials follows a three-

step process such as (a) Underpotential mechanism, (b) Redox mechanism and (c) Intercalation 

of ions [44]. 

(a) Underpotential process follow a process of adsorption of metal ions above redox 

potential on the surface of electrode material (see Fig. 2.6a, i.e. adsorption of lead ions 

(Pb2+) onto Gold (Au)). 

(b) Redox mechanism occurs when there is adsorption of ions on the surface by Faradic 

charges (see Fig. 2.6b), 

(c) Intercalation process occurs when electrolyte ions intercalate through the host material 

without change in the phase structure (see Fig. 2.6c). 
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Fig. 2. 6. Three mechanisms in pseudocapacitors [44]. 

The intercalation process of layered materials (Fig. 2.6c) is driven by redox reactions together 

with other variations. The other variations that occur in layered materials are pseudodcapacitive 

mechanism and diffusive intercalation. The two mechanism in layered materials occur at 

different kinetic regimes.  The mechanism of diffusive intercalation in bulk layered materials 

correspond to battery like behaviour mechanism with phase transition. The redox reaction  

occur inside the bulk electrode material during phase transition that occur when the interlayer 

spaces are filled with carrier ions.  

However, pseudocapacitive charge storage becomes dominant when redox reactions do not 

occur inside the bulk electrode material but rather near the surface or interlayer plane. Hence, 

the charge storage will be dominated by surface controlled mechanism than diffusion 

controlled. Some of the layered electrode materials reported in literature have pseudocapacitive 

behaviour due to the nanoscaling of the materials [45]. The nanoscaling of the electrode 

materials shifts the charge storage from diffusion controlled (battery-like) to surface controlled 

(capacitor-like) mechanism.   

2.1.4.3.Hybrid capacitors 

Hybrid capacitors store energy in two ways via faradaic and non-faradaic charges (Fig. 2.7)  

[46]. The anode materials serves as a capacitive power source such as activated carbons 

material and the cathode is a battery like material that serves as energy source.  Asymmetric 

SCs uses EDCLs as anode materials and pseudocapacitors as cathode materials. Separator 
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soaked in electrolyte prevents conduct between the two electrodes. During the charging,  

discharge process, K+ ions migrate and intercalate through the cathode as shown in Fig. 2.7. 

Meanwhile, OH- are adsorbed on the non-faradaic material. 

The energy density obtained in hybrid capacitors is high because of using two different 

materials with different surface area, conductivity which circumvent each other. Hence, 

industries are opting for hybrid capacitors because they provide higher energy densities, high 

stability and longer life cycle.  

 

Fig. 2. 7. Schematic illustration of hybrid capacitor [40]. 

2.2.Energy storage components: 

• Electrode: Material of interest where charge storage occur. The material can store 

charge through different processes such as electric double layer capacitance or via 

faradaic process [47]. Different materials can be used such as activated carbon, carbon 

nano-tube, polymers and metal oxides. 

• Current collectors: It is used to improve the material’s conductivity l by rolling it to a 

metal sheet. The current collectors consist of non-corrosive metals that are inert [48]. 

For instance, the use of aluminium collectors in organic electrolytes doesn’t lead to 

corrosion but can corrode when used in aqueous electrolytes. Subsequently similar as 

ships in the sea, stainless steel in aqueous electrolytes is often used. 
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• Electrolyte: This is a solution prepared at a desired concentration and it contains 

different kinds of ions that differ in conductivity and sizes. Separators are immersed 

inside the electrolyte and used between electrodes materials to form a double layer of 

faradaic reactions [35]. Electrolyte can be classified in three different ways such as 

aqueous, organic and ionic electrolytes [49]. The mentioned electrolytes differ in terms 

of ionic sizes, conductivity and operating voltage [49]. For example, energy storage in 

terms of aqueous electrolytes (i.e. KOH) is less because of the low operating voltage 

(~1.2 V) due to water decomposition happening at 1.2 V [50]. However, the stability 

window in acidic electrolytes (i.e. H2SO4) can be improved to 1.6 V to increase the 

amount of energy storage. However, the use of acid media has its own advantages such 

as corrosion [40]. Luckily, the corrosion faced with the use of acid media can be 

mitigated by using neutral electrolytes such as KNO3, Na2SO4, Li2SO4 [51]. The use of 

neutral electrolytes can be deemed as a way of achieving higher energy storage because 

of the wider operating voltage (~2 V) due to the low oxygen and water decomposition 

[51]. Again, organic and ionic liquids are used due to the wider voltage range of up to 

3 V [52]. Choosing an electrolyte depend on two parameters: conductivity which affect 

equivalent solution resistance (ESR) and stability window which is used to determine 

the stability of the voltage window [40].  

Energy density in SCs is directly proportional to the operating voltage. Hence, for an 

increase in energy density, the electrolyte needs to have both high conductivity and 

wider operating voltage. However, there are still other parameters that affects the 

diffusion of electrolytes which affects capacitance such as the sizes of electrolyte ions, 

the interaction between electrode material and electrolyte, molar concentration of the 

electrolyte [52]. Electrolyte also determines the internal resistance in SCs, cycle life 

and toxicity [48]. However, to date, there is no single electrolyte that have all the 

characteristics for use in SCs. Properties of different electrolyte are discussed below. 

2.2.1. Aqueous electrolytes 

Aqueous electrolytes are less likely to be used in the industries due to the less amount of energy 

density delivered in SCs. However, they are mostly explored in SCs because of their high 

conductivity higher than organic and ionic electrolytes and easy fabrication [53]. There are 

three types of aqueous electrolytes such as acid, alkaline and neutral solutions. Electrolyte such 

as H2SO4 is mostly used due to higher conductivity of 0.8 S/cm at room temperature [54]. The 

higher conductivity lead to lower solution resistance thus delivering high power density. The 
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reported amount of capacitance when using H2SO4 electrolyte in activated carbons as electrode 

materials is around 100-300 F/g [55]. Alkaline electrolytes such as KOH are also studied in 

research due to their higher conductivity of 0.6 S/cm. Capacitance obtained in activated carbons 

using alkaline electrolytes is similar to that of acidic electrolytes [55]. 

To obtain higher energy density, neutral electrolytes such as Li2SO4, Na2SO4 and K2NO3, are 

often studied due to their wider working potential (1.5-2.0 V) [56–58]. This wider operating 

voltage obtained in neutral electrolytes is due to lower concentration OH- and H+ [57]. Other 

advantages of using alkaline electrolytes is less corrosion and cost effectiveness. Again, smaller 

ion sizes in the electrolytes makes it easier for intercalation/de-intercalation onto the electrode 

material [57]. 

2.2.2. Organic electrolytes  

Organic electrolytes are applied commercially due to the wider operating voltage of 2.5 to 2.8 

V leading to a higher energy density as compared to aqueous electrolytes [59]. However, there 

are a lot of factors to consider when using organic electrolytes because they are quite expensive 

to use, lower conductivity leading to lower capacitance. Organic electrolytes are also 

flammable and have high volatility [60].  The ionic sizes of organic electrolytes are relatively 

large which is the reason for lower capacitance. To enhance the ionic conductivity of the 

electrolyte, the organic electrolytes are prepared by dissolving the conducting salts in organic 

solutions.  

Preparation of an organic electrolyte can be done by dissolving tetraethylammonium 

tetrafluoroborate (TEABF4) in acetonitrile (AC) or propylene carbonate (PC) [61]. Sevilla et 

al. [62] reported a capacitance of 250 F/g at 1 mV/s using this electrolyte at 2.7 V with energy 

and power density of 30 Whkg-1 and 13 kWkg. The higher energy and power density in organic 

electrolytes are due to the wider voltage. There are also a lot of factors that organic electrolytes 

are dependent on such as the cations and anions present in the salts, solvents and some bit of 

water present as part of impurities [63]. A report by Periccone et al. [64] showed that the 

voltage window can be enhanced to 3.5 V above the normal range (2.5 to 2.8 V).  

2.2.3. Ionic liquids 

Ionic liquids (ILs) are cations and anions salts in nature that have a low melting point below 

100 ℃. This low melting temperature is due to the weak interactions that exists between the 

cations and anions [65]. The advantages of using ILs in SCs is their wider voltage which leads 
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to high energy densities. Other properties of ionic liquids are zero or neglible volatility, low 

melting point, moderate viscosity and they are flammable [66], [67]. There are three different 

kinds of ILs such as aprotic which are mostly used in lithium ion batteries and SCs, protic in 

fuel cells and Zwitterion in electrochemical applications [68].  

2.3. Electrode materials for supercapacitors 

The development of innovative materials that can satisfy the required energy demand is of 

utmost relevance because of the vital function that active electrode materials play in SCs. One 

of the most crucial factors for enhancing storage of charge in  electrode materials is a 

combination of surface area that is large and conductivity that is high  [69]. However, pore size 

distribution and structural flaws that are incidental to the large surface area also affect the 

charge storage capabilities. For instance, surface area promotes the creation of an electrical 

double layer, whereas a uniform pore size distribution controls the pathway for electrolyte ions 

in the electrode material's inner core [70]. The behaviour of an electrode material may therefore 

be explained using the electrochemically active surface area. The most popular electrode 

materials in SCs are generally carbon, polymers, and transition metal based materials. ACs are 

used mostly in EDLCs due to large surface area and conductivity. Transition metal oxides are 

used as pseudocapacitor electrode material due to their redox behaviour [71]. Due to their 

theoretical capacitance that is high, plentiful supplies, and inexpensive cost, metal oxides, have 

received a lot of attention [72,73]. 

Valence state changes can result in phase transformation of a material and its ion diffusion rate 

which are significant for electrochemical properties because the energy storage mechanisms of 

transition metal oxide-based electrodes primarily involve the electron transfer in the process of 

redox reactions and valence state changes of transition metal ions [74]. Such a transition often 

causes a slow bulk phase reaction and significant volumetric expansion and contraction during 

the energy storage process, which in turn causes the electrode materials based SCs to have poor 

cycle stabilities and slow chemical reaction kinetics [74]. Hence, intercalation of alkali metal 

can be used to increase the volume expansion and improve the stability of transition metals 

[71]. Again, earth oxides such as CeO2 can be used to improve the redox behaviour of transition 

metals [75]. 

2.3.1. Activated carbon 

Materials used in SCs are usually carbon materials and activated carbons (ACs) has shown to 

be a promising electrode material due to its enormous porous structure [76], [77]. ACs has 
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other desirable characteristics such as high surface area, high stability and high adsorption 

capacity [78], [79]. The good characteristics of ACs make it a suitable material for use in 

different applications. Hence, a lot of focus has been done on ACs since the 20th century due 

to the expansion in population rate in order to manage environmental pollution. The raw 

materials used in producing ACs are mostly lignocellulosic materials since they are agricultural 

wastes that are deemed to be cheaper, available in large quantities and likely to possess a higher 

content of carbon [8]. 

Back in the olden days (1500 B.C), charcoal was one of the interesting carbon material and has 

been used potently in medicinal application [80]. Its power to adsorb gases on the surface has 

been discovered by Scheele et al. in 1773 [80]. ACs as an adsorbent was first reported by 

Lowitz et al. in liquid phase for decolourization process [81]. The First World War in 1914-

1918 acquainted harmful gases which drove with breath issues in the military. For this, ACs 

was then produced from coconut shells [80]. ACs are produced via two steps namely, 

carbonization and activation [82]. The activation is performed by methods of either physical or 

chemical or by applying both physical and chemical methods together. Physical activation 

involves gases like steam or CO2 as activators from temperatures ranging from 800-1000	℃  

[81]. There are a lot of properties in the material that steam activation affects such as the surface 

area and oxygen content of the biomass. Properties of ACs produced by physical activation are 

laboured by several factors such as the type of biomass used, activation time, and activation 

temperature [83]. ACs produced from physical methods are desirable because the method is 

easy and cheap [84]. However, the detrimental use of this physical activation method is the low 

yields of ACs produced which can be an issue in producing large yields of the material in 

industries [85]. The reasons behind low yields lie in the carbonization and activation processes. 

The yield is affected by activation temperature and time. This can be explained due to exiting 

of more volatile compounds from the system at higher carbonization temperature wherein 

prolonged activation time burns more carbon away because of the presence of more oxygen 

atoms during steaming which both leads to lower yields of ACs [85]. Longer time of steam 

exposure to the biomass leads to more burn off of organic compounds leading to lower yield 

but higher surface areas and pore volume [86]. 

ACs can also be produced by chemical activation method. Carbon can be activated by chemical 

agents such as ZnCl2, H3PO4, NaOH and KOH [19], [20], [87], [88]. During chemical 

activation, the biomass is impregnated with the activating agent and dried in an oven. The dried 

mixture is then transferred to a furnace for carbonization at temperature of 500 to 800 ℃ for 1 
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to 4 h under flow or argon/nitrogen gas [86]. The reaction between carbon and alkaline 

activating agents (NaOH and KOH) can be ascribed by the following equations [89]: 

             6NaOH+ 2C ↔2Na + 3H2 + 2Na2CO3                                                                                     eqn (2.11)   

                  6KOH + 2C ↔ 2K +3H2 + 2Na2CO3                                                                                   eqn (2.12) 

Pores are created when K from KOH intercalates through the material at higher temperatures 

(> 700℃ ) which is later removed by acid wash and water [90].  

Chemical activation is more convenient to use because the steps are one process. Again, the 

activation temperature used are low yielding high carbon content than physical activation [91]. 

However, the method of chemical activation also presents disadvantages because some of the 

activating agents are not environmentally and can be corrosive to the equipment used in during 

production of ACs [92]. Again, chemical activation method can be performed by two step 

process where carbonization of the biomass is done first, followed by activation of the carbon 

unlike processes that involve one step where  reaction of carbonization and activation are done 

in the same reactor [93], [94]. Properties of ACs produced from chemical activation are high 

carbon content, high surface area and high level of porosity (see Fig. 2.9) [95].  

 

Fig. 2. 8. Image of ACs from green coconut shell [91]. 

The porosity of the obtained ACs differ with sizes ranging from micropores (< 2 nm), 

mesopores (2-50 nm) and macropores (> 50 nm) [95]. The types of pores depend on the 

activating agent used. For example, ZnCl2 is known to create wide micropores and low 

mesopores wherelse H3PO4 creates mesopores that are large and even macropores [96]. Lastly, 

it has been reported that KOH is known for producing high percentages of micropores to more 

heterogeneous micropores [95]. Mariet et al. [97] reported on the use of lignocellulosic material 

for making ACs using H3PO4 at a temperature above 350 ℃	 and their work demonstrated 

creation of pores example. Again, high surface area ACs from H3PO4 activation on kraft black 
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liquors has been reported by Gonzalez-Serrano et al. [98]. The produced ACs was similar to 

the commercial ones.  Comparative study on ACs produced by H3PO4 and ZnCl2 activation has 

been reported using Hura Crepitans Linn seed shells [99]. Their study demonstrated the 

difference in carbon yield where ACs by ZnCl2 had a lower percentage yield of 31.94% and 

H3PO4 producing a higher percentage yield of 44.90% [99]. However, another claim studied 

showed that KOH and NaOH can produce a high surface area ACs of more than 1000 m2/g 

[100]. This has been followed by a recent study on ACs from rice husk using KOH giving 

about 2342 m2/g while the surface area of 885 m2/g was obtained when activating with NaOH 

[101]. The reason behind this is that the metallic K from KOH is faster as compared to the 

metallic Na from NaOH due to its higher boiling point [102].  

Carbonization is usually done after impregnation. Carbonization is defined as the removal of 

non-carbon species through thermal decomposition [103]. During the process of carbonization, 

charcoal is formed by reducing the volatile content resulting in an increase in carbon 

percentage. Again, deposition of tars is formed when lignocellulosic matter is decomposed 

removing non-carbon atoms such as oxygen, nitrogen and hydrogen. This occurs wherein light 

molecules are decomposed first followed by light aromatics resulting in pore formation. The 

structure of ACs is different from that one of graphite due to a higher interlayer spacing of 0.34 

to 0.35 nm compared to the interlayer spacing of graphite (0.335 nm) [104].  Characterization 

of ACs is partitioned into two classifications, specifically graphitizing and non-graphitizing 

carbons [105]. Graphitizing carbons are soft with weak linkages consisting of parallel graphene 

layers oriented to each other (Fig. 2.10a) while non-graphitizable carbons are hard carbons with 

well-defined microporous structure that has strong cross linkages (Fig. 2.10b).  The non-

graphitizable carbon is formed due to insufficient presence of hydrogen or availability of 

associated oxygen in the raw material [106]. 
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Fig. 2. 9. Structural representation (a) graphitizable carbon and (b) non-graphitizable carbon 

[107]. 

2.3.1.1. Effect of impregnation ratio 

The stability and surface area of ACs are dependent on the impregnation ration. Impregnation 

ratio is the mass difference between the raw material and activating agent [108]. Different types 

of pores are created at different impregnation ratios. The role of impregnation ratio has been 

observed on processing grape using activating agent such as ZnCl2 [109]. This involved varying 

different ratios of the activating agent (ZnCl2) to the raw material from 1:1, 2:1, 4:1, 6:1 and 

8:1 for 60 min at 500 ℃. Results obtained showed that micropores were formed when lower 

impregnation ratios were used and mesopores were formed when higher impregnation ratios 

were used [109]. This can be ascribed to the fact that higher impregnation ratios lead to more 

release of volatile organic matter widening the pores. At the same time, elimination of volatile 

matter happens at lower impregnation ratios while also constraining tars from depositing 

leading to formation of micropores. However, ZnCl2 display disadvantages as it is difficult to 

remove after impregnating. 

Percentage yield of ACs is also affected by impregnation ratio. This can be further supported 

by the work reported by Prahas et al. [20] using H3PO4 as an activating agent. The raw material 

used was jackfruit peel impregnated at different ratios (1:1, 2:1, 3:1 and 4:1) at different 

temperatures of 350, 450 and 650 ℃, respectively. Their findings recorded a lower yield of the 

ACs at higher impregnation rations. The trend was similar at the different temperature used. 

This can be caused by the gasification on carbon material using H3PO4. 

Again, Chaisit et al. [110] reported on KOH impregnation ratios on cassava root from 1:1, 1:3, 

and 1:5. Their findings recorded a higher surface area of over 1000 m2/g at all different 

impregnation ratios at 800 ℃ for 2 h. These different activation agents play a different role in 
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creation of pores. However, in SCs, micropores are needed for charge accumulation and 

mesopores for charge transfer [111]. Hence, in this study Marula husk will be implemented for 

making ACs. Marula husk originates from Marula fruits which are well known fruits used to 

make an international liquor named Amarula (Distell production, SA). 

2.3.1.2. Effect of temperature 

Carbonization temperature affect the pore structure of a material yielding a low content of 

carbon at higher carbonization temperatures [103]. High carbonization temperatures result in a 

decrease of volatile matter content while increasing the ash content and fixed carbon content. 

A study by Yorgun et al. [112] was reported using Paulownia wood as the raw material at 

different carbonization temperatures ranging from 300-600 ℃ using H3PO4 (4:1) as an 

activating agent. It was observed that the BET surface area of the AC increases from 300-400 

℃ while it decreases when further increasing the carbonization temperature from 400-600 ℃. 

This was ascribed to the shrinkage of the material at higher temperature. Siipola and co-workers 

[113] reported on the difference in carbonization temperature of 260 and 475 ℃ using sscots 

pine bark and willow as active raw material. The activating agent used was KOH. The highest 

surface area of 1594 m2/g was attributed for the willow raw material. This confirms that KOH 

is commonly used as activating agent producing large surface areas and highly developed 

microporous structures [87]. 

2.3.1.3.Marula tree 

Sclerocarya birrea subsp. Caffra is a wild fruit that is commonly known as marula in South 

Africa, and it is also called by other names in other parts of Africa. The marula tree is mostly 

found in Africa and the fruits are produced from the female tree (7-17 m in height) in warm 

frost free regions unlike male marula tree that only produces pollen [114]. The tree is found in 

high lying areas and in the wild, the tree can survive up to 150 years producing about 500 kg 

of fruits yearly. The natural habitat of marula tree is in the eastern and southern parts of Africa 

[115], where the southern parts of Africa includes various countries (see Fig. 2.11) [116], [117], 

[118] 
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Fig. 2. 10. Map showing the distribution of marula tree (Sclerocarya birrea subsp. Caffra [118]. 

2.3.1.2. Fruits and husk 

The fruits are round and oval and the diameter of ranges from 3-5 cm when the fruits mature 

(Fig. 2.12a). The fruits consist of a pale yellow color that covers the flesh or pulp (juice content) 

where the brown husk is found inside containing the nuts. The fruit skin is about 20%, the 

brown husk is about 30% and 50% is the juice and fibres. The fresh fruits is a source of Vitamin 

C containing about 400 mg/100 g juice. The marula fruits in South Africa are appreciated by 

local communities for making income. Women in local communities collect these fruits and 

sell them to either Distell/Mirma in Phalaborwa (Amarula Cream Liqueur) [119]. The cash 

income made from selling these Marula fruits is about R35-R40 per 50 kg bag. Some 

households make beer and sell it or use the nuts for making cosmetic oil [119]. The leaves and 

bark from the Marula tree also serve a purpose in medicinal usage for treating dysentery, 

diarrhoea and malaria [120]. Marula fruits in SA are seasonal, fruits starts to grow around mid 

December-mid January. Around the rainy seasons in February-March, the fruits starts to fall 

from the tree to the ground and start ripening on the ground to a yellow color. The fruits are 

mostly collected by locals and can be eaten raw (Fig. 2.12a), like small mangos or can be used 

to make juice, jams (Fig. 2.13b) or be fermented to make traditional beer or liqueur (see Figure 

2.14c [121]. The husk from the fruits can be dried and nuts produced from the husk can be 

eaten raw or fried. 
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Fig. 2. 11. Figure showing (a) marula fruits, (b) jam, (c) traditional beer and (d) Amarula 

liquour made from marula fruits [121]. 

Marula fruits contains a variety of minerals occurring naturally mainly due to a specific 

geographical area. Elements such as calcium, potassium, magnesium, phosphorous are 

abundant minerals found in large amounts. The husks/stones/shells coverings the fruits are 

often used to start a fire hence they are deemed as a good source of fuel [11].  

2.3.1.2 Nitrogen doping of activated carbons 

ACs has a range of sizes from micro to macro from physical or chemical synthesis. However, 

their specific capacitance is low despite the high surface area that is obtained from synthesis of 

up to 3000 m2/g [11,23]. The development of ACs materials thus requires new activation or 

preparation techniques that offer a limited pore size distribution and adjustable pore structure. 

Along with structure tuning, surface functionality also aids in enhancing AC materials' 

performance. Recently, it was discovered that nitrogen doping effectively increased the specific 

capacitance of AC materials [23,69,70,122]. Nitrogen is suitable among other dopants to 

replace carbon atoms in a structure because the atomic size and mass are similar [123]. By 

associating with the four electrons of carbon and one electron that is free to roam around, 

nitrogen, which has five valence electrons, can operate as an electron donor. This mechanism 

alters the Fermi level, resulting in an increase in conductivity [124]. Hence, in this study, ACs 

was doped with nitrogen to enhance its electrical conductivity. 
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2.3.2. Manganese fluorophosphate (Mn2PO4F) 

Open framework materials are of growing interest in research due to their numerous 

applications in energy storage, catalysis, gas storage etc. [125,126]. Hurlbut's 1936 [127] 

research on triplite was the first to suggest that it was made up of an isomorphous series of two 

elements that formed a bivariant series of metals, Fe2+ and Mn2+, containing a large amount of 

Mg and a small amount of Ca. Variations in Fe and Mg were found to have an impact on optical 

properties, while Mn variation had little of an impact. 

In 1969, Waldrop et al. [128] showed that MFP is isostructural with the mineral except that 

there is no disorder in the fluorine site as in triplite. He went on to prove that edge sharing links 

the Mn(2) and Mn(1) octahedra together to create zigzag chains that are perpendicular to the b 

axis. Edge sharing also links the Mn(2) and Mn(1) chains together to create chains that are 

parallel to the b axis and that only their corners are shared by other polyhedral and the 

phosphate tetrahedra. 

Again, Mn2PO4F was reported by Rea et al. in 1972 [129]. Fig. 2.13 show the fluorine 

environment in Mn2PO4F (MFP).  

The manganese atoms lie at the center of highly distorted octahedra. Four oxygen atoms at an 

average distance of 2.158 Å and two fluorine atoms at 2.113 and 2.534 Å coordinate Mn (1). 

Four oxygen atoms at an average distance of 2.145 Å and two fluorine atoms at 2.135 and 

2.372 Å serve as the coordinates for Mn(2). In both instances, the fluorine atoms are cis. 

 

Fig. 2. 12. Schematic representation of Mn2(PO4)F  showing fluorine environment [129]. 
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Nzimande et al.[22] also reported on Mn2PO4F for use in rechargeable batteries. MFP in his 

study showed open framework that allow for diffusion of electrolyte ion. The material was 

added with ceria oxide and carbon which gave energy density of  195 mAh/g. Hence, in this 

study, MFP was used as a cathode material for asymmetric SCs. The electrochemical kinetics 

of the material was improved by potassium and lithium intercalation. Again, ceria oxide was 

used to improve the electrochemical properties of MFP. 

2.3.2.1.Potassium and lithium intercalation 

The synergy behind alkali intercalation was to increase the d-spacing of MFP in order to allow 

more diffusion of electrolyte ions faster thus improving the capacitance of MFP. Stabilizing 

cations (such as Ag+, K+, Li+, Ba2+, and Mg2+, etc.) are introduced by pre- or post-synthesis to 

maintain charge neutrality and structural integrity [21]. These cation improves the stability of 

materials by mitigating the migration of Manganese into the tunnel which can cause irreversible 

phase transformation. In the tunnel cavity, the cations and water molecules reside. The 

thermodynamic stability of tunnelled MnO2 cathodes is said to be improved by increasing the 

concentration of stabilizing cations (such as K+) in the tunnels, according to previous 

experimental research [21,130]. The addition of potassium to FeSO4F, according to Tarascon's 

group [131], stabilizes the new structure since it has a bigger ionic radius and somewhat altered 

crystal chemistry.  

When lithium was inserted into silicon, McDowell et al. [132] found a 300% increase in 

volume expansion. This led to amorphization, which creates an ideal environment for Li ions 

to be hosted in the electrode. Na intercalation into FePO4 was the subject of another 

investigation by Xiang et al.  [133]which led to a 17% volume expansion with high 

transformation strains. Thus, K+ or Li+ intercalation into triplite material may lead to high 

capacitance because framework hydration makes the electrolyte more accessible and faster ion 

diffusion.  

2.3.2.2.Ceria oxide coating  

Ceria oxide (CeO2) is among one of the most rare earth oxide because of its abundance and is 

extensively usage in several fields [134,135]. Recent studies on relative abundance of CeO2 

indicate that the crust of the planet has nearly as many cerium sources as copper sources. 

Cerium is currently one of the rare earth metals that is most readily available. Advantages of 

using CeO2 for coating of MFP includes (i) a high earth abundance worldwide and (ii) a 

promising redox behavior/transition between Ce3+ and Ce4+. CeO2 is a possibility for the SCs 
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application due to its fluorite-structure's oxygen mobility, high oxide ion conductivity, and eco-

friendliness [136,137]. It has the ability to lose an additional 4f electron to form the 4f empty 

state, which would result in stable Ce4+ in addition to losing one 5d and two 6s electrons to 

make stable Ce3+ like other lanthanide metals. CeO2, an exceptional redox compound with 

potential application in SCs, is ensured by its ability to switch between Ce3+ and Ce4+ [75]. 

Besides the good properties of CeO2, it suffers from poor conductivity and structure stability. 

The lattice of CeO2 expand when oxidation state changes from 4+ to 3+ [75]. As a result, it 

cannot serve as the only electrode material. Thus, in this study, it will be used for coating on 

MFP material. 
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CHAPTER 3: Biomass valorisation of marula nutshell 

waste into nitrogen doped activated carbon for use in high 

performance supercapacitor. 
3.1. Introduction 

The sustainability of human development through the generation of energy by ‘green’ 

methodologies is a tremendous challenge and requires the development of efficient, safe, and 

high-performance energy storage devices [1–3]. Hence, much research has been undertaken to 

develop supercapacitors (SCs) for high powered energy storage as one solution to solve this 

problem [4, 5]. Electric double layer capacitors (EDLCs) store charge by a simple ion-

adsorption process (non-faradic) at an electrode/electrolyte interface [6, 7]. EDLCs have been 

shown to have fast charging-discharging rates and a long life cycle which makes them useful 

as high powered devices [8, 9]. The efficiency of SCs as electrochemical cells depend on the 

type of electrode materials used. One material that has been extensively studied as an electrode 

in SCs is activated carbons (ACs) because of its low cost, high specific surface area (SSA) and 

high thermal stability [10, 11]. Precursors for making ACs and their optimum synthesis 

conditions require careful selection in order to achieve desirable properties. Precursors for 

making ACs commercially are derived from fossil fuels such as coal, polymers, and pitch 

which can be expensive and/or ecologically unfriendly. Therefore, there is a need to determine 

whether the synthesis of ACs from renewable waste carbon containing sources that are cheap 

is possible. The ACs produced will need to compete with ACs produced from waste (i.e. 

pomelo peel [12], hazel nutshell [13] etc.) in terms of physical properties, reproducibility and 

cost. Here we report on the use of a local waste, marula nutshells which is found in abundance 

in South Africa for use as an electrode material making nitrogen doped activated carbons by 

KOH and melamine (for the first time) in SCs.  

South Africa is one of the largest producers of marula fruits, and these fruits are used for 

producing the international branded Amarula liquour (Distell production, South Africa) [14]. 

Sclerocarya birrea (marula) produces the fruits in warm frost-free climates, as found in the 

Northern parts of South Africa. The tree can produce 500 kg of ripe fruits per year with a 

delightfully juicy acid taste.  The fruit contains nut that is removed from the fruit and this 

marula nutshell generates a waste that is pale brown in colour and has an oval shape [15]. 
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Marula nutshell has been reported to have a carbon content of ~38.2%, a moisture content of 

~5.5% and an ash content of ~8.4 % [16]. The low ash content present in the biomass has been 

reported to have good properties for making good adsorbent ACs with good mechanical 

strength [16]. 

 Studies of ACs as electrode materials for SCs have shown some limitations. For example, the 

type of biomass and different precursors used during synthesis can impact on its properties 

[17]. ACs can be synthesized from different methods such as physical/chemical activation and 

microwave irradiation [18, 19]. Microwave irradiations are used to heat dielectric materials 

[20]. Physical activation normally involves pyrolysis at higher temperature (> 500 ℃) 

followed by activation at higher temperatures (700-1000 ℃) using activating agents such as 

air, CO2 and steam [21] . Chemical activation involves treatment of the biomass with an 

activating agent followed by pyrolysis leading to efficient porosity of the material [22, 23].  

Regardless of the method, the improvement of the energy efficiency of the ACs is very 

important due to the low conductivity of the carbon materials resulting from degree of carbon 

graphitization. This low conductivity produces a limited amount of energy storage due to the 

restriction of fast charging-discharging rates [24]. Heteroatom species such as nitrogen, boron, 

sulphur etc. can be introduced into the carbon matrix to overcome the low conductivity 

associated with the ACs [25, 26]. In particular, the introduction of nitrogen on, or into, the 

carbon matrix improves the capacitance due to the enhanced wettability of the material, thus 

improving the electric contact between the electrode and electrolyte [27, 28]. Nitrogen-doped 

carbons can be synthesized by in-situ or ex-situ thermal processes using nitrogen containing 

species such as ammonia gas (NH3), melamine, urea, acetonitrile etc. [29, 30]. In-situ nitrogen 

doping involves a one or two pot synthesis. In the one pot synthesis of the biomass, an 

activating agent and a nitrogen source are mixed together and then carbonized. In the two pot 

synthesis direct pyrolysis of the material in the presence of a nitrogen containing species 

followed by activation at high temperatures is used [31, 32].  

For example, Ahmed et al. [31] reported on the in-situ nitrogen doping of orange peel as a 

biomass at 700 ℃, using melamine as a nitrogen source and KOH as an activating agent. The 

nitrogen content decreased as the KOH concentration increased with a highest capacitance of 

168 F/g exhibited at 10 mV s-1 with an energy density of 5.79 Wh kg-1 in 6 M KOH electrolyte. 

Zhou et al. [33] reported on the formation of nitrogen doped porous carbons using 

ethylenediamine as a nitrogen source and carbon tetrachloride as a carbon source by KOH 
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activation. The nitrogen doped porous carbon showed a decrease of the nitrogen content from 

10.8% to 1.1% as the KOH concentration increased.  In another study by Mo et al. [34], 

watermelon rind that contained nitrogen (~2.8%) was used to make ACs. After KOH 

impregnation, the surface area increased to 2277 m2 g-1 but the nitrogen content decreased to 

1.51% and the carbon electrode had a capacitance of 270 F g-1 in 6 M KOH electrolyte. The 

above studies revealed that the surface area and the nitrogen content are two complementary 

features that influence the SCs properties and that the use of elevated temperatures and 

increased KOH concentrations decrease the nitrogen content. An alternative method to produce 

ACs with a high surface area, and with moderate to high nitrogen-content, is by using ex-situ 

nitrogen doping i.e. the two-pot synthesis approach. Thus, in this study we have made nitrogen-

doped ACs from the carbons produced from the marula nutshells that have a moderate nitrogen 

content and high surface area via the ex-situ two pot doping method. 

Energy storage in SCs is not only dependent on active surface area and conductivity, but also 

the properties of the electrolyte [35].  Another way of increasing the energy density of a SC is 

by using organic or ionic electrolytes that operate over a wide voltage range [36, 37]. However, 

it must be kept in mind that organic or ionic liquids suffer from poor conductivity compared to 

aqueous electrolytes although they have wide operating voltage and high viscosity creating 

hindrance charge accumulation of electrolyte ions [37]. Hence, aqueous electrolytes can be 

used because of the high conductivity.  

Within this context, the objective of the study is to evaluate marula nutshell as a precursor 

electrode material for producing ACs under different impregnation ratios of the biomass and 

KOH. Marula fruits, besides being the main products for producing Amarula liqueur, the 

material produces marula nutshell which possess adequate characteristics for the production of 

activated carbon. In the literature, there are no published studies on obtaining nitrogen doped 

ACs from marula nutshell by KOH activation and melamine as a nitrogen precursor. To this 

purpose, using KOH as an activating agent and the effect of nitrogen has been investigated. 

Samples of the activated and nitrogen doped were subjected to electrochemical examination 

using a three-electrode system in 6 M KOH and 2.5 KNO3 electrolyte. Due to the wider 

potential window of KNO3 [38], the materials were further evaluated in a two electrode system. 

Neutral electrolytes are used because of their cost effectiveness, corrosion resistance, and 

electrochemical stability. They also make the EDLCs assembly a simple process [39]. Also, 

2.5 M KNO3 affirmed the possibility of expanding the potential range of the electrolyte to a 

wide range leading to an efficient capacitor. 
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3.2. Experimental section 

3.2.1. Materials 

Marula nut waste used in the experiment were collected from nuts found in the Limpopo 

province, Modimolle (South Africa). The N-ACs were synthesized using nitrogen (N2; 99.9% 

Afrox), potassium hydroxide (KOH; Sigma Aldrich) and melamine (Sigma Aldrich). 

Microfiber filter paper (ACE chemicals) were used as an electrode separator with 0.18 mm 

thickness. All other reagents were used without further purification. 

3.2.2. Synthesis of activated carbon 

Fig. 3.1 shows a schematic representation of the synthesis of the ACs. Marula nuts waste 

(MNW) was washed with acetone and water to remove dirt and then pulverized into powder. 

The powdered material was sieved to have a size < 150 µm. About 10.0 g of the sieved material 

was treated hydrothermally in air in 3% H2SO4 using a heating rate of 5 ℃/min to achieve the 

required temperature (160 ℃, 12 h). This pre-treated material was then washed with distilled 

water until a neutral pH was achieved. The material was labelled pre-treated marula nuts waste 

(PMNW) [40]. About 4.0 g of the PMNW was added to KOH using different mass ratios 

(PMNW:KOH =1:0.5, 1:1, 1:2, 1:3) in 50 mL distilled water. The mixtures were stirred for 24 

h at room temperature and oven dried overnight at 80 ℃. About 3.0 g of the dried mixture was 

placed in a quartz boat in a furnace for 2 h at 800 ℃ (heating rate used: 5 ℃/min) under a flow 

of nitrogen (250 ml/min). The resulting material was washed with 1.0 M HCl, followed by 

distilled water until neutral pH [41] (see Fig. 3.1). The PMNW samples were labelled activated 

marula nuts waste (AMNW-0.5, AMNW-1, AMNW-2, AMNW-3) respectively for the 

samples made using the different KOH mass ratios (PMNW:KOH =1:0.5, 1:1, 1:2, 1:3).  

The final weight percentage of the activated materials was calculated using equation 3.1.  

%yield=)(

))
	× 100%                                                                                                                (3.1) 

where mi is the initial mass before carbonization and activation, mf is the final mass after the 

KOH synthesis step (Table S3.1). 

3.2.3 Ex-situ nitrogen doping 

Ex-situ nitrogen doping was achieved by mixing AMNW-2 with melamine (1 (AMNW-2):3 

(melamine) in 20 mL distilled water (Fig. 3.1). The mixture was stirred for 2 h at room 

temperature and dried in an oven at 80 ℃ overight. The dried mixture was placed in a quartz 
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boat in a furnace for 2 h at 800 ℃ (heating rate: 5 ℃/min) under a flow of nitrogen (250 

ml/min). The material was washed with distilled water. The resulting materials was labelled 

ex-situ nitrogen doped activated carbons (N-ACs) [42].  

 

Fig. 3. 1. A schematic depicting the synthetic route to make the activated carbons and 

nitrogen doped activated carbons. 

Table 3. 1. Abbreviations and compositions of activated carbons produced from marula nuts 

waste. 

Abbreviation PMNW:KOH (wt %) 

AMNW-0.5 

AMNW-1 

AMNW-2 

AMNW-3 

PMNW 

MNW 

N-ACs 

1:0.5 

1:1 

1:2 

1:3 

Hydrothermal treatment, no aivation 

No hydrothermal treatment, no activation 

AMNW-2:melamine (1:3) 

 

3.2.5 Electrochemical characterization 

The working electrode was fabricated by mixing the activated materials (80%) with carbon 

black (CB, 10 %) and polyvinylidene (PVDF, 10%) in a few drops of methylpyrrolidone 
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(NMP) [43]. The slurry was sonicated for 30 minutes, pasted on carbon paper and dried in a 

vacuum oven at 60 ℃ for 12 h. The coated carbon papers were used as working electrodes in 

the two- and three-electrode systems. The three-electrode system (half-cell) in 6 M KOH and 

2.5 M KNO3 was constructed using nickel foam as a counter electrode and  saturated calomel 

electrode as a reference electrode in a T-type Swagelok cell. The two-electrode (full-cell) 

system was assembled using a T-type Swagelok cell with a microfiber filter paper between the 

electrodes that was soaked in a 2.5 KNO3 electrolyte. The total mass per unit area of active 

material was around ~1.1 cm2/mg. All the electrochemical analyses were tested by using cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), and impedance spectroscopy (EIS) 

procedures using a SP300 potentiostat.  

The specific capacitance (Csp), energy density (Es), power density (Ps) were calculated from 

the discharge time obtained from GCD curves using equation 3.2-3.7 [44–48]. 

Equation 3.2 was used to calculate capacitance (F): 

                                                                            C = 1×∆4
∆"

                                                    (3.2) 

Where the discharge current is given by I/A, ∆𝑡/𝑠	is the discharge time, ∆𝑣/𝑉 is the potential 

difference. 

Equation 3.3 was used to calculate the specific capacitance, Cs/F g-1 of the three electrode/half-

cell: 

                                                                   Csp = 5
)

                                                                   (3.3) 

Where m(g) is the mass of the active electrode material. 

The Cs/F g-1 for a full-cell/symmetric two electrode system, where the counter and working 

electrode are the same active material has been calculated using equation 3.4: 

                                                                        Csp = 4	 5
)

                                                      (3.4) 

Where m/g is the total active electrode mass. 

Energy density (Es) ’s basic expression in equation 3.5 is in the unit J g-1. 

                                                         Es = '
(
 × 𝐶.6(∆𝑉)(                                                        (3.5) 
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Where Csp/ F g-1 is the specific capacitance and DV/V is the potential window. To convert J g-

1 to unit Wh g-1, equation 3.5 is divided by a factor of 3600.  To convert to Wh kg-1, the units 

are multiplied by a 1000 to give equation 3.6. Hence, Es/Wh kg-1 is given by equation 3.6 and 

Ps/W kg-1 is calculated from equation 3.7. 

                                 Es='
(
 × 𝐶.6(∆𝑉)(  =5×(∆")

"

()
× '999

:;99
                                                    (3.6) 

Where C is capacitance, DV/V is the cell potential and m/kg is the mass of both active 

electrodes.  

Power density (Ps) was calculated from equation 3.7:   

                                              Ps=3600 <*∆4                                                                           (3.7) 

3.3. Characterization techniques 

The morphology of the synthesized materials were characterized by using scanning electron 

microscopy (SEM) measurements (LEO, Zeiss SEM). The defects present in the material were 

established by Raman spectroscopy (micro-Raman mode; Jobin-Yvon T64000, λ = 532 nm) at 

a focal plane of 1.5 µm. The surface area of the materials were determined using the Brunauer-

Emmett-Teller (BET) procedure (Micrometrics Tristar 300 analyser). Thermal gravimetric 

analysis (TGA, Perkin Elmer 6000) was used to measure the stability of the materials. X-ray 

photoelectron spectroscopy (XPS) data was collected using a Physical Electronics Quantum 

2000 instrument at 1486.7 eV using monochromatic a Al Kα source.  

3.4 Results and discussion 

3.4.1 Influence of PMNW:KOH ratio 

The nut waste after acid treatment was treated with KOH. Different PMNW:KOH ratios were 

used (1:0.5, 1:1, 1:2, 1:3) based on earlier studies on similar carbons [49]. After the 

impregnation studies with KOH, the samples were heated at 800 ℃ for 2 h to obtain the desired 

material. As expected, carbon was lost under these conditions (Fig. S3.1). This mass loss is due 

to the reaction of KOH with the carbon (equation 3.8 and 3.9) [50], [51] 

6KOH+ 2C ↔ 2K + 3H2 + 2K2CO3                                                                                          (3.8) 

 K2CO3 + 2C → 2K + 3CO                                                                                                      (3.9) 



 

54 
 

The reaction between carbon and KOH showed that when the impregnation ratio increased 

from 1:0.5 to 1:3, the % yield of carbon decreased (Fig. S3.1). This is in accordance with work 

reported by Marsh et al. [50] that the reaction between carbon and KOH lead to gasification of 

volatile matter from the carbon. Reaction between carbon and KOH follows equations 3.8 and 

3.9.  

3.4.2 Morphology and surface area analysis 

SEM images of the marula nuts before and after activation are shown in Fig. 3.2. The MNW 

sample (Fig. 3.2a) shows agglomerated nanoparticles with a smooth surface. After pre-

treatment with 3% H2SO4 (Fig. 3.2b), the PMNW showed a morphology change compared to 

the MNW, and the production of a material with a rough surface. The pre-treatment was used 

to break down the lignin in the marula nuts and to allow access to the cellulose, and this reaction 

led to an increase in the surface area (Table S3.2) [52]. After activation of the four AMNM 

samples, SEM images showed that they all now contained irregular holes (AMNW-2 (Fig. 

3.2c), AMNW-0.5 (Fig. S3.2a), AMNW-1 (Fig. S3.2b) and AMNW-3 (Fig. S3.2c). Such holes 

aid with the diffusion of the electrolyte ions during charge storage.   
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Fig. 3. 2. SEM images of (a) MNW, (b) PMNW, (c) AMNW-2, (d) high, (e) low magnification 

of N-ACs and the corresponding EDS mapping of for the different elements: (f) C-K, (g) N-K, 

(h) O-K and (i) Ca-K. 

The textural properties of the activated carbons were determined and the N2 adsorption-

desorption data are shown in Fig. 3.3a and b. The adsorption-desorption isotherm of the 

activated materials all displayed a Type IV isotherm (Fig. 3.3a) according to the IUPAC 

classification with a H4 hysteresis loop [53], [54]. The hysteresis loop was observed between 

the adsorption and desorption branches and indicates the presence of mesopores.  A Type 1 

isotherm was observed for MNW and PMNW (Fig. S3.3).  

The surface area of the original material was close to zero m2/g and after pre-treatment 

(PMNW), this increased to 31 m2/g (Table S3.2). After activation, the surface area increased 

to between 1111 m2/g and 1353 m2/g.  While treatment of the PMNW with KOH, with the 1:1 

AMNW:KOH ratio (AMNW-1), gave the ACs with the largest surface area, increasing the 

KOH ratio further did not increase the surface area. This indicates that as the impregnation 

ratio increased from 1 to 3 the excess KOH led to destruction of the carbon structure rather 
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than creation of a more porous material.  This is consistent with the decrease in total pore 

volume but minimal change in the micropore volume with variation of the KOH ratio (Table 

S3.2; Fig. 3.3b) [54].   

 

Fig. 3. 3. (a) N2 adsorption-desorption isotherm and (b) pore size distribution curves. 

3.4.3 Raman and TGA analysis  

The Raman spectra of the materials are shown in Fig. 3.4a. The Raman spectra were used to 

evaluate the combined effect of activation and carbonization of the carbons. The Raman shift 

of all the materials showed the presence of a D-band (~1349 cm-1) (called D1 in the analysis; 

see below) and a G-band (~1598-1600 cm-1) [55] (Table S3.3). The presence of the D-band is 

due to defects in the material and the G-band is a feature of the sp2 graphitic materials [56]. 

The deconvoluted spectra of the activated materials also showed the presence of a further 

vibration (D3; Fig. S3.4). The D3 band result from  amorphous carbon and disordered graphitic 

lattice. The D3 band is more visible in AMNW-2 and AMNW-3 due to higher concentration 

of KOH that led to destruction of the carbon. A measure of the disorder in the materials is given 

by the D1/G band intensity ratios. As can be seen (Table S3.3), the disorder increased with the 

KOH:carbon ratio viz. 2.9 (AMNW-0.5) < 3.9 (AMNW-1) < 4.3 (AMNW-2) < 4.5 (AMNW-

3). 

Fig. 3.4c,d shows the TGA and TGA-derivative curves of the pristine, pretreated, and activated 

marula nuts. MNW (Fig. 3.4d) showed three weight losses at 52 ℃ [57], due to loss of 

moisture, at 295 ℃, due to polymer (cellulose and hemicellulose) degradation [58]  and at 356 

℃ due to lignin loss [58]. The remaining mass of MNW was 11% (Fig. 3.4c) showing the 

presence of inorganic compounds in the material. The PMNW showed a weight loss at ~63 ℃ 
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due to the loss of moisture and two other degradation events at 337 and 471 ℃ due to the 

breakdown of lignin and removal of most of the inorganic material ca. 1% residue). 

 

Fig. 3. 4. (a) Raman spectra, (b) Deconvoluted Raman spectra of N-ACs, (c) TGA and (d) 

TGA-derivatives of activated carbons. 

Activation with KOH resulted in removal of carbons that gave rise to the peak at ca. 400 oC 

and a shift (and broadening) of the major peak from 620 oC to ca. 550 oC with increasing 

KOH:carbon ratio. This is consistent with the formation of a more porous material with 

activation.  [59]. The small peaks at 351 ℃ (AMNW-1) and 358 ℃ (AMNW-2 and AMNW-

3) are due to the presence and degradation of lignin. The materials all showed small amounts 

(1 -5 %) of residue which can be due to the ash content present in the materials.  

3.4.4 Effect of nitrogen-doping on activated carbons 

Nitrogen doping was only performed on the AMNW-2 as (i) it showed slightly high number of 

micropores area that facilitates charge storage and (ii) defects which can improve electron 

transport. 
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SEM images of the N-ACs is shown in Fig. 3.2d,e. The SEM image still clearly shows the 

presence of the irregular holes seen in the SEM image of AMNW-2. Energy dispersive 

spectroscopy (EDS) mapping was applied to investigate the elements present in the N-ACs. 

This also showed that the nitrogen was evenly dispersed across the carbon (Fig. 3.2g).  

The surface area of AMNW-2 increased from 1266 to 1427 m2 g-1 on N doping (Fig. 3.3a and 

Table S3.2). This surface area increase suggests that the melamine decomposition, that covers 

the surface with C and N atoms and does not cover the holes that were formed due to the KOH 

reaction with carbon [60].  

The Raman spectra was recorded and the peaks deconvoluted using a Lorentzian function in 

order to calculate the intensity ratio of the D-band to the G-band (Fig. 3.4b). Upon introducing 

nitrogen to AMNW-2, the G-band shifted to a higher wavenumber (Table S3.3) and the D1/G 

ratio decreased from 4.3 to 3.5. This observation suggests that even though the addition of N 

will produce a less graphitized carbon surface, the added annealing at the high temperature is 

a more important factor in determining the surface structure. The decrease of the                                                                                                                                                                                                                                                                                                            

D1/G ratio is also influenced by the increase in the number of carbon atoms introduced from 

melamine resulting in the further graphitization of the material [60]. 

TGA was performed on the N-ACs sample. N-ACs was more thermally stable than AMNW-2 

with a carbon decomposition temperature at 630 ℃ (Fig. 3.4d) as compared to a temperature 

of 589℃ for the AMNW-2 material. The high stability of N-ACs might be due to the increase 

of carbon content from melamine decomposition (Fig. 3.4c).  

3.4.5 XPS analysis 

The survey XPS scan of N-ACs and AMNW-2 (Fig.3.5a) showed the presence of C1s, N1s 

and O1s at ca. 284 eV, 399 eV and 532 eV [61]. The presence of N in AMNW-2 indicates that 

marula nuts waste naturally contains a small amount of nitrogen (0.9%) (Table 3.2). After 

nitrogen doping of AMNW-2, the nitrogen content of the N-ACs was found to be 5.1 % (Table 

3.2).  

Table 3. 2. XPS atom % of AMNW-2 and N-ACs. 

Type of material XPS atom % 

C O N 

AMNW-2 78.3 16.8 0.9 
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N-ACs 84.9 7.9 5.1 

 

The C1s peak for AMNW-2 was deconvoluted, resulting in the detection of five different C 

atom types (Fig. 3.5b).  The signals comprise of sp2 C-C (284.2 eV), sp3 C-C (285.8 eV), C-O 

(288.2 eV), C=O (289.8 eV) and O-C=O (292.4 eV) [62, 63]. The O1s peak seen in the survey 

scan was also deconvoluted and is shown in Fig. 3.5c with metal oxides at 531.2 eV, O-C-O 

(533.1 eV) and O-C=O (534.1 eV) [64, 65] The N1s peak deconvolution was done, and it 

showed three peaks which are attributed to pyridinic-N (398.8 eV), pyrrolic-N (399.8 eV) and 

graphitic-N (402.2 eV) (Fig. 3.5d) [66].  

The C1s peak for N-ACs was deconvoluted (Fig. 3.5e) and it showed five carbon signals for 

sp2 C-C/sp2 C-N (284.2 eV), sp3 C-C/sp3 C-N (285.2 eV), C-O (286.8 eV), C=O (289.2 eV) 

and O-C=O/N-C=O (291.7 eV) [62]. The C1s peak for N-ACs showed a decrease of atomic % 

of C-C sp2 (31.4%) and C-C sp3 (18.9%) as compared to C-C sp2 (52.7%) and C-C sp3 (26.4%) 

for AMNW-2 (Table S3.4). This can be attributed to the formation of C-N bonds that are 

formed when nitrogen is introduced to the activated material. This shows that the 

decomposition of melamine generates more C-N bonds. 

The deconvolution of O1s was also done and it comprises of two signals (Fig. 3.5f) at 531.2 

eV and 533.0 eV for O-C-O and O-C=O [64, 67]As seen from Table S3.4, the atomic % of O-

C=O oxygen decreased after nitrogen doping. This is due to the removal of oxygen on the 

surface after reaction with the melamine, to form nitrogen containing surface species. The 

deconvolution of the N-ACs N1s peak gave rise to five signals (Fig. 3.5g) [68]. The five signals 

comprises of pyridinic-N at 398.1 eV, pyrrolic-N at 399.6 eV, graphitic-N at 401.4 eV, 

oxygenated-N at 403.4 eV and chemisorbed-N at 405.8 eV [69, 70]. As seen from Table S3.4, 

there are mainly pyridinic and pyrrolic species which are chemically active nitrogen bonding 

configurations enhancing the conductivity of the material, which is essential for improving 

capacitance. These results are in good agreement with the data reported by Guan et al. for 

nitrogen doping of activated carbon from pine nut shell using melamine as nitrogen source 

[71]. 
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Fig. 3. 5. (a) Survey scans of AMNW-2 and N-ACs, (b) C1s, (c) O1s and (d) N1s deconvoluted 

spectrum of AMNW-2, (e) C1s, (f) O1s and (g) N 1s deconvoluted spectrum of N-ACs. 
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3.4.6 Electrochemical analysis  

The electrochemical properties of the ACs were analysed in a three-electrode system using 6 

M and 2.5 KNO3 electrolyte in a potential range (E vs SCE/V) of -0.8-0.0 V as shown in Fig. 

3.6. Fig. 3.6a,c shows the cyclic voltammograms (CV) of the materials at 30 mV s-1 in 6 M 

KOH (Fig. 3.6a) and 2.5 KNO3 (Fig. 3.6c). All the CV curves have a rectangular shape 

demonstrating an electric double layer capacitance [72]. AMNW-2 showed a higher current 

response than the other ACs in both 6 M KOH and 2.5 M KNO3. This was not directly related 

to surface area since AMNW-1 had the highest surface area (1353 m2 g-1). This is not 

unexpected since the surface area is not directly proportional to capacitance as capacitance 

depends on other factors such as conductivity, porosity and the type of electrolyte used [73]. 

AMNW-2 had the highest micropore volume and this could have been the important property 

that determined the current response that serve as charge storage as compared to mesopores 

which facilitates charge movement [74].  

 Fig. 3.6b, d shows the charge-discharge curves for activated carbons materials at 1 A g-1 and 

this figure displays a triangular shape which is characteristic of an ideal capacitor [75]. 

AMNW-2 displayed a higher discharge time than the other undoped activated carbons in both 

6 M KOH and 2.5 M KNO3. 

Upon doping AMNW-2 with nitrogen, the current response improved in both 6 M and 2.5 

KNO3 due to an improved conductivity (see EIS data below). Comparing N-ACs in both 6 M 

KOH and 2.5 M KNO3, the N-ACs had a high current response (Fig. 3.6a), a long discharge 

time (Fig. 3.6b), and a high specific capacitance (Fig. 3.6e) in 6 M KOH than in 2.5 M KNO3.  

N-ACs performed better in 6 M KOH than in 2.5 KNO3.  

The calculated capacitance of all the materials are listed in Table S3.5. Table S3.5 shows that 

increasing current densities leads to limited amount of charge stored hence the decrease in 

capacitance (Fig. 3.6e,f). 

The high capacitance of the materials in 6 M KOH than in 2.5 M KNO3 is attributed to the high 

ionic conductivity of the KOH electrolyte. According to previous studies [76, 77], the excellent 

electrochemical performance of carbon materials in 6 M KOH can be due to ionic mobility, 

conductivity, and electrolyte pH. Table 3.3 summarizes the parameters of the electrolytes 

showing that KOH have higher conductivity and high ionic mobility hence the higher 

capacitances. Again, the high amount of charge stored in N-ACs can be attributed to an 
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improved conductivity [78]. Wang et al. [79] also reported an increase in capacitance due to 

the influence of nitrogen on activated carbons, implying that nitrogen doping improved the 

conductivity of the material.  

 

Fig. 3. 6. (a) CV, (b) GCD, (e) Csp VS current density in 6 M KOH, (c) CV, (d) GCD , (e) and 

(f) Csp VS current density in 2.5 M KNO3 of ACs and N-ACs. 
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Table 3. 3. Summary of the sizes of ions [80]. 

Type of ion Size of bare 

ion/Å 

Size of hydrated 

ion/Å 

Ionic 

conductivity/Scm2 

mol-1 

K+ 1.15 3.31 73.5 

OH- 1.76 3.00 198 

NO3- 2.64 3.35 71.42 

 

The high conductivity (198 Scm2 mol-1) and smaller hydrated size (3.00 Å) of OH- ions 

compared to NO3- ions explains why KOH has a higher ion mobility and conductivity than 

NO3- [80]. Hence, the high capacitance values of the materials when using KOH electrolyte.  

However, operating the cell in a wider voltage in 6 M KOH is limited due to the water 

decomposition at 1.23 V [78]. When compared to alkaline electrolytes (i.e. KOH), neutral 

electrolytes (i.e. KNO3) can be operated at a high voltage (~2 V) because the H- and OH- 

concentrations are lower, resulting in a potential shift of the hydrogen and oxygen evolution to 

a wider stable potential window, that increases the amount of energy stored. For example, 

Sheng et al. reported on the use of a 1 M Na2SO4 neutral electrolyte with an operating voltage 

up to 1.6 V giving an energy density of 25.7 Wh kg-1 [78]. Neutral electrolytes have been 

reported to have a higher voltage window and to be less corrosive than alkaline electrolytes 

[81]. As a result, carbon-based materials in symmetric devices using neutral electrolytes have 

been considered as a possible way to achieve higher energy density while reducing the impact 

of corrosive effects on the device. Hence, in this study, a symmetric device was assembled and 

operated at a wider potential using 2.5 M KNO3 to enhance the energy density. 

Due to the wide potential window of the neutral electrolyte, N-ACs was run at different cell 

potential from 1.5-2.0 V as shown from CV curves (Fig.3.7a) and GCD curves (Fig. 3.7b) in 

2.5 M KNO3 electrolyte.  Both CV and GCD curves show that the cell potential becomes stable 

up to 1.8 V and further increasing the potential up to 2 V changes the CV and GCD shape due 

to the polarization of the material as the electrolyte decomposes at high potential range (> 1.8 

V). Hence, the material was further run at different scan rates and current densities at a cell 
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potential of 1.8 V. The cell potential of neutral electrolytes can reach up to 1.8 V due to the 

low concentrations of H+ and OH-, given that increased oxygen and dihydrogen evolution 

increases the electrolyte stability window [82]. The wider stability window of neutral 

electrolytes can be explained by the high overpotential as effects of ion hydration fundamentals 

processes [83–85]. This is due to the fact that neutral electrolytes lack free H+ and OH- resulting 

in high overpotential on both hydrogen evolution reaction (HER) and oxygen evolution 

reaction (OER). This notion was used by Hong et al. by comparing linear weep voltammetry 

of 1 M HCl, KOH, and KCl, where the water electrolysis happening in KCl had similar onset 

potentials as the OER in HCl to HER in KOH solutions [84].

 

Fig. 3. 7. (a) CV tests of N-ACs at different cell potential  (b) GCD curves of N-ACs at different 

cell potential,  (c) CV curves comparison of AMNW-2 and N-ACs at 30 mV s-1,  (d) CV curves 

ACs at different scan rates, (e) GCD and (f) specific capacitance comparison of AMNW-2 and 

N-ACs current densities in 2.5 M KNO3. 
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This perception implied that HER and OER occurred through direct oxidation/reduction of 

water molecules[86]. The amount of reactant for water decomposition can be depleted by 

reducing the concentration of water which further widen the electrochemical stability. 

The CV curves of AMNW-2 and N-ACs were then compared at 30 mV s-1 (see Fig. 3.7c). N-

ACs showed a high current response which can be attributed to the higher conductivity of the 

material arising from the high nitrogen content of 5.1% [87]. CV curves of N-ACs were ran at 

different scan rates from (Fig. 3.7d) and showed the rectangular shape of an ideal capacitor. 

GCD curves of the materials (Fig. 3.7e) were compared at 0.5 A g-1 and they showed a 

triangular shape which is that of an ideal capacitor. N-ACs showed a higher charge-discharge 

time which is in good agreement with the high current from the CV curves. The GCD curves 

of N-ACs were ran at current densities from 0.5-5 A g-1 (Fig. S3.5) and showed a triangular 

shape which is that of an ideal capacitor indicating reversible adsorption and desorption of 

electrolyte ions.  

The specific capacitance was calculated from these GCD curves using equation 3.4 and the 

capacitance decreased as the current density increased which indicates a good rate capability 

(Fig. 3.7f). The capacitance of N-ACs obtained at 0.5 A g-1 was 153.3 F g-1 and 139.8 F g-1 at 

5 A g-1.  

The Nyquist plots (Fig. 3.8a) of AMNW-2 and N-ACs were modelled before and after 6 000 

cycles. The material’s bulk properties were shown by the presence of the solution resistance 

(Rs) (i.e. electrodes, electrolytes, current collectors and separators), charge transfer resistance 

(Rct), internal resistance (Rint), double layer capacitance (Cdll) and the constant phase element 

(CPE) [61,88]. The impedance power law relationship of CPE (ZCPE) is shown in equation 

3.10: 

ZCPE = [Q (jω)n]-1                                                                                                                   (3.10) 

where Q represents the frequency-independent constant, j = √−1, radial frequency is 

represented by symbol ω, and n lies between -1 and 1 (-1≤ 𝑛 ≤ 1) which is the slope of Log Z 

vs. Log f.  

The CPE becomes a pure resistor when n=0, while the CPE is that of a pure capacitor when 

n=1, and when n=-1, the CPE is that of an inductor. However, when n=0.5, the CPE can be 

regarded as equivalent to a Warburg impedance (Zw) [47]. From Table 4, the value of n=0.77 

for N-ACs after cycling demonstrates the nature of N-ACs as an EDCLs material.  
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Fig. 3. 8. (a) Nyquist plots of AMNW-2 and N-ACs obtained before and after 6,000 cycles 

with electrical equivalent circuit used to fit Nyquist plots, (b) cyclic stability of N-ACs, (c,d) 

Bode plots before and after 6,000 cycles of the AMNW-2 and N-ACs symmetric cells and (e)  

electrical equivalent circuit used to fit Nyquist plots. 

The Rs value of N-ACs is 0.59 Ω, which is lower than the Rs value of AMNW-2 (1.18 Ω) after 

cycling and suggests that nitrogen improved the solution resistance of the ACs. The RCT value 

of the N-ACs was also smaller (7.99 Ω) than that of the AMNW-2 (9.77 Ω), which is due to 

the improved conductivity resulting in better electrode/electrolyte surface contact from the 

nitrogen doping [89, 90]. Interestingly, the Cdll for N-ACs was higher before and after cycling 

than AMNW-2 which indicates that nitrogen doping made the carbon materials more 

capacitive. The Rint obtained for N-ACs after cycling was smaller (~ 186 Ω) than AMNW-2 

(~235 Ω). Given that Rint is mainly due to the ohmic drop (IR drop) and diffusion rate of 

electrolytes ions [91], hence N-ACs gave a smaller Rint than AMNW-2 due to the improved 

surface contact of the material and electrolytes ions. The knee frequency (fo / Hz) from the EIS 

Rs 
Rct 

Rint 

CPE Cdl (e) 
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data (Table 3.4) was estimated and gave the power capability of the materials. A high value of 

the fo / Hz indicates the capability of a material to have a high power density and to provide 

energy density in a short time frame. The EIS parameters in Table 3.4 show that N-ACs gave 

a higher fo (ca. 25.1 Hz, response time, t of 40 ms) after 6000th cycles. This is important if one 

considers that high powered supercapacitors available commercially operate at less than 1 Hz. 

The phase angles of the symmetric cells after cycling, as determined by Bode plots (Fig. 3.8c 

& d), demonstrated that the AMNW-2 symmetric cell (69º) cell has a higher phase angle at low 

frequencies, implying decreased ionic permeability and thus insulating characteristics. The 

high ionic permeability of the N-ACs symmetric cell (60 º) cell occurs at low frequencies, 

which is indicative of poor insulation, revealing that the N-ACs electrode material is permeable 

to solution ions.  

The cyclic stability of N-ACs for the symmetric device was tested using charge-discharge up 

to 6000 cycles at a current density of 5 A/g (Fig. 3.8b). A Coulombic efficiency of 99 % was 

obtained with a capacitance retention of 89 %. The excellent capacitance retention of the 

material is due to its structural stability that permits the re-usability of the material. 

Table 3. 4. EIS parameters of the synthesized materials for two-electrode system in 2.5 M 

KNO3. 

EIS parameters Electrode material for the symmetric supercapacitor 

AMNW-2 N-ACs 

Before cycling 

(1st cycle) 

After cycling 

(6,000th cycle) 

Before cycling 

(1st cycle) 

After cycling 

(6,000th cycle) 

Rs / Ω 5.70 ± 0.47 1.18± 0.47 0.60 ± 0.46 0.59 ± 0.47 

ESR (Rct) / Ω 13.48 ± 0.82 9.77 ±0.84 8.44 ± 0.79 7.99 ± 0.81 

Cdl / µF 41.26 ± 3.61 45.54 ± 4.45 89.19 ± 0.02 90.67 ± 0.02 

Rint / Ω 344.70 ± 277.10 235.3 ± 158.1 224.3 ± 558.6 186.01 ± 384.0 

CPE /mF s^(a-1) 0.13 ± 0.11 0.21 ± 0.28 0.15 ± 0.24 0.17 ± 0.30 

N 0.77 0.76 0.79 0.77 

fo / Hz 11.4 16.9 25.1 25.1 

t / ms 88 59 40 40 

Phase angle 59º 66º 61º 60º 

 



 

68 
 

The evaluation of the amount of charge stored and the rate at which it was delivered can be 

determined by two parameters: energy and power density. A Ragone plot of the materials is 

shown in Fig. 3.9. The N-ACs demonstrated a higher energy density of 17.2 Wh kg-1 and a 

power density of 448.7 W kg-1, than that of AMNW-2 (12.5 Wh kg-1). The improved energy 

density of N-ACs is due to the improved conductivity and total surface area of the material. 

The energy density of ACs from marula nuts waste in this study is comparable to activated 

carbons from hazel nutshell with an energy density of 11.1 Wh kg-1 in 1.0 M Na2SO4 electrolyte 

[92]. In addition, the single device was connected to a light emitting diode (LED, 1.6 V) and 

this device successfully lit up a red LED (see inset in Fig. 3.9) for over a minute after charging 

for 20 s. 

 

Fig. 3. 9. Ragone plot of AMNW-2 and N-ACs. The inset shows an image of a red LED 

powered by the N-ACs electrode-based device. 

Our results indicate that nitrogen improves the specific capacitance of carbon. To place these 

current findings into perspective, the findings on activated carbons and nitrogen-doped 

activated carbons from the use of biomass in SCs, as well as their energy densities, is given in 

Table 3.5. The specific energy and power obtained in this study was comparable to other studies 

and in some cases found to be higher to other undoped porous carbons and nitrogen doped 

porous carbons. These results show that energy density depends on many factors such as 

activating agent, surface area, type of electrolyte, etc. 
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Table 3. 5. Summary of energy and power densities of activated carbons in SCs. 

Biomass Precursor Surface 

area 

(m2 g-1) 

Electrol

yte 

Cell 

poten

tial 

(V) 

Current 

density 

(A g-1) 

Specific 

energy 

(W h kg-

1) 

Specific 

power 

(W kg-1)  

Reference 

Activated carbons 

Marula 

nuts 

shell 

KOH 1266 2.5 M 

KNO3 

2.0 0.5 12.5 451.4 This study 
 

Hazel 

nutshell 

MgO 552 1M 

Na2SO4 

2.0 0.25 11.1 156.8 [92] 

 

 

 

Eucalyp

tus bark 

KOH 1003 1M 

Na2SO4 

1.8 0.2 10.5 159.5 [93] 

Cotton 

fiber 

ZnCl2 2549 

 

1 M 

Na2SO4 

1.8 0.5 13.75 - [94] 

  Nitrogen doping 

N-ACs KOH/mela

mine 

1427 2.5 M 

KNO3 

2.0 0.5 17.2 448.7 This study 

         

Pine nut 

shells 

KOH/mela

mine 

1806 1 M 

NaSO4 

1.8 1.0 11.9 463.6 [71] 

Orange 

peel 

FeCl3/Urea 1514.2 0.5 M 

Li2SO4 

1.6 0.5 16 400 [95] 
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Cellulos

e 

NaOH/urea 2245 1 M 

Na2SO4 

1.8 0.5 17.24 452 [96] 

 

3.5 Conclusions  

Nitrogen-doped activated carbons with a high porous surface area of 1427 m2 g-1 and high 

nitrogen content of 5.1% was successfully synthesized from marula nuts via KOH activation 

and carbonization at 800 ℃ using melamine as a nitrogen source. Electrochemical 

characterizations of the materials were tested for supercapacitor applications using 6 M KOH 

and 2.5 M KNO3 in three electrode system. AMNW-2 and N-ACs performed better in 6 M 

KOH than 2.5 M KNO3 than the other activated materials due to the higher conductivity of the 

alkaline electrolyte. For a two-electrode system, the AMNW-2 and N-ACs were examined 

using 2.5 M KNO3 with a wider cell voltage window of 1.8 V. The activated material gave an 

energy density of 12.5 Wh/kg which improved to 17.2 Wh/kg after doping with nitrogen. These 

results in a neutral 2.5 M KNO3 electrolyte are fascinating, empowering, and demonstrate the 

feasibility of using marula nut waste to produce porous carbons, demonstrating the exciting 

potential for producing activated carbons at low cost, which could pique industry interest for 

possible application in energy storage. 
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CHAPTER 4: Tuning the properties of Mn2PO4F by 

potassium intercalation for asymmetric supercapacitors  
4.1. Introduction 

The high increase in energy demand requires measures to bring forward current systems for 

energy storage [1,2]. High power and high energy density are two necessities required for the 

current energy storage system [3]. Among various energy storage systems, metal-ion batteries 

(MIBs) and supercapacitors (SCs) are considered to be promising energy and power storage 

systems [4,5]. Materials used in MIBs show faradaic reactions which is favourable in energy 

density. However, MIBs materials have poor life cycle and low power density due to the 

diffusion of ions at a slower rate and volumetric changes that occur during charging and 

discharging [6]. The poor life cycle and low power density associated with MIBs can be 

overcome through the use of SCs. The high-power density and longer life cycle associated with 

SCs is through diffusion/release of ions on the materials’ surface [7]. Although SCs has 

desirable characteristics, they suffer from low energy density [8]. Hence, it is highly desirable 

to blend both the advantages of MIBs and SCs into novel energy storage systems. The 

configuration of hybrid capacitors/asymmetric capacitors involves using a 

battery/pseudocapacitor type as a positive electrode and capacitor type as negative electrode 

[9]. 

However, the mismatch of kinetics and capacity can lead to poor overall performance of 

asymmetric capacitor due to different mechanisms occurring at the cathode and anode [10]. A 

great effort has been made to improve the sluggish kinetics at the cathode by developing 

advanced materials that enable diffusion of ions. For example, Ding et al. [11] synthesized a 

cathode composite material composed of VS4 material preintercalated with potassium and  

nitrogen doped tubular graphene (VS4/N-TG). Their study reported that K+ ions also acts as 

“pillars” to improve the stability structure due to the enlarged interplanar spacing. Manganese 

fluorophosphate (MFP), which belongs to the triplite family was used as the cathode material. 

MFP is a fluorophosphate mineral with a formula Mn2PO4F and was first reported in 1972 by 

Rea et al. [12] and recently by Nzimande et al. [13] for use in rechargeable aqueous metal-ion 

batteries. Manganese based materials are well known and used in SCs and battery cathode 

materials and are hugely naturally abundant (especially in South Africa, which controls 80% 

of the global manganese reserves) [14–16]. This material possesses open-framework crystal 

structure, which can exhibit diffusion of electrolyte ions. However, Mn2PO4F has been reported 
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to be a ‘sleeping triplite’ material with poor capacity, conductivity and stability [13]. This study 

seeks to improve the electrochemical properties of Mn2PO4F for use in  supercapacitors by pre-

intercalating metal alkali ions. This will increase the volume expansion of Mn2PO4F to allow 

flexibility to distortion of the lattice and also provide room adsorption of electrolyte ions.  

A study by McDowell et al. [17] reported an increase of volume expansion of 300% when 

inserting lithium ions into silicon, and this resulted in amorphization which gives a desirable 

environment in the electrode to host Li ions. Another study by Xiang et al. [18] on Na+ 

intercalation into FePO4 resulted in 17% volume expansion with high transformation strains. 

Another study by Tarascon’s group reported that potassium into FeSO4F stabilize the new 

structure due to a larger ionic radius and somewhat different crystal chemistry [19].  

In this study, using a "hydrothermal potassium insertion" technique, we tailored a novel 

K+/MFP interplanar spacing to improve the electrochemical performance as the cathode for 

asymmetric SCs in alkaline and neutral electrolytes. As a result, the use of K+ increase the 

interlayer distance, with K+/MFP displaying a large lattice spacing of 0.49 nm which would 

allow for more diffusion of electrolytes ions and maintain the structural stability during the 

cycling process. Furthermore, extensive electrochemical measurements demonstrated that the 

wider interlayer spacing plays a crucial role in the fast reaction kinetics. Additionally, the K+ 

that is added can electrostatically stabilize the crystal structure during the cycle. Therefore, the 

use of K+/MFP with nitrogen doped activated carbons (reported in Chapter 3 [19]) in 

asymmetric SCs system displays a fantastic energy density of 26.9 W h kg-1 in 1 M KNO3 and 

25.2 W h kg-1 in 6 M KOH. 

4.2. Methodology 

4.2.1. Materials 

Potassium intercalated manganese fluorophosphate (K+/MFP) was synthesized using Lithium 

fluoride (LiF, Sigma Aldrich), ammonium dihydrogen phosphate, NH4H2PO4, Sigma Aldrich), 

Manganese(II) nitrate tetrahydrate (Mn(NO3)2.4H2O, Sigma Aldrich) and potassium hydroxide 

(KOH).  

4.2.2. Electrochemical characterization 

Working electrode was prepared by making slurry of MFP, K+/MFP (80 %), carbon black (10 

%) and 10% of polyvinylidene (PVDF, 10%).  Methylpyrrolidone (NMP), about few drops 

were added [20]. Sonication for about 30 minutes was done to make uniform slurry. The slurry 
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was used on a carbon paper by drop casting. The coated carbon paper was dried in a vacuum 

oven for 12 h at 60 ℃. The three and two electrode system were performed using the coated 

coated carbon papers. The counter and reference electrode used were nickel foam and Ag/AgCl 

Microfiber filter paper was soaked in 6 M KOH and 1 M KNO3 electrolytes and used as 

separator. The type of cell used was T-type Swagelok. The calculated active mass per area 

coated on the carbon paper was around ~1.5-1.7 mg/cm2. VSP-300 potentiostat was used to 

run cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical 

impedance spectroscopy (EIS) of the materials.  

The specific capacitance (Csp), energy density (Es), power density (Ps) were calculated from 

the discharge time obtained from GCD curves using equation 4.1-4.6 [21–25]. 

Equation 4.1 was used to calculate capacitance (F): 

                                                                        C = =×∆>
∆?

                                                             (4.1) 

Where the discharge current is given by I/A, ∆t/s	is the discharge time, ∆v/V is the potential 

difference. 

Equation 4.2 was used to calculate the specific capacitance, Cs/F g-1 of the three electrode/half-

cell: 

                                                                      Csp = @
A

                                                                (4.2) 

Where m(g) is the mass of the active electrode material. 

Charge balancing was done using the mass ratio balancing of the cathode to anode electrode 

(obtained from three electrode system) using equation 4.3 & 4.4: 

                                                                         q+=q-                                                                   (4.3) 

Where q+ is the charge at the cathode and q- is the charge at the anode. The optimal mass ratio 

was obtained using equation 4.4: 

																																																																									A
+

A, =
@,

@+
× ∆?,

∆?+
                                                          (4.4) 

Where mass, voltage window and specific capacitance of the cathode are represented by m+/g, 

∆V+/V, and C+/F g-1, while m-/g, ∆V/V-, and C-/F g-1 are mass, voltage window and specific 

capacitance of the anode. 
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The Cs/F g-1 for a asymmetric two electrode system, where the counter and working electrode 

are different active material has been calculated using equation 4.5: 

                                                                    Csp = 4	 @
A

                                                               (4.5) 

Where m/g is the total active electrode mass. 

Energy density (Es) ’s basic expression in equation 4.6 is in the unit J g-1. 

                                                                Es = '
(
 × CBC(∆V)(                                                      (4.6) 

Where Csp/ F g-1 is the specific capacitance and DV/V is the potential window. To convert J g-

1 to unit Wh g-1, equation 4.5 is divided by a factor of 3600.  To convert to Wh kg-1, the units 

are multiplied by a 1000 to give equation 4.7. Hence, Es/Wh kg-1 is given by equation 7.7 and 

Ps/W kg-1 is calculated from equation 4.8. 

                                                        Es='
(
 × CBC(∆V)(  =@×(∆?)

"

(A
× '999

:;99
                                       (4.7) 

Where C is capacitance, DV/V is the cell potential and m/kg is the mass of both active 

electrodes.  

Power density (Ps) was calculated from equation 4.8:   

                                                                     Ps=3600 D-∆>                                                           (4.8) 

4.2.3. Characterization techniques 

LEO, Zeiss scanning electron microscopy (SEM) was used to study the morphology of the 

synthesized materials and a Tecnai G2 30ST high transmission electron microscopy (HRTEM) 

operated at 200 kV.). Bruker D2 phaser (Cu-Kα radiation at 30 kV and 10 mA) was used to 

obtain XRD patterns. A monochromatic Al Kα source Physical Electronics Quantum 2000 

instrument was used to obtain X-ray photoelectron spectroscopy (XPS) data. 

4.2.4 .Synthesis of MFP 

MFP was synthesized by dissolving 1.17 g of LiF in 20 mL distilled water and stirred for 30 

min at room temperature (Solution A). About 5.18 g of NH4H2PO4 was dissolved in 20 mL 

distilled water at room temperature and stirred for 30 min (Solution B). Solution B was added 

into solution A to make solution C and stirred for 1 h. About 22.6 g Mn(NO3)2.4H2O was added 
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in 30 ml deionized water and stirred  for 30 min at room temperature (solution D). Solution C 

was added into solution D and stir for 24 h at room temperature. The mixture was then subjected 

to microwave irradiation for 45 min at 180 ℃ (300 W). The prepared gel was the centrifuged, 

washed with distilled water and ethanol to remove impurities. The mixture was kept in an oven 

at 60 ℃ for 12 h. The material was grounded by pestle and mortar and heated under argon flow 

(100 mL/min) for 4 h at 350 ℃. Again, subjected to 800 ℃ for 8 h (ramping temperature 10 

℃/min) to form MFP (Fig. 4.1) [13].  What were the yields? 

 

 

Fig. 4. 1. Scheme showing synthesis of MFP. 

4.2.5 Synthesis of K+/MFP 

Fig. 4.2 show synthesis scheme for K+/MFP. K+/MFP was synthesized by mixing 900 mg of 

MFP with 30 mL of 8 M KOH. The mixture was stirred for 24 h at 25 ℃. Again, the mixture 

was hydrothermally treated in an autoclave for 12 h at 180 ℃. The resulting mixture was 

centrifuged and washed with distilled water to form K+/MFP. The final yield was about ~350.3 

mg (~38.9 %). 
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Fig. 4. 2. Scheme showing synthesis of K+/MFP. 

4.3. Results and discussion 

In Fig. 4.3, the XRD spectra of MFP and K+/MFP are displayed. The pure phase of Mn2PO4F 

is confirmed by Rietveld fits of the PXRD patterns. The crystallographic data of the triplite 

Mn2PO4F, which was first structurally clarified in 1972 by Rea and Kostiner [12], was 

corroborated by the Braggs peaks, which were entirely indexed to the crystal structure of the 

monoclinic symmetry corresponding to the space group C2/c (15). K+/MFP show the presence 

of very few and new crystalline characteristic peaks which are due to the presence of MFP 

reacting with KOH. It is suggested that the introduction of K+ caused recrystallization of the 

sample. Furthermore, these grains accumulated in preferred orientation of 120 (MnPO4) in 

K+/Mn2(PO4)F as a result of the recrystallization process. Hence, the change in the preferred 

orientation 021 in Mn2(PO4)F to 120 (MnPO4) in K+/Mn2(PO4)F. All these caused the change 

in presence of diffraction peaks in the two samples. There was structural phase transition after 

the introduction of K+, which caused disappearance of some of the peaks in XRD pattern of 

K+/Mn2(PO4)F. The peaks 422, 323, 710 in Mn2(PO4)F shifted lower angles in K+/Mn2(PO4)F, 

perhaps due to larger K+ radius than Mn2+. This work is similar to Ding et al. [11] were K+ pre-

intercalated into VS4 shifted the diffraction peak of (110) facet for K0.20VS4/N-TG towards 
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the lower diffraction angle, indicating K+ was pre-intercalated into VS4/N-TG lattice, can 

enlarge the interplanar spacing of VS4. 

 

 

Fig. 4. 3. XRD spectra of MFP and K+/MFP. 

Fig. 4.4 presents the typical TEM images of MFP (a, b) and K+/MFP (c, d). MFP (Fig. 4a) 

show no definite morphology. The HRTEM image of MFP (Fig. 4b) show lattice fringes with 

a d-spacing of ~0.31 nm. After intercalation with potassium ion, the morphology of K+/MFP 

(Fig. 4c) changed and resulted in hexagonal and quasi rectangular shapes which indicates 

deformations in the particles upon K-ion insertion. The change in morphology is due to the use 

of high concentration of KOH which results in mostly different shapes after synthesis. The 

calculated d-spacing of 0.49 nm for K+/MFP (Fig. 4.4d) show that intercalation of potassium 

increases volume expansion which helps with diffusion of electrolyte ions hence higher energy 

storage. Similar observations were reported by Ding et al. [11] with an increase in d-spacing 

after K+ intercalation. 



 

88 
 

 

Fig. 4. 4. (a, b) Low and (b, d) high magnification TEM images of MFP (a, b) and K+/MFP (c, 

d). 

The morphologies of MFP and K+/MFP were further investigated by SEM-EDS. Fig. 4.5a show 

SEM image of MFP with a bulk structure. The morphology of K+/MFP (Fig. 4.5b) show small 

nanomaterials with hexagonal structures (red square) which supports the TEM images. The 

formation of different structures (i.e. octahedral) has been observed by Fatima et al. [26] by 

varying different KOH concentrations on Fe3O4 nanoparticles and the study showed the type 

of precursor and concentrations of surfactant are the major contribution in the type of shapes 

formed. The main driving force for formation of octahedron shapes was the increase in OH- 

concentration (1 M) with an average diameter ranging from 200-300 nm. The formation of 

octahedral shapes is favourable at higher KOH concentrations due to the increase of OH- ions 

that lead to generation of greater chemical potential within the solution. Another study by Wang 

et al. [27] suggested that the crystal growth of octahedron shapes structure along [111] 

favourable at higher KOH concentrations. The shapes of nanocrystals were also studied by 
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Swaminathan et al. [28] at different planes and their study suggested that octahedral shapes are 

formed at a faster crystal growth along [111] while cubes are formed at a faster crystal growth 

along [100] plane.  

The elemental mapping of MFP (Fig. S4.1) show elements Mn, O, F, P that are uniformly 

distributed throughout the material. K+/MFP (Fig. 4.5c-h) show uniform distribution of 

elements of Mn, O, F, P and K. Additionally, the results confirms that potassium ions are 

located within the structure of MFP. 

 

 

Fig. 4. 5. SEM images of (a) MFP, (b) K+/MFP, EDS mapping (c-h) of K+/MFP 

The XPS survey scans of MFP show all elements (Mn 2p, O1s, F1s, P2p3) and K+/MFP (Mn 

2p, O1s, F1s, P2p3, K2s) at their respective binding energies as shown in Fig. 4.6. The presence 

of manganese occurs at a binding energy of 641.4-642.8 eV due to the presence of Mn-O bond 

in the triplite material [28,29]. The fluoride F1s occur at binding energy of 685.7-687.5 eV 



 

90 
 

[30,31], P2p3 occurred at a binding energy of 132.7-133.4 eV [32], O1s at 530.0-531.9 eV [33] 

and K2s at 567.9 eV [34]. Table 4.1 show XPS atom % for all elements present in both MFP 

and K+/MFP. The atom % for elements present in K+/MFP decreases due to interaction with 

KOH with only an increase in Mn2p. The shows that the treatment of MFP with KOH exposes 

Mn atoms. 

 

Fig. 4. 6. XPS survey scan of MFP and K+/MFP. 

 

 

 



 

91 
 

Table 4. 1. XPS data of MFP and K+/MFP. 

Type of 

material 

XPS atom % 

 
K2s Mn2p O1s P2p F1s 

MFP - 12.9 54.5 13.9 1.6 

K+/MFP 1.9 20.2 49.6 1.2 0.6 

 

The deconvoluted Mn2p of MFP is shown in Fig. 4.7a with two main peaks at 642.1 eV for 

Mn2p3/2 and at 654.2 eV for Mnp1/2 spin orbitals [29]. The deconvoluted Mn2p of K+ /MFP is 

shown in Fig. 4.7b with two main peaks attributed to Mn2p3/2  and Mnp1/2. Mn2p3/2 also show 

another third peak at 646.2 eV due to satellite shape up [30]. Mn2p (K+/MFP) was 

deconvoluted and shown in Fig. 4.7b with two main peaks for Mn2p3/2 and Mn2p1/2. In 

Mn2P3/2, Mn2+, Mn3+ and satellite are at 643.1, 641.7, and 640.6 eV. Mn2p3/2 is deconvoluted 

into two peaks at 643.2 eV for Mn2+ and 641.9 eV for Mn3+. The concentration % of Mn2+ 

(77.9%) is higher compared to Mn3+ (22.1%) from K+/MFP as compared to MFP with Mn3+ 

with a higher concentration (73.6%) than Mn2+ (26.4%). This shows that cation doping stabilize 

the MFP structure by reducing the amount of electrochemically active Mn3+, which is reported 

to for Manganese disproportionate reaction into the electrolyte.  

The deconvoluted O1s spectra of MFP is shown in Fig. 4.7c with two peaks attributed to Mn-

O-Mn and Mn-O-H at 531.3 eV) and 532.8 eV. The deconvoluted O1s spectra for K+/MFP 

(Fig. 7d) gave rise to three peaks attributed to Mn-O-Mn (529.5 eV), OH radical (531.0 eV) 

and lattice oxygen at 532.6 eV [31].Fig. 4.7e,f show P2p3/2 for MFP (133.3 eV) and K+/MFP 

(132.3 eV). K2P in K+/MFP material was deconvoluted and it gave rise to two peaks at 292.eV 

(K2p1/2) and at 295.0 eV (K2p3/2) [32]. Fig. S4.2a,b show the presence of F1s for MFP (685.7 

ev)  and K+/MFP (687.5 eV). XPS clearly confirms that all elements are present in the material 

before and after intercalation which corroborates SEM-EDS data.  
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Fig. 4. 7. Mn2p spectra of (a) MFP, (b) K+/MFP, O1s spectra of (c) MFP, (d) K+/MFP,P2p3 

spectra of (e) MFP, (f) K+/MFP and (g) K2p spectrum of K+/MFP. 
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4.4. Electrochemical measurement 

4.4.1. Three electrode system of MFP and K+/MFP in 6 M KOH electrolyte 

Cha.ge storage in materials occur through two possible mechanisms. The first one is due to 

pseudocapacitive interaction which involves non-faradaic charge transfer. During this 

mechanism, the alkali metal cation from the electrolyte (here K+) will diffuse through the open 

framework of K+/MFP and intercalate through it [33]. 

K+/Mn2PO4F + K+ +e+® K+/MnPO4F-Mn-K 

The second charge storage mechanism is based on electric double layer capacitance which 

there is no involvement of charge transfer and the charges from the electrolyte ions only 

accumulate at the surface of the electrode material [34]. 

K+/Mn2PO4F + K+ + e- ® K+/Mn2PO4F-K+ 

The electrochemical performance of MFP and K+/MFP as a cathode materials were evaluated 

in a three electrode system using 6 M KOH and 1 M KNO3. The typical cyclic voltammetry 

(CV) curves of MFP showed the material can be operated from 0-0.8 V (Fig. 4.8a) and K+/MFP 

at 0-0.9 V in 6 M KOH. MFP show poor current response with no obvious redox peaks as 

compared to K+/MFP (Fig. 4.8a). However, after intercalation, the current response improved 

and the two oxidation and reduction peaks can be assigned to Mn2+/Mn3+ redox pair [35] 

through reversible intercalation and deintercalation of electrolyte ions into and from the 

electrode material. The CV curves of K+/MFP consist of four redox peaks in the regions ~0.57 

V-0.70 V and ~0.40 V-0.60 V. The redox couple at the lower voltages (anodic peaks ~0.42 V 

and cathodic peak ~ 0.57 V) is due to Mn2+/Mn3+ redox reaction. The presence of Mn3+ reveals 

that the material have some degree of disordered phase. GCD curves were ran at 0.5 A g-1 and 

compared as shown in Fig. 4.8b. and K+/MFP showed improved discharge time. Improved 

current response and discharge time is due to the monovalent ions from pre-intercalated 

potassium that are easily embed into the host structure because of their low charge density and 

their large ionic radius that increase the interlayer spacing after insertion, thereby improving 

the electrochemical performance. The specific capacitance calculated (Fig. 4.8c) for MFP were 

at 29.1 F g-1 (at 0.5 A g-1), 22.1 F g-1 (at 0.75 A g-1), 16.8 F g-1 (at 1 A g-1), 8.4 F g-1 (at 2 A g-

1) and 2.5 F g-1 (5 A g-1), lower compared to K+/MFP with capacitance values of at 206.2 F g-1 

(at 0.5 A g-1), 144.2 F g-1 (at 0.75 A g-1), 120 F g-1 (at 1 A g-1), 68 F g-1 (at 2 A g-1) and 42 F g-

1 (at  5 A g-1). The improvement of  the electrochemical performance after K+ pre-intercalation 
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can produce the coordination effect of a multi-electron reaction and structural stability in a 

typical intercalated MFP. 

 

Fig. 4. 8. (a) CV, (b) GCD and (c) Csp VS current density in 6 M KOH. 

4.4.2. Three electrode system of MFP and K+/MFP in 1 M KNO3 

Again, MFP and K+/MFP were evaluated in a three-electrode system using 1 M KNO3 

electrolyte. As shown from the CV curves in Fig. 4.9a. MFP can be operated to a voltage range 

of 0.0-0.9 V as compared to K+/MFP at 0.0-1.2 V (Fig. 4.9b, c). This shows that K+/MFP 

exhibit a higher energy storage. From the CV curves shown in Fig. 4.9c, MFP showed no 

obvious redox peaks as compared to K+/MFP, which showed redox peaks around 0.6 and 1.1 

V attributed to the Mn2+/Mn3+ redox pair. GCD curves (Fig. 4.9d) of K+/MFP showed redox 

behaviour of the material as compared to MFP with a longer discharge time. Fig. 4.9e show 

the specific capacitance values of the materials and K+/MFP exhibited higher capacitance of  

145.4 F g-1 (at 0.5 A g-1), 119.7 F g-1(at 0.75 A g-1), 109.6 F g-1 (1 A g-1), 90.0 F g-1(at 2 A g-1) 

and 65.4 F g-1 (at 5 A g-1) as compared to MFP with capacitance values of 9.2 F g-1 (at 0.5 A 

g-1), 5.8 F g-1 (at 0.75 A g-1), 4.0 F g-1(at 1 A g-1), 1.1 F g-1 (at 2 A g-1) and 0.04 F g-1 (at 5 A g-

1). The improved current response and discharge time is attributed to enhanced conductivity to 
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allow diffusion of electrolyte ions thus enhancing ionic reaction kinetics. The high capacitance 

values of K+/MFP in both electrolytes could be because the prepared K+/MFP has higher d-

spacing which could allow more diffusion of electrolyte ions. In our work, the as-prepared 

K+/MFP exhibits quasi rectangular, square and hexagonal morphology allowing the solvated 

K+ to easily approach the K+/MFP surface, particularly the inner surface, leading to a high 

pseudocapacitance. As a result, the electrolyte ions were unable to properly interact with the 

inner surface of the MFP, which resulted in no redox behaviour. As a result, the stronger redox 

peaks imply that more electrons are contributing to the K+/MFP cathode's reaction throughout 

the electrolyte insertion/extraction process.  

 

 

Fig. 4. 9. (a) CV of MFP, (b) CV of K+/MFP, (c) comparison CV, (d) comparison GCD and 

(e) Csp VS current density of MFP and K+/MFP in 1 M KNO3. 
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Furthermore, K+/MFP delivers a higher capacitance when K+ acts as pillars, which enhances 

an easy process for electrolyte reversible insertion/extraction into or from K+/MFP cathode. 

The anodic peaks of K+/MFP shift to a lower potential along with electrolyte extraction, and 

the cathodic peaks shift to a higher potential in response to the insertion of electrolyte in 

K+/MFP material which could be due to change of structure. 

4.4.3. Asymmetric assemble of K+/MFP and N-ACs in alkaline and neutral electrolytes 

The application of K+/MFP in asymmetric supercapacitor was evaluated as the cathode material 

and N-ACs as anode in 6 M KOH (Fig. 4.10a).  Evaluation of a three-electrode system showed 

that K+/MFP can be operated up to 0.0-0.9 V vs Ag/AgCl at a scan rate of 30 mV s-1 and N-

ACs from -0.8-0.0 V vs Ag/AgCl (Fig. 4.10a). This show that the potential window of the 

asymmetric device assembled with K+/MFP and N-ACs can be extended up to 1.7 V. The 

voltage window stability was evaluated using CV curves (Fig. 4.10b) and GCD (Fig. 4.10c) 

with no obvious oxygen evolution until the voltages reaches 1.7 V. Hence, electrochemical 

measurements system were evaluated at this voltage (1.7 V). The total mass after charge 

balancing was 3.0 mg. CV curves (Fig. 4.10d) show non-rectangular shape due to the redox 

behaviour of K+/MFP from Mn2+/Mn3+. Increasing the scan rates to 50 mV s-1 results in CV 

curve shapes retained showing fast charge/discharge characteristics. GCD curves (Fig. 4.10e) 

show redox peaks supporting the CV curves. The capacitance of K+/MFP//N-ACs were 283.1 

F g-1 at 0.5 A g-1, 249.4 F g-1 at 0.75 A g -1, 225 .0 F g-1 at 1.0 A g-1, 173.0 F g-1 at 2.0 A g-1 and 

107.5 F g-1 at 5.0 A g -1 as shown in Fig. 4.10f. 
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Fig. 4. 10. (a) CV of MFP, (b) CV tests, (c) GCD tests at different voltage window, (d) CV 

curves at different scan rates, (e) GCD and (f) Csp VS current density of K+/MFP//N-ACs in 6 

M KOH. 

K+/MFP//N-ACs was also evaluated in 1 M KNO3 (Fig. 4.11). N-ACs in 1 M KNO3 show that 

it can be operated in the negative potential from -0.8-0.0 V and K+/MFP in the positive potential 

from 0.0-1.2 V (Fig. 4.11a) which indicates that the asymmetric assembly of the materials can 

lead up to a 2 V voltage range. The total mass after charge balancing was 3.2 mg. The 

electrochemical stability window was evaluated and the material was ‘’stable up to a voltage 

of 1.8 V’’ as shown from the CV (Fig. 4.11b) and GCD (Fig. 4.11c) curves. Different scan 
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rates of the material was ran at different scan rates and the CV curves shapes were retained up 

to 50 mV s which showed the assembly of the materials are stable (Fig. 4.11d). 

 

 

Fig. 4. 11. (a) CV, (b) CV tests, (c) GCD tests at different voltage window, (d) CV curves at 

different scan rates, (e) GCD ND (f) Csp VS current density of K+/MFP//N-ACs in 1 M KNO3. 

CV curves (Fig. 4.11d) show redox behaviour from the contribution of Mn2+/Mn3+ with an 

ideal rectangular shape due to EDL capacitance [35,36]. GCD curves (Fig. 4.11e) were ran at 

different current densities and the discharge time decreases as the current densities increases 

which show that at higher current densities, there is insufficient time for diffusion of electrolyte 

ions. The GCD curves at high current densities retained their good quasi triangle with small 

redox behaviour which is consistent with the CV test results, indicating good supercapacitor 

behaviour and excellent electrochemical reversibility. Capacitance values (Fig. 4.11f) of the 
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asymmetric assembled material were 239.5 F g-1 at 0.5 A g-1, 229.1 F g-1 at 0.75 A g-1, 221.6 F 

g-1 at 1.0 A g-1, 203.5 F g-1 at 2.0 A g-1 and 167.1 F g-1 at 5.0 A g-1. 

Analysis of the EIS is essential to understanding how the electrodes behave. Fig. 4.12a,b shows 

the Nyquist impedance plot, which shows a small arc in the high and middle frequency range 

signifying charge transfer resistance (RCT) and a nearly vertical line in the low frequency range 

signifying ideal capacitive behaviour. The solution resistance (RS), which includes the total 

resistance of the ionic resistance of the electrolyte, the intrinsic resistance of the active 

materials, and the contact resistance at the interface between the active electrode material and 

current collector, intersects with the real Z’ axis from Nyquist. The Rs of the material is lower 

after cycling (0.12 Ω) in 6 M KOH than 1 M KNO3 with Rs value of 0.33 Ω after cycling due 

to better contact of the electrode material and electrolyte. The RCT of the material in 6 M KOH 

is lower (0.96 Ω) compared to 1 M KNO3 with RCT value of 10.33 Ω after cycling. The smaller 

RCT value in 6 M KOH is due to higher conductivity. The material in 6 M KOH gave Rint of 

589.80 Ω after cycling which was higher than before cycling (332.40 Ω) due to the increase in 

ohmic drop or limited diffusion of electrolyte ions after many cycles.  

 As shown in Table 4. 2, the values of n in alkaline are greater than in neutral electrolyte which 

shows that the material in 6 M KOH behaves more of a capacitor after many cycles. The CPECT 

and CPEcs fluctuation implies the variation of the material in both electrolytes. As seen from 

the increase of capacitance retention vs cycling (see Fig. 4.13). 

 

Fig. 4. 12. Nyquist plots of K+/MFP//N-ACs before and after cycling in (a) 6 M KOH and (b) 

1 M KNO3. 
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Table 4. 2. EIS parameters of K+/MFP//N-ACs before and after cycling in 6 M KOH and 1 

M KNO3. 

Electrolytes 1 M KNO3 6 M KOH 

Parameters Before After Before After 

Rs (Ω) 0.81 ± 0.19 0.33 ± 0.13 0.62 ± 0.05 0.12 ± 0.07 

Rct (Ω) 13.07 ± 1.84 10.33 ± 2.53 2.08 ± 0.01 0.96 ± 0.04 

Rsei (Ω) - - 35.69± 5.31 8.22 ± 0.11 

Rint (Ω) - - 332.40 ± 26.34 589.80 ± 20.83 

Cdl (mF) 95.21 ± 1.61 217.40 ± 0.27 16.77 ± 1.97 16.75 ± 0.49 

CPEct (uF. s^(a-1)) 52.9 ± 10.01 121.50 ± 32.82 85.46 ± 1.22 10.42 ± 3.67 

A 0.76 0.74 0.84 0.84 

CPEcs (uF. s^(a-1)) 91.26 ± 0.16 459.60 ± 0.44 13.30 ± 0.16 32.69 ± 0.46 

A 0.62 0.37 0.82 1.00 

     

 

It is important to note that the E and P of energy storage systems have a big impact on their 

effectiveness. The effectiveness of the material in different electrolytes were compared using 

Ragone plots shown in Fig. 4.13a,c. Ragone plot shown in Fig. 4.13a compares the 

performances of K+/MFP//N-ACs in 6 M KOH and Fig. 14.3c in 1 M KNO3. The material in 

6 M KOH gave energy density of 25.2 W h kg-1 with power density of 405.3 W kg-1 as 

compared to energy density of  26.9 W h kg-1 with power density of 449.4 W kg-1in 1 M KNO3. 

The high energy densities in both alkaline and neutral electrolytes is due to the intercalation of 

potassium resulting in generation of numerous open framework that facilitates diffusion of 

electrolyte ions. Again, intercalation of potassium assisted in evoking about rich faradic 

reactions for pseudocapacitance of redox Mn. In addition, a single device was connected to a 

light emitting diode (LED, 1.6 V) and this device successfully lit up a red LED (see inset Fig. 

13a, c) for over a minute after charging for 20 s. 

More intriguingly, the assembled asymmetric SCs based on K+/MFP//N-ACs has high stability, 

with over 100% capacitance retention for up to 15 000 (Fig. 4.13b, 6 M KOH) and 10 000 (Fig. 

4.13d, 1 M KNO3) GCD cycles at 5 A g-1. The high capacitance retention in both electrolytes 

indicates outstanding rate capability of the material in asymmetric SCs. The increase in 
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capacitance retention over many cycles is due to the accessibility of active sites via continuous 

diffusion of electrolyte ions into the structure. 

 

Fig. 4. 13. Ragone and cyclic stability of K+/MFP//N-ACs in (a, b) 6 M KOH and (c, d) 1 M 

KNO3. The insets shows an image of a red LED powered by K+/MFP//N-ACs electrode based 

device. 

4.4.3 Comparison of K+/MFP in 6 M KOH and 1 M KNO3 

Three electrode system of K+/MFP in 6 M KOH showed that the material has higher 

capacitance values than K+/MFP in 1 M KNO3 as shown in Fig. 4.9c and Fig. 4.10e. 

The disparity of the performance of materials in the two different electrolytes could be due to 

the difference of electrolyte pH and the redox contribution that arises from the material. For 

example, neutral electrolytes (here 1 M KNO3) has fewer oxygen and hydrogen ions as 

compared to alkaline electrolyte (here 6 M KOH), so the pH of neutral electrolytes is balanced 

on the oxygen and hydrogen ions such that there is no biased reaction occurring from the 

electrolyte ions and electrolyte material in any preferred potential [37,38]. However, alkaline 
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and acidic electrolytes have abundance of oxygen and hydrogen ions which could allow biased 

reaction between electrolyte ions and electrode material in a given potential. Other parameters 

that play a role during the interaction of electrolyte ions and electrode material are the sizes of 

ionic radii, ionic conductivities, mobility of the ions. The parameters are listed in Table 4.3. 

From the Table 4.3, the radius of hydration sphere decreases in this order: OH-< NO3- < SO42- 

and the conductivities increases in this order: OH- > SO42- > NO3-, so the difference in 

electrochemical performance of K+/MFP in 6 M KOH and 1 M KNO3. 

For investigations on the charge storage mechanism of K+/MFP, the varied electrochemical 

behaviour of K+/MFP in the two electrolytes mentioned above shows that the cations and 

anions are really engaged in the reaction of the K+/MFP electrode. 

Table 4. 3. Summary of the sizes of ions [39] 

Type of ion Size of bare ion 

(Å) 

Size of hydrated 

ion (Å) 

Ionic 

conductivity 

(Scm2 mol-1) 

K+ 1.15 3.31 73.5 

OH- 1.76 3.00 198 

NO3- 2.64 3.35 71.42 

 

According to our findings, potassium intercalation increases MFP material’s specific 

capacitance. The results on K+/MFP and nitrogen-doped activated carbons from the utilization 

of biomass in asymmetric SCs as well as their energy densities, are provided in Table 4.4. To 

put these recent findings into context, the specific energy and power achieved in this 

investigation were comparable to those from prior studies and, in some cases, were even higher 

than those from other alkali intercalation into manganese/metal-based materials. These 

findings demonstrate how the energy density is influenced by a variety of variables, including 

the type of alkali metal used for intercalation, electrolyte and the nature of the parent material. 

For example, K+/MFP//N-ACs in 1 M KNO3 has a higher energy of 26.9 W h Kg-1 than 

NaxMnO2@CNF (21.0 W h kg-1) [40] and comparable energy density of nitrogen doped porous 

carbon in asymmetric SC with potassium intercalated into WO3 (CBC-1//K0.3WO3) (26.3 W h 

kg-1). 
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Table 4. 4. Summary of energy and power density of intercalated alkali ions into manganese 

base materials and other metal-base materials. 

Type of 

material 

Electrolyte Cell 

voltage 

(V) 

Current 

density 

(A/g) 

Specific 

energy 

(Wh/kg) 

Specific 

power 

(W/kg) 

Capacita

nce 

retention 

 
Reference 

 

K+/MFP/

/N-ACs 

6 M KOH 1.6  0.5 25.2 405.3  139.4  This study 

   

K+/MFP/

/N-ACs 

1 M KNO3 1.8 0.5 26.9 449.4 144.2     This study 

NaxMnO

2@CNF 

1 M Na2SO4 

and  

2.0 1.0 21 1000 75.2  [40] 

 
 4 mM 

NaHCO3 

 

CBC-

1//K0.3

WO3 

1 M H2SO4 1.6 0.5 M  26.3 404.2 80 [41] 

LiFePO4/

/mesopor

ous 

carbon 

1 M LiTFSI 2.1 0.1 17.9 - - [42] 

 K+/MnO2//A/

//ACs 

0.5 M K2SO4 2.3 0.5 42.9 4.7 76 [4] 

 

0.5 M 

K2SO4 

2.3 0.5 42.9 4.7 76 [43] 

 



 

104 
 

4.4. Conclusions 

A novel, scalable synthesis approach that includes a hydrothermal treatment, carried out in an 

aqueous environment, has been successful in producing alkali metal ion intercalated in 

fluorophosphates triplite material. The synthesis process parameters were found to ensure the 

pure triplite phase formation with 1.9% potassium. The intercalated potassium triplite material 

formation was confirmed by structural characterization; however, SEM imaging shows distinct 

morphological variations. Intercalated MFP show different quasi rectangular and hexagonal 

morphology compared to parent MFP with bulk-like structure morphology. Analysis of 

K+/MFP showed greater capacitance values in 6 M KOH and 1 M KNO3 in three electrode 

system than parent MFP. Again, K+/MFP showed higher capacitance values of 26.2 F g-1 (at 

0.5 A g-1) in 6 M KOH than 145.4 F g-1 (at 0.5 A g-1) in 1 M KNO3 electrolyte in a three-

electrode system due to the high conductivity of KOH. 

Again, K+/MFP//N-ACs gave rise to capacitance value of 283.1 F g-1 at 0.5 A g-1 in 6 M KOH 

as compared to 239.5 F g-1 at 0.5 A g-1. However, high energy density was observed in 1 M 

KNO3 (26.9 W h kg-1) than 25.2 W h kg-1 in 6 M KOH due to the wider voltage range of 1.8 V 

in 1 M KNO3 than 1.6 V of 6 M KOH. This study reports the first complete synthesis of alkali 

ion intercalated triplite material via hydrothermal method and their electrochemistry in alkali 

and neutral electrolytes energy storage systems. 
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CHAPTER 5: Enhanced pseudocapacitance of Li+/MFP: 

The effect of alkaline, neutral and ionic electrolyte  
5.1. Introduction 

The use of the electrode materials is obviously constrained by the fact that the majority of 

transition metal-based materials store charges through surface Faradaic reactions [1]. 

Therefore, to further increase energy density, the development of effective electrode materials 

with broad potential windows and high bulk utilisation at the atomic level is necessary. 

However, manganese base materials suffer from capacity fading because of Mn dissolution. 

Furthermore, the well-known Jahn-Teller effect in Mn3+ promotes Mn dissolution by 

generating Mn2+ by the disproportionation reaction of Mn3+ [2, 3]. Numerous research studies 

having confirmed the Mn dissolving mechanisms have led to the progressive development of 

a number of techniques, including surface modification, atom doping, ion or molecule pre-

intercalation, electrolyte optimisation, and others [4,5]. A potassium manganese 

hexacyanoferrate cathode with an in situ cation engineered surface that substitutes iron for 

manganese was created by Lu and his coworkers [6]. With this alternate approach, the stability 

of the electrode structure and the surface chemical characteristics may both be improved while 

the dissolution of manganese would be reduced. Even if the stability of Mn-based materials 

may be significantly increased by the work reported by Lu’s group [6], several new issues are 

raised, including a decrease in the capacity of Mn active components, a loss of energy density, 

and complicated preparation procedures. In order to ensure high capacity, it is essential to 

create manganese-based materials with a very robust structure using straightforward and 

practical methods. 

Hence, in this study, simple hydrothermal insertion of lithium ions using LiOH was introduced 

in manganese fluorophosphate (MFP) to improve the stability of the material and retain Mn 

active components to facilitates an increase in energy density. In this study, lithium ions were 

intercalated into MFP material to improve reaction kinetics of the material by increasing the 

volume expansion to allow for faster diffusion of electrolyte ions. Stabilizing cations such as 

Li+ can be used to provide charge neutrality and enhance structural stability in MFP [7, 8]. 

Another cause of low energy density is narrow voltage window [8]. According to the equation 

used to calculate energy density, E = '
(
CV2, increasing specific capacitance (C) or cell voltage 

(V) are two possible approaches to increase energy density [9, 10]. The ideal way to use the 
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distinct voltage windows of the cathode and anode for building asymmetric supercapacitors 

(ASCs) is to dramatically increase the voltage, which may even reach over 2.0 V in neutral 

electrolytes [11, 12]. Due to the potential water electrolysis voltage at 1.23 V, the voltage for 

ASC devices is often constrained to 2 V [13]. 

Additionally, it is clear that electrolytes have an impact on the possible voltage window for 

aqueous ASCs. Neutral electrolytes such as K2SO4, Na2SO4 and Li2SO4 can attain a greater 

stable potential window when compared to acid or alkaline electrolytes because of the essential 

ion dehydration energy and the same concentration of protons and hydroxyl groups at neutral 

pH, hydrogen/oxygen evolution may be efficiently suppressed in neutral aqueous electrolytes 

[13, 14].  

High electrochemical stability window (ESW) values have recently been reported for various 

electrode types in so-called "water-in-salt" (WIS) electrolytes, which are more specifically salt 

to water mass (msalt/mwater) or volume (Vsalt/Vwater) ratios greater than 1 [15]. The most 

commonly used salt for this purpose is lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 

[15]. Again ionic liquids have been reported to have wider voltage window than aqueous 

electrolytes. Among various ionic liquids, LiFSTI has been a focus recently due to its good 

ionic conductivity, increased thermal and electrochemical stabilities [15, 16].In this study, 

Li+/MFP was used as a cathode with nitrogen doped activated carbons (N-ACs) as an anode. 

In this context, the main objective of the present study was to determine the effect of alkaline, 

neutral and ionic liquids in Li+/MFP. 

5.2. Methodology 

5.2.1. Materials 

Lithium intercalated manganese fluorophosphate (Li+/MFP) was synthesized using lithium 

fluoride (LiF, Sigma Aldrich), ammonium dihydrogen phosphate (NH4H2PO4, Sigma Aldrich), 

manganese (II) nitrate tetrahydrate (Mn(NO)3)2.4H2O, Sigma Aldrich) and lithium hydroxide 

(LiOH, Sigma Aldrich). Microfiber filter paper (ACE chemicals) were used as an electrode 

separator with 0.18 mm thickness. All other reagents were used without further purification. 

5.2.2. Methodology 

MFP was synthesized by a procedure discussed in Chapter 4. Li+/MFP was synthesized by 

mixing 900 mg of MFP with 8 M LiOH [17]. The mixture was stirred for 24 h at room 
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temperature. The mixture was then subjected to hydrothermal treatment for 12 h at 180 ℃. The 

resulting solution was washed with distilled water and dried for 12 at ℃ (see Fig. 5.1). 

 

Fig. 5. 1. Schematic representative showing the synthesis of Li+/MFP. 

5.2.3. Electrochemical characterization 

A Bio-Logic SP300 electrochemical workstation with EC-lab software was used to perform 

the electrochemical measurements. Slurry was formed by adding the active materials Li+/MFP/, 

MFP, carbon black and N-methylpyrrolidone (NMP) (80:10:10) together and the mixture was 

stirred for 12 h [18, 19]. The working electrode was prepared by coating the slurry on carbon 

paper followed by drying in a vacuum oven for 12 h at 60 ℃. The mass loading of a single 

electrode was 1.4-1.5 mg. The counter electrode used was Ni foam, Ag/AgCl as a reference 

electrode and 6 M LiOH, 1 M LiTFSI and 1 M Li2SO4 as an electrolyte. The assembly of the 

asymmetric device was achieved using Li+/MFP as a cathode and N-ACs as an anode. 

All the electrochemical analyses were tested by using cyclic voltammetry (CV), galvanostatic 

charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) procedures with 

10 mV amplitude AC voltage in the frequency range of 0.1 Hz to 100 100 kHz.  

 

Li+/MFP 
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5.3. Results and discussion 

The XRD spectra of MFP and Li+/MFP is shown in Fig. 5.2. Rietveld fits of the XRD patterns 

provide evidence that Mn2PO4F is in its pure phase (see Chapter 4). New peaks for Li+/MFP 

were observed with phases (202) and (002). However, there was a shift of the other peaks with 

increase or decrease in intensities after reaction with LiOH. This could be due to the material 

resulting in smaller particles and change of morphology. [20]. Again,, the peaks of Li+/MFP 

becomes broader might be due to lattice defects and crystallite size becomes smaller. Different 

structures or phases can be formed by different metal hydroxide. These can due to electrolyte 

ions diffusing in the MFP material in alkaline medium [21, 22]. Another possible explanation 

could be due to more chemically facets favoured than crystalline facets of the material growth 

of the manganese-based material on a [22]. 
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Fig. 5. 2. XRD spectra of MFP and Li+/MFP. 

The typical TEM images of MFP (Fig. 5.3a) and Li+/MFP (Fig. 5.3b,c) show clusters or 

agglomerates of big particles for MFP with lattice fringes and a d-spacing of 0.31 nm (see 

Chapter 4). The d-spacing increases to 0.37 nm after treatment with LiOH (Fig. 5.3d). The 

cluster morphology of MFP after reaction with LiOH slightly changed the morphology to 

smaller particles for Li+/MFP. This shows that treatment of the material with LiOH has a slight 

impact on the morphology of MFP (compared to KOH, discussed in Chapter 4). The 

introduction of LiOH changes the morphology of MFP from bulk to smaller particles. This is 

expected, as LiOH is less strong base compared to KOH. These results are consistent with work 

reported by Balan et al. [23] where increasing LiOH concentration to 7.8 mM, the morphology 

of MnO2 changes from nanoflower to nanocubes. 
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Fig. 5. 3. TEM images of (a) MFP and (b-d) Li+/MFP. 

SEM images of the materials are shown in Fig. 5.4. After treatment of MFP with LiOH, the 

morphology changed showing smaller particles with quasi rectangular shapes for Li+/MFP 

(Fig. 5.4b). Again, Li+/MFP show aggregates of particles on top of the quasi-rectangular shape 

structure (Fig. 5.4b, see inset). The formation of aggregates covering the particles could be due 

to the reaction of the material with LiOH. The elemental mapping of Li+/MFP show that the 

elements are uniformly distributed throughout the material. Li+/MFP (Fig. 5c-g) show uniform 

distribution of elements of Mn, P, O and F.  
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Fig. 5. 4. SEM images of (a) MFP, (b) Li
+
/MFP, EDS mapping (c-g) of Li

+
/MFP. 

The formation of both MFP and Li+/MFP is further supported by Raman spectrum (Fig. 5.5). 

The Raman bands are identified in terms of the vibrating units of PO42-. The P-O stretching 

modes of PO42- anion appear in the range 954-1046 cm-1 for MFP. The symmetric stretching 

vibration are observed at vibrations labelled ν5-6 (1012.4-1046.5 cm-1), while the asymmetric 

vibration are observed at 959.9-978.8 cm-1 (ν3-4) [21, 24]. The peaks that appear at these 

regions for PO42- vibrations disappear in Li+/MFP which is due to the change in structure and 

decrease of phosphate atoms on the surface of the material as shown in XPS spectra discussed 

below (Table 5.1). The broad peak at 646.2 eV (ν1) for Li+/MFP is due to asymmetric vibration 

of the phosphate group. 
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Fig. 5. 5. Raman spectra of MFP and Li+/MFP. 

According to Fig. 5.6, all elements (Mn 2p, O1s, F1s, P2p3, and Li1s) are present at their 

respective binding energies for Li+/MFP.  Due to the presence of M-O bond in the Li+/MFP 

material, manganese oxide is present at a binding energy of 641.4-642.8 eV. The binding 

energy of fluoride F1s is at 690.2 eV, O1s at 532.9 eV and Li1s at 51.5 eV [21]. All the elements 

in MFP are present (see Chapter 4). Table 5.1 displays the XPS atom % for each element found 

in MFP and Li+/MFP. 
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Fig. 5. 6. Survey scan of MFP and Li+/MFP. 

Table 5. 1. XPS % atom of elements present in MFP and Li+/MFP. 

Type of 

material 

XPS atom % 

 
Li1s Mn2p O1s P2p F1s 

MFP - 12.9 54.5 13.9 1.6 

Li+/MFP 3.2 14.9 50.3 7.6 0.5 
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Fig. 5. 7. (a) Mn2p, (b) O1s, (c) P2p3, (d) F1s  and (e) Li1s spectra of Li+/MFP. 

Fig. 5.7a depicts the deconvoluted Mn2p for Li+/ MFP, which has two primary peaks at 642.3 

eV for Mn2p3/2 and 654.4 eV for Mn2p1/2 spin orbitals, respectively. For Li+/MFP, Mn2p3/2 is 

deconvoluted and has three peaks for Mn2+, Mn3+ and a satellite peak. Mn2p1/2 is divided into 

two peaks for Mn2+ at lower binding energy and at higher binding energy for Mn3+ [25, 26]. 

Fig. 5.7b depicts the deconvoluted O1s spectrum of Li+/MFP, which has three peaks that have 

been identified as Mn-O-Mn (529.4 eV), Mn-OH radical (531.2 eV), and lattice oxygen at 

533.4 eV [27]. P2p3 is shown in Fig. 5.7c at 132.4 eV [28]. The presence of F1s for Li+/MFP 

is shown in Fig. 5.7d at 687.6 eV and Li1s at 55.2 eV (Fig. 5.7e) [29, 30]. 
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From the characterization techniques, TEM images show that lithium was successfully 

intercalated in MFP due to the increase in d-spacing. XRD, SEM and Raman data show that 

the structure of the materials changes after introduction of LiOH. Lastly, XPS show that lithium 

was successfully introduced into the parent MFP material.  

5.4. Electrochemical analysis  

5.4.1. Three electrode system of MFP and Li+/MFP in 6 M LiOH 

The electrochemical behaviour of MFP and Li+/MFP were analysed using CV and GCD. 

Li+/MFP show oxygen evolution at 0-1.0 V  (Fig. 5.8a), hence the CV and GCD were ran at 

0.0-0.9 V. CV and GCD of Li+/MFP (Fig. 5.8b, c) show high current response and discharge 

time than MFP, which show that lithium intercalation improves the electrochemistry of the 

pristine MFP. The improvement of MFP after intercalation could be due to exposure of more 

manganese atoms as shown from Table 5.1 which could be facilitating the redox behaviour of 

MFP. Again, the increase in d-spacing of Li+/MFP facilitates more accumulation of electrolytes 

ions than narrow d-spacing of MFP. Two pairs of redox peaks on both cathodic (0.18 and 1.77 

V) and anodic (0.43 and 0.85 V)  sweeps can be observed, from CV curves [31, 32].  

The following reaction occurs at cathodic peaks: 

Mn (III) +e-→ Mn (II) 

and the reaction below correspond to anodic peaks reactions: 

Mn (II) -e-→ Mn (III) 

The calculated specific capacitance were compared (Fig. 5.8d) and Li+/MFP showed higher 

capacitance values of 110.1, 94.2, 77.4, 69.1 and 59.8 F g-1 from 5-50 mV s-1 than capacitance 

of MFP (47.4, 36.8, 28.4, 24.3 and 15.8 F g-1). These results show that lithium intercalation 

evokes the redox properties of MFP. 
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Fig. 5. 8. (a) CV of Li+/MFP, (b) comparison CV, (c) GCD and (d) Csp vs scan rate of MFP and 

Li+/MFP.  

5.4.2. Three electrode system of MFP and Li+/MFP in Li2SO4 

Li+/MFP as a cathode electrode material was ran in three-electrode system using 1 M Li2SO4 

electrolyte and the corresponding results are represented in Fig 5.9. Fig 5.9a show CV profiles 

of MFP and Li+/MFP at 30 mV s-1 with voltage window from 0-0.8 V for MFP and 0-1.4 V for 

Li+/MFP (vs Ag/AgCl). As observed, there are evident redox peaks on the CV profile for both 

MFP and Li+/MFP revealing typical pseudocapacitive nature of the materials. Li+/MFP show 

redox peaks at a more positive voltage which is essential for more energy storage. GCD curves 

are shown in Fig 5.8b with redox behaviour which is consistent with CV curves. Li+/MFP has 

a higher discharge time which indicates higher capacitance values.  

Li+/MFP 
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Fig. 5. 9. (a) CV, (b) GCD and (c) Csp VS current density in 1 M Li2SO4. 

By integrating the CV curves to produce so-called voltametric charges, the specific capacitance 

values of the MFP and Li+/MFP were determined. Fig. 5.9c illustrates how the scan rate affects 

the capacitance of the materials. The capacitance of the electrode materials were calculated and 

the results are shown in Fig 5.9c. Li+/MFP has higher capacitance values of  81.2 F g-1 (at 5 

mV S-1), 60.2 F g-1 (at 10 mV S-1), 53.6 F g-1 (at 20 mV S-1), 48.9 F g-1 (at 30 mV S-1) and 42.8 

F g-1 (50 mV S-1) as compared to MFP with capacitance values of 27.1 F g-1 (at 5 mV S-1), 18.2 

F g-1 (at 10 mV S-1), 11.5 F g-1 (at 20 mV S-1), 8.3 F g-1 (at 30 mV S-1) and 7.0 F g-1 (at 50 mV 

S-1). The high capacitance values of Li+/MFP might be due the defective quasi-rectangular 

shape (TEM images) of the produced material after treatment with LiOH. Again, the increase 

in d-spacing and surface chemistry of Li+/MFP would result in improved current response. The 

Li+/MFP is generated with smaller particles that makes it simple for solvated Li+ to access the 

material surface, particularly the inner surface, leading to a high pseudocapacitance value. As 

a result, the inner surface of the MFP was not properly contacted by the Li ions, resulting in 

poor behaviour.  
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5.4.3. Three electrode system of MFP and Li+/MFP in 1 M LiFSTI 

The electrochemical study of MFP and Li+/MFP were further analysed in a three electrode 

system using 1 M LiTFSI. To examine the behaviour of the charge storage mechanism, CV of 

Li+/MFP was ran at a scan rate of 30 mV s-1 (Fig. 5.10a) and maximum voltage window was 

at 0.0-1.2 V. Fig. 5.10b show the comparison CV of MFP and Li+/MFP and the high current 

response of Li+/MFP show that lithium intercalation improves the charge storage of pristine 

MFP. Both MFP and Li+/MFP show redox behaviour from Mn2+/Mn3+ [32]. GCD curves (Fig. 

5.10c) show higher discharge time for Li+/MFP which supports the CV curves. It is clearly 

shown in Fig. 5.10d that Li+/MFP has higher capacitance values of 115.5, 98.1, 80.0, 67.1 and 

50.6 F g-1 than MFP with capacitance values of 64.4, 43.7, 31.9, 19.4 and 10.7 F g-1 from 5-50 

mV s-1. The electrochemical performance of these distinct crystallographic phases of Li+/MFP 

was found to be different and the higher d-spacing, than pristine MFP which might be due to 

the improved performance after lithium intercalation.  

 

Fig. 5. 10. (a) CV of Li+/MFP, (b) comparison CV, (c) GCD (c) and (d) Csp vs scan rate of 

MFP and Li+/MFP. 
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5.4.4 Comparison of Li+/MFP in 6 M LiOH, 1 M Li2SO4 and 1 M LiTFSI 

Three electrode system of Li+/MFP was compared in alkaline, neutral and ionic electrolytes. 

CV and GCD (Fig. 5.11 a, b) show that Li+/MFP is operated in different voltages due to the 

type of electrolyte used. For example, alkaline (6 M LiOH) was operated at a voltage window 

of 0.0-0.9 V due to the water decomposition at 1.23 V [33]. However, neutral (1 M Li2SO4) 

and ionic (1 M LiTFSI) electrolytes can be operated at wider voltage window due to fewer 

hydrogen and oxygen evolution [34]. According to Table 5.2, OH- has smaller hydrated size 

and higher conductivity than SO42- hence the higher capacitance of LiOH than in Li2SO4 in Fig. 

5.11c.  

 

Fig. 5. 11. (a) Comparison CV, (b) GCD and (c) Csp vs scan rate (c) of Li+/MFP in 6 M LiOH, 

1 M Li2SO4 and 1 M LiTFSI. 

The capacitance values of LiOH and LiTFSI are comparable at scan rate of 5-30 mV s-1. The 

material in LiTFSI show that it is not stable with about 50% decrease of capacitance than LiOH 

and Li2SO4. However, due to the high capacitance and wide potential window of LiTFSI, 

asymmetric assembly was operated in this electrolyte to obtain high energy density.  
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Table 5. 2. The ion size and ionic conductivity values [35, 36]. 

Ion Size (Å) Hydrated ion size (Å) Ionic Conductivity 

(S cm2 mol−1) 

Li+ 0.60 3.82 38.69 

OH- 1.76 3.00 198 

SO42- 2.90 3.79 160 

TFSI- 2.36 - - 

  

5.4.5. Two electrode system of Li+/MFP//N-ACs in 1 M LiTFSI 

The asymmetric electrode system was evaluated in 1 M LiTFSI using Li+/MFP as a positive 

electrode and N-ACs as a negative electrode. The results are shown in Fig 5.12. As shown in 

Fig 5.12a, N-ACs has stable voltage window from -0.8-0.0 V (vs Ag/AgCl) and Li+/MFP has 

a stable voltage window from 0.0-1.2 V (vs Ag/AgCl) at 10 mV s-1. Therefore, it is expected 

that the voltage window can be extended up to 2.0-2.3 V when the materials are assembled in 

asymmetric supercapacitors. CV (Fig 5.12b) and GCD (Fig 5.12c) curves of Li+/MFP//N-ACs 

asymmetric SCs were evaluated at different voltage range (2.2-2.4 V) to check the stability 

window and the assembled asymmetric SCs was stable up to 2.3 V which show that 

Li+/MFP//N-ACs can be cycled reversibly in the voltage range of 0.0-2.3 V. Moreover, the CV 

curves (Fig 5.12d) at different scan rates (5-50 mV s-1) show both quasi rectangular shape 

indicating ideal capacitor from N-ACs and redox behaviour from Li+/MFP. Additionally, the 

GCD curves (Fig 5.12e) at different current densities (0.5-5.0 A g-1) show symmetric shape 

which is of an ideal capacitor and redox characteristics which is consistent with CV curves. 

The redox behaviour of Li+/MFP is due to Mn2+/Mn3+. The calculated capacitance values from 

GCD curves was 102.6 F g-1 at 0.5 F g-1 (Fig. 5.12f). The capacitance decreases as the current 

density decreases due to limited diffusion of electrolyte ions at high current. These results show 

that lithium intercalation provides more active sites to MFP [37]. 
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Fig. 5. 12. (a) CV, (b) CV tests, (c) GCD tests at different voltage window, (d) CV curves at 

different scan rates, (e) GCD and (f) Csp VS current density of Li+/MFP//N-ACs in 1 M LiTFSI. 

Fig. 5.13a depicts the cyclic stability of the material tested at 5 A g-1 in a voltage window of 

0.0-2.3 V. After 15000 cycles, Li+/MFP//N-ACs maintains capacitance retention of 69.5%, 

indicating that the device exhibits good electrochemical cycling stability. The Coulombic 

efficiency was maintained at 98.7% showing long-term electrochemical cycling. An essential 
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parameter for examining the electrochemical characteristics of various materials is 

electrochemical impedance spectroscopy (EIS). With an electrical equivalent circuit (EEC, Fig. 

5.13b, inset), the interfacial electrochemistry and cycle stability are best understood via EIS. 

Fig. 5.13b examines the Nyquist graphs produced prior to and after the 15 000 cycles. The 

simple Randles electrical equivalent circuit (EEC) was used to model the EIS parameters before 

and after 15 000 cycles. The parameters include (i) the bulk resistance (Rb) resulting from the 

sum of resistances from the current collectors, electrodes, electrolyte, and separator; (ii) the 

charge-transfer resistance (Rct) resulting from electron transport; and (iii) the CPE resulting 

from the TEM’s irregular structures [38, 39].  

 

Fig. 5. 13. (a) Cyclic stability and (b) Nyquist plots of Li+/MFP//N-ACs obtained before and 

after 15 000 cycles with (b) electrical equivalent circuit used in the fitting of Nyquist plots. 

The Rs value increased after cycling (from 0.78 to 0.81 𝛺), while RCT decreases from 4.55 to 

2.81 Ω as shown from Table 5.3.. The “a’’ value of the CPE increased after cycling material 

does not maintains its of redox mechanism where a=1 is of a pure EDLC process, a=0.5 is of a 

pure faradaic process [40]. 

The CPECT and CPEcs decreases after cycling which implies the efficiency of the material 

decreases after long cycling. 

Table 5. 3. EIS parameters of Li+/MFP//N-ACs. 

Parameters Before After 

Rs (Ω) 0.78 ± 0.34 0.81 ± 0.66 

Rct (Ω) 4.55 ± 1.97 2.81± 1.01 

Rsei (Ω) 157.1± 7.56 60.22± 1.16 
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Rint (Ω) 274.29 ± 23.56 784.2± 30.83 

Cdl (mF) 5.75± 2.97 0.334± 0.44 

CPEct (uF. s^(a-1)) 85.55± 7.1 79.3 ± 9.56 

A 0.80 0.86 

CPEcs (uF. s^(a-1)) 530.1 ± 0.43 52.1± 1.12 

A 0.78 0.92 

   

 

It is crucial to note that in energy storage systems, the E and P significantly affect how effective 

the system can be. Using the Ragone plots depicted in Fig. 5.14, the material's efficiency in 1 

M LITFSI was contrasted. Li+/MFP//N-ACs show energy density of 18.8 W h kg-1 at a power 

density of 573.6 W kg-1 and a power density of 5249.4 W kg-1 at an energy density of 5.6 W h 

kg-1. Additionally, the single device successfully lighted up a red LED (see inset Fig. 5.10) for 

more than 3 minutes after charging for 20 s when it was attached to a light emitting diode 

(LED, 1.6 V). These results show that lithium intercalation results in the reversible 

insertion/extraction properties of lithium being key findings in lithium-based electrolytes 

chemistry. 
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Fig 5. 14. Ragone plot of Li+/MFP//N-ACs.  The insets shows an image of a red LED powered 

by Li+/MFP//N-ACs electrode based device in 1 M Li2SO4. 

Our results show that lithium intercalation enhances the specific capacitance of MFP material. 

Table 5.4 lists the outcomes for Li+/MFP and nitrogen-doped activated carbons from the use 

of biomass in asymmetric SCs along with their energy densities. The specific energy and power 

obtained in this experiment were comparable to those from earlier investigations [40, 41] and, 

in some cases, were even greater than those from previous alkali intercalation into 

manganese/metal based materials,. These results show that the energy density depends on a 

number of factors, such as the parent material's properties, the electrolyte, and the type of alkali 

metal employed for intercalation. For example, our material showed higher energy density of 

18.8 Wh/kg in a voltage range of 0.0-2.3 V than LiFePO4//mesoporous carbons with energy 

density of 17.9 Wh/kg [41]. However, the energy density in our study was less as compared to 

LiTi2(PO4)3/AC (24.4 Wh/kg) operated at a voltage range of 0.0-1.6 V [42]. 
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Table 5. 4. Summary of energy and power density of intercalated alkali ions into manganese 

base materials and other metal-base materials. 

Type of material Electroly

te 

Cell 

voltage 

(V) 

Current 

density 

(A/g) 

Specifi

c 

energy 

(Wh/kg

) 

 
Reference 

Li+/MFP//N-ACs 1 M 

Li2SO4 

2.3 0.5 18.8  This study 

       

LiFePO4/mesopor

ous carbons 

1 M 

LiTFSI 

2.1 0.1 

 

 

17.9         [41] 

LiTi2(PO4)3/AC 1 M 

Li2SO4 

1.6 2mA/c

m2 

 

 

24.4         [42] 

NaxMnO2@CNT/

/AC-CNT  

1 M 

Na2SO4 

1.8 1.0 

 

 

16.38         [43] 

 

5.5. Conclusions 

We have employed hydrothermal lithium insertion method using LiOH to investigate the effect 

of the alkali metal in the structure of MFP. Our results indicate that LiOH changes the structure 

of MFP into smaller particles and less formation aggregates particles as shown from TEM and 

SEM images. XRD also show that LiOH does alter the triplite material’s crystal structure.  

Electrochemical analysis show that introduction of Li ions into the structure improves the 

current response and results in a wider voltage range as compared to the parent MFP. Effect of 

different electrolytes show that Li+/MFP performed better in 1 M LiTFSI with capacitance and 
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potential of having a wider voltage range than 6 M LiOH and 1 M Li2SO4. Asymmetric 

assembly of Li+/MFP with N-ACs gave a powerful energy density of 18.8 W h kg-1 in 1 M 

LiTFSI while powering 1.6 LED bulb for over 3 minutes. These results demonstrate the 

feasibility of using lithium intercalation into structures for possible energy storage. 
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CHAPTER 6: Ceria nanorods decorated on sleeping 

‘triplite’ material for asymmetric supercapacitors in 

alkaline and neutral electrolytes 
6.1. Introduction 

To address the issues of poor energy density, new electrochemical supercapacitors (SCs) 

electrode materials have recently been developed such as activated carbons (ACs), metal oxides 

and polymers [1–3]. This has been accomplished by either completely replacing the carbon 

materials with electrochemically active redox materials or hybridizing the electrode materials 

by adding electrochemically active redox materials to an energy storage (ES) electrode layer 

based on carbon particles or forming composites of redox materials [2,4,5]. The enhancement 

of SCs can be done by using materials with high porosity, high surface area and redox 

properties [6].  

The high cost, limited supply, and severe toxicity of ruthenium and iridium oxides have a 

significant impact on their uses despite their intrinsic properties [7]. Because of these 

shortcomings, researchers have focused a lot of emphasis on the investigation of electrode 

materials including CeO2, MnO2, NiO, Co3O4, and Fe2O3 [8–10]. Due to its low toxicity, 

availability, and exceptional redox characteristics, CeO2 has instead shown to be a practical, 

beneficial, and promising electrode material for SCs [9]. 

Several authors reported on CeO2 composites, such as graphene-CeO2 [11], CeO2/CNTs [12], 

with reported higher capacitances than undoped with CeO2.Coating electrode material with 

CeO2 is a promising strategy in this study to improve the electrochemical performance of 

manganese fluorophosphate (MFP). With a ground state valence of 4f15d16s2, CeO2 stands 

out as a cheap and plentiful rare earth element. As a result, it not only generating stable Ce3+ 

by losing one 5d and two 6s electrons but also stable Ce4+ by losing an additional 4f electron. 

The ease with which the oxidation state of CeO2 may be changed from Ce3+ to Ce4+ makes it 

an excellent redox material for use in SCs. The potential for energy-related applications may 

be demonstrated by the efficient properties, such as structural defects that rely on the partial 

pressure of oxygen and high oxygen vacancy mobility. As a result, the assembly in combination 

with MFP and nanostructured CeO2 opens new avenues for the creation of electrode materials 

for high-performance SCs, including the following possibilities: (i) demonstrates improved 

electrical conductivity; (ii) improves contact between the electrode and electrolyte [13,14]. In 



 

138 
 

addition, CeO2 nanostructures with high porosity and surface area may be produced, and it is 

simple to modify their form of structure [13]. Jeyaranjan et al. [15] studied different 

morphology of CeO2 and found that nanorods had the highest capacitance. Hence, in the study, 

CeO2 nanorods were formed for coating on MFP to  better the redox properties of the material 

and its stability. The combination of MFP and CeO2 takes advantage of open framework of 

MFP that allow for accumulation of charge and redox property of CeO2.  

One of the most important factors in how well supercapacitors operate is electrolytes [16]. 

Aqueous electrolytes enable a better power density for electrode materials than other based 

electrolytes at the price of offering energy density that is lower. When aqueous electrolytes are  

contrasted with other different electrolytes, the electrochemical capacitors tested can provide 

additional advantages including cheap cost, safety, and environmental friendliness. In turn, 

aqueous electrolytes can be classified as acidic, basic, or neutral. While the working potential 

window in neutral electrolytes is increased above 1.23 V and reaches a value of 2.2 V, it is 

constrained to 1.2 V in acidic and basic electrolytes [17]. The specific capacitances are high 

for acidic, followed by alkaline and neutral.  

In this study, CeO2 was used to coat MFP to form a composite. The composite was used in 

three electrode and this work report the effect of alkaline (6 M LiOH and 6 M KOH) and neutral 

electrolytes (1 M Li2SO4 and 1 M K2SO4). Due to the higher conductivity of 1 M K2SO4 and 

higher capacitance than 1 M Li2SO4, and wider voltage range than alkaline electrolytes, 

asymmetric device was assembled in 1 M K2SO4. 

6.2. Methodology 

6.2.1. Materials 

MFP-CeO2 was synthesized using ceria nitrate (Ce(NO3)3.6H2O, Sigma Aldrich), ammonium 

dihydrogen phosphate (NH4H2PO4, Sigma Aldrich), manganese(II) nitrate tetrahydrate 

(Mn(NO3)2.4H2O, Sigma Aldrich). Microfiber filter paper (ACE chemicals) were used as an 

electrode separator with 0.18 mm thickness. All other reagents were used without further 

purification. 

6.2.2. Electrochemical characterization 

Working electrode was prepared by making slurry of  MFP, MFP-CeO2 (80 %), carbon black 

(10 %) and polyvinylidene (PVDF, 10%) in a few drops of methylpyrrolidone (NMP) [18]. The 

slurry was sonicated for 30 minutes, pasted on carbon paper and dried in a vacuum oven at 60 
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℃ for 12 h. The coated carbon papers were used as working electrodes in a two- and three-

electrode systems. A three-electrode system (half-cell) in 6 M KOH, 6 M LiOH, 1 M K2SO4 

and 1 M Li2SO4 was constructed using nickel foam as a counter electrode and  Ag/AgCl as a 

reference electrode in a T-type Swagelok cell. The two-electrode (full-cell) system was 

assembled using a T-type Swagelok cell with a microfiber filter paper between the electrodes 

that was soaked in 1 M K2SO4 electrolyte. The total mass per unit area of active material was 

around ~1.5-1.8 mg. All the electrochemical analyses were tested by using cyclic voltammetry 

(CV), galvanostatic charge-discharge (GCD), and impedance spectroscopy (EIS) procedures 

using a VSP potentiostat. The specific capacitance (Csp), energy density (Es), power density 

(Ps) were calculated from equation shown in Section 4.2.2. 

6.2.3. Synthesis of MFP-CeO2 

MFP-CeO2 was synthesized by a method shown in Fig. 6.1 [19]. In a standard reaction,  

Ce(NO3)3.6H2O was added to MFP (See Section 4.2.4 for the synthesis of MFP) and stirred in 

30 mL distilled water for 24 h at room temperature. The mixture was subjected to hydrothermal 

treatment for 12 h at 180 ℃. The resulting composite was washed with distilled water and dried 

for 12 h at 60 ℃. 

 

 

Fig. 6. 1. Graphical representation for the synthesis of MFP-CeO2. 

6.3. Results and discussion 

XRD of MFP and MFP-CeO2 is shown in Fig. 6.2. The XRD patterns show that after addition 

of CeO2, the lattice parameters changed slightly, indicating that coating MFP with CeO2 did 
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not significantly affect the structure or lattice positions of the atom but maintains the integrity 

of the pristine MFP. Whereas the XRD pattern for CeO2 were not easily detectable due to the 

high intensity of MFP diffraction planes. The intense peak at 29.4° for MFP decreased in 

intensity due to the coating of CeO2. 

 

Fig. 6. 2. XRD of MFP and MFP-CeO2. 

Raman spectra of MFP and MFP-CeO2 are shown in Fig. 6.3. The Raman bands did not show 

major change after coating with CeO2 which significantly support XRD that coating with CeO2 

did not change the structure of pristine MFP. The PO42- anion's P-O stretching modes are found 

in the 954–1046 cm–1 range. Asymmetric stretching vibrations are seen at v3-4 (1012.4–1046.5 

cm–1) and symmetric stretching vibrations at v1–2 (959.99–978.8 cm–1). 
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Fig. 6. 3. Raman spectra of MFP and MFP-CeO2. 

The detailed morphology of MFP and MFP-CeO2 are shown in Fig. 6.4. It can be seen that 

nanorods of CeO2 are formed on top or near the surface of MFP (Fig. 6.4b). Fig. 6.4b,c show 

that the CeO2 nanorods (small nanorods) are attached to MFP (big dark particles) with a red 

square in Fig. 6.4c (clearly shown in Fig. 6.4e). The nanorods particles are clearly seen in Fig. 

6.4c-f attached to MFP.  

The type of ceria containing salt and supersaturation level may be responsible for the varied 

growth rate. The supersaturation level of the synthesis system regulates the nucleation and 

crystal growth rates, according to the traditional crystallization process [20–22]. Low 

supersaturation results in bigger crystals because crystals grow more quickly than they form. 

In contrast, nucleation predominates during crystal development at greater supersaturations, 

which eventually results in the creation of more tiny particles. Faster nucleation and hence 

shorter CeO2 nanorods will occur at greater Ce nitrate concentrations and other parameters such 

as temperature and reaction time, which correlate to higher supersaturation values. 

Temperature also has an impact on the type of morphology CeO2 nanoparticles forms. The 

observed variation in length and aspect ratio on CeO2 crystallization was caused by temperature 

[20]. A greater number of tiny nuclei were created because a higher temperature sped up 

nucleation. At higher temperatures, shorter CeO2 nanorods were produced for a given quantity 

of the synthesis precursor. 
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These findings contrast significantly from those in the literature, where CeO2 nanorods are 

frequently only capable of being produced at low temperatures (≤100 °C) [20,23,24]. The 

temperature impact can be highly confusing since in some circumstances, depending on the 

hydrothermal treatment period and synthesis mixture composition, multiple morphologies may 

be formed at the same temperature or vice versa. The diverse synthesis compositions and 

circumstances employed in each system are the reason why the current study differs from those 

reported in the literature. 

Again, pH also has an impact on the growth of CeO2 nanoparticles. CeO2 nanorods only 

develop in acidic circumstances, as demonstrated by experiments reported by Ji’s group [22] 

with pH ranges of 2 to 12, and within the acidic pH range, the nanorods grew longer at a lower 

pH. 

 

Fig. 6. 4. TEM images of (a) MFP, (b, c, e, f) MFP-CeO2 and (d) CeO2. 

According to SEM images (Fig. 6.5a, b), CeO2 nanorods were successfully formed coating the 

MFP. This is clearly seen from Fig. 6.5b with a clear surface of MFP surrounded by CeO2 

nanorods particles. The nanorods ceria particles has been reported with many attractive 

properties, such as tunable pore sizes, abundant defects and adjustable surface chemistry, which 

greatly expand their potential applications in energy storage in this study. Fig. 6.5c-h shows the 

MFP 
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compositions and elemental observations of MFP-CeO2 nanorods particles. The EDS mapping 

show homogenous distribution of elements Mn, P, O, F and Ce. In the case of hybridization of 

MFP with the ceria phase, the Mn from MFP surface aid chemical bonding for better attachment 

and contact with the oxygen vacancies from Ceria. Moreover, the nature of functional groups 

can influence the degree of structural connection between MFP and ceria.  

 

Fig. 6. 5. SEM images (a, b) and EDS mapping (c-h) of MFP-CeO2. 

The presence of several elements and their oxidation states could be identified using XPS 

analysis. The survey scan of MFP and MFP-CeO2 is shown in Fig. 6.6. MFP-CeO2 show that 

all elements previously present in MFP (Mn2p at 642 eV, O1s at 531.1 eV, P2p at 133.2 eV 

and F1s at 689.2 eV) [25,26] are still shown with addition of Ce3d at 884.9 eV [8]. The atom 

MFP-CeO2 
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% of Ce3d in the material was found to be at 5.9%. The increase in in oxygen vacancy after 

coating with CeO2 may account for the enhancement of energy storage. 

 

Fig 6. 6. Survey scan of MFP and MFP-CeO2. 

Table 6. 1. XPS atom % of MFP and MFP-CeO2. 

Type of 

material 

XPS atom % 

 
Ce3d Mn2p O1s P2p F1s 

MFP - 12.9 54.5 13.9 1.6 

MFP-

CeO2 

5.9 7.9 57.6 12.3 0.7 
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XPS was further used to evaluate the oxidation states of the elements present in MFP-CeO2 as 

shown in Fig. 6.7. Mn2p3/2 (Fig. 6.7a) is deconvoluted and has three peaks for Mn2+, Mn3+ and 

a satellite peak. Mn2p1/2 is divided into two peaks for Mn2+ at lower binding energy and at 

higher binding energy for Mn3+ [27]. O1s deconvolution is shown in Fig. 6.7b and the peaks 

had three overlapping peaks which were due to the presence of oxygen from CeO2 as well as 

from Mn-O. The three peaks were observed at 528.5 531.3 and 533.1 eV. The most intense 

peak appeared at 531.3 eV due to the metal oxides [8,28].  

P2p3 is shown in Fig. 6.7c at 133.2 eV. The presence of F1s is shown in Fig. 6.7d at 689.2 eV 

and Ce3d at 884.9 eV in Fig. 6.7e. In the XPS spectrum of cerium ions, the peaks of Ce3+3d3/2 

(at binding energies of 900.7 and 907.8 eV) are less stronger than Ce3+3d5/2 (883.5 and 886.9 

eV) [8]. The estimated density of ions Ce3+ in the sample is 58% from the total volume, ions 

Сe 4+ − 42%. This suggests that the Ce3+ ions are mostly present on the MFP’s surface. 

In summary, XRD, Raman, TEM, SEM-EDS and XPS confirm successful synthesis of MFP 

with CeO2 coating. 
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Fig. 6. 7. (a) Mn2p, (b) O1s, (c) P2p3, (d) F1s and (e) Ce3d spectra of MFP-CeO2. 

6.4. Electrochemical analysis of the electrode materials in alkaline and neutral 

electrolytes 

6.4.1. Electrochemical analysis of MFP and MFP-CeO2 in 6 M LiOH electrolyte 

The electrochemical performance of MFP and MFP-CeO2 were evaluated using CV and GCD 

in three electrode system using 6 M LiOH. The CV curves of MFP and MFP-CeO2 across a 

potential range of 0.0 to 0.9 V at 30 mV s-1 is shown in Fig. 6.8a. The CV curve of MFP-CeO2 

show redox peaks due to the presence of manganese and CeO2 [15,29]. The GCD curves of the 

electrode material were shown in Fig. 6.8b. It was found that MFP-CeO2 had a significantly 

greater area under the CV curve than MFP and indicating that it had better charge storage 

properties. GCD curves corroborates the CV curves that MFP-CeO2 has better charge storage 

due to higher discharge time than pristine MFP. The calculated specific capacitance of the 
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materials as a function of scan rate are 47.4, 36.8, 28.4, 24.3 and 15.8 F g-1 for MFP and 140.1, 

118.9, 99.8, 91.2 and 70.7 F g-1 for MFP-CeO2 at scan rate of 5, 10, 20, 30 and 50 mV s-1, 

respectively. The improvement of current response after interaction of MFP with CeO2 is due 

to the tuning of the oxygen vacancies in CeO2 which implies a useful role as oxygen buffer. 

This indicates that CeO2 improves the electron transfer rate and electron cloud which generates 

faradaic current across MFP as shown from the CV curves that the redox peaks of MFP are 

evoked after forming MFP-CeO2 composite. 

 

Fig. 6. 8. (a) CV, (b) GCD and (c) Csp vs scan rate of three electrode system in 6 M LiOH. 

6.4.2 Electrochemical analysis of MFP and MFP-CeO2 in 6 M KOH electrolyte 

Electrochemical analysis of MFP and MFP-CeO2 were further evaluated in a three-electrode 

system using 6 M KOH electrolyte. The CV curves of the electrode materials are shown in Fig. 

6.9a with prominent redox peaks due to the presence of Mn and CeO2 on the surface of MFP. 

GCD curves are shown in Fig. 6.9b which show that MFP-CeO2 has a higher discharge time 

than MFP which corroborates the CV curves with higher current response. These results clearly 

indicates that CeO2 indeed improves the electrochemical properties of MFP due to its 

outstanding redox properties. Fig. 6.9c show the calculated capacitance of the electrode 
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materials at different scan rates of 5-50 mV s-1. MFP-CeO2 had the highest capacitance values 

of 209.1, 156.6, 119.9, 9, 105.9 and 91.2 F g-1 than MFP with capacitance values of 94.0, 57.3, 

43.3, 38.7 and 18.8 F g-1. 

 

Fig. 6. 9. CV, GCD and Csp vs scan rates of three electrode system in 6 M KOH. 

6.4.3 Comparison of 6 M LiOH and 6 M KOH electrolytes 

CV and GCD curves (Fig. 6.10a, b) of MFP-CeO2 are compared and the material show high 

area under the CV curve and higher discharge time in 6 M KOH. The capacitance values (Fig. 

6.10c) are higher for 6 M than 6 M LiOH.  

Alkali ions are strongly hydrated in aqueous conditions, and the sizes of their ion-hydrated 

complexes increase in the following order: K+ < Na+ < Li+ (Table 1) [30]. As a result, alkali 

metal ions become more mobile in the following order: Li+ < Na+ < K+. The best capacitance 

performance of MFP-CeO2 electrodes in the KOH electrolyte is consistent with this. 
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Fig. 6. 10. Comparison CV, GCD and Csp vs scan rate of MFP-CeO2 in 6 M LiOH and 6 M 

KOH. 

Table 6. 2. Size and conductivity of electrolytic bare and hydrated ions [30]. 

Type of Ion 
Size of bare ion 

(Å)  

Size of hydrated ions 

(Å)  

Ionic conductivity 

(S cm2mol−1)  

MFP-

CeO2 

 
Csp, 

Fg−1 
 

Li+ 0.60 3.82 38.69  140.1  

Na+ 0.95 3.58 50.11  -  
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Type of Ion 
Size of bare ion 

(Å)  

Size of hydrated ions 

(Å)  

Ionic conductivity 

(S cm2mol−1)  

MFP-

CeO2 

 
Csp, 

Fg−1 
 

K+ 1.33 3.31 73.50  209.1  

 

6.4.4. Electrochemical analysis of MFP and MFP-CeO2 in 1 M Li2SO4 electrolyte 

Electrochemical analysis of MFP and MFP-CeO2 were evaluated in three electrode system in 

1 M Li2SO4. CV curves of the electrode materials are shown in Fig. 6.11a with MFP-CeO2 

showing high current response compared to MFP and CeO2. This show that the combination of 

both MFP and CeO2 has an impact on each due to the bulk opening of MFP that allow access 

of electrolyte ions and the redox activities of CeO2. The oxidation and reduction peaks in the 

anodic and cathodic regions in the Li2SO4 electrolyte are attributed to the reversible faradaic 

process between Mn2+/Mn3+ anions, respectively (Fig. 6.11b). This show that the redox peaks 

of MFP-CeO2 are both from MFP and CeO2 [14]. GCD curves (Fig. 6.11c) show that MFP-

CeO2 performs better with a high discharge time which support the CV data. The CV and GCD 

curves show that incorporating CeO2 to MFP also improves the electrochemical voltage 

window which is needed for energy storage. The calculated capacitance are shown in Fig. 6.8d 

which indicates that charge storage was higher in MFP-CeO2 from 5-50 mV s-1 with high 

capacitance values of 51.6 F g-1 at 5 mV s-1 than MFP with 27.1 F g-1 and CeO2 with 5.6 F g-1. 
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Fig. 6. 11. CV curves (a,b), GCD (c) and Csp vs scan rate for MFP, CeO2 and MFP-CeO2 in 1 

M Li2SO4. 

6.4.5. Electrochemical analysis of MFP and MFP-CeO2 in 1 M K2SO4 electrolyte 

Electrochemical analysis of MFP and MFP-CeO2 were evaluated in a three-electrode system 

using 1 M K2SO4. The CV and GCD curves (Fig. 6.12a, b) of the materials were compared and 

MFP-CeO2 showed high current response and high discharge time than MFP indicating high 

charge storage. Again, MFP-CeO2 showed higher capacitance values of 98.9, 79.4, 86.7, 70.9 

and 60.3 F g-1 than MFP with capacitance values of 43.75, 33.9, 26.9, 23.3 and 19.9 F g-1 from 

5-50 mV s-1. These results indicate that CeO2 play a huge role in improving the charge storage 

of pristine MFP due to the fluctuation of oxidation state between 3+ and 4+, which can aid 

superconductivity. Again, the coating of CeO2 on pristine MFP improves the ‘sleeping’ triplite 

material as seen from CV and GCD curves. It is suggested that CeO2 and MnO2 have a 

synergistic impact. The CeO2 cores serve as an accelerator during the electrochemical test. Due 

to the necessary potential difference, CeO2 and manganese (Mn) release their electrons 

simultaneously throughout the oxidation process. However, CeO2 is easily oxidized and 
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reduced throughout the oxidation-reduction process due to its high activity. As a result, CeO2 

continuously depopulate electrons from Mn, increasing the degree of oxidation and improving 

electrochemical performance. 

 

Fig. 6. 12. CV (a), GCD (b) curves and Csp vs scan rate of MFP and MFP-CeO2 in three 

electrode system using 1 M K2SO4. 

6.4.6. Comparison of Li2SO4 and K2SO4 electrolytes 

CV and GCD curves of MFP-CeO2 in 1 M Li2SO4 and 1 M K2SO4 were compared in Fig. 

6.13a,b. The CV curves in 1 M K2SO4 show higher current response than in 1 M Li2SO4. Also, 

the GCD in 1 M K2SO4 show higher discharge current than in 1 M Li2SO4. The specific 

capacitance of MFP-CeO2 in 1 M K2SO4 show higher capacitance values of 98.9 F g-1 at 5 mV 

s-1n (Fig. 6.12c) than in 1 M Li2SO4 with capacitance value of 51.6 F g-1 (Fig. 6.11d). The 

higher capacitance values of MFP-CeO2 in K2SO4 is due to the higher conductivity of K2SO4 

than Li2SO4 as listed in Table 6.2. 
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Fig. 6. 13. Comparison (a) CV and (b) of MFP-CeO2 in 1 M K2SO4 and 1 M Li2SO4. 

Comparing all the electrochemical results in three electrode system using alkaline and neutral 

electrolytes, the alkaline electrolytes have higher capacitance than neutral electrolytes due to 

the higher conductivity. However, MFP-CeO2 in alkaline electrolytes have smaller voltage 

window (0.0-0.9 V) as compared to higher voltage window of 0-1.4 V in neutral electrolytes. 

The smaller voltage window of alkaline electrolytes is due to water decomposition occurring 

at 1.23 V as compared to neutral electrolytes that can be operated at higher voltage window 

due to H- and OH- concentration being lower, resulting in a potential shift of the hydrogen and 

oxygen evolution to a wider stable potential window, that increases the amount of energy 

storage [31].  

Hence, asymmetric assembly was conducted in 1 M K2SO4 electrolyte. 

6.4.7. Two electrode system of MFP-CeO2 in 1 M K2SO4 

Electrochemical performance of MFP-CeO2 was evaluated in asymmetric SCs using CV, GCD 

and EIS in 1 M K2SO4 electrolyte. As shown in Fig. 6.14a, CV measurements were performed 

using a typical three-electrode setup to assess the electrochemical performance of both MFP-

CeO2 and N-ACs electrodes. The MFP-CeO2 electrode demonstrate a mix of EDLC and 

pseudocapacitance behavior and was measured in the potential window of 0 to 1.4 V (vs. 

Ag/AgCl). An ideal EDLC characteristic is demonstrated for N-ACs by the electrode's 

contribution of the potential window from -0.8 to 0 V (vs. Ag/AgCl) with a symmetrical 

rectangular CV curve. The total mass ratios of the negative electrode and positive electrode 
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based on charge balance theory was ~3.1 mg.  Fig. 6.14b,c displays the CV and GCD curves 

of the built MFP-CeO2//N-ACs asymmetric cell at various potential windows (1.8-2.2 V). 

 

Fig. 6. 14. (a) CV, (b) CV tests, (c) GCD tests at different voltage window, (d) CV curves at 

different scan rates, (e) GCD and (f) Csp  VS current density of MFP-CeO2//N-ACs in 1 M 

K2SO4. 

It is evident that the asymmetric cell can function steadily down to a 2.1 V potential window. 

The CV curves were ran at different scan rates (Fig. 6.14d) and the CV shapes are preserved, 

which is consistent with good supercapacitive behaviour. The CV curves show a contribution 

of EDLCs and pseudocapacitor from Mn2+/Mn3+ and CeO2.   
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The CV curves show a pair of redox peaks which correspond to oxidation (1.75 V) and 

reduction (1.33 V) of nano CeO2 (Ce4+ ↔ Ce3+). The redox process is the basis of charge 

storage and this mechanism can be expressed by the following faradaic reaction: 

                                     𝐶𝑒 𝐼𝑉𝑂2 + 𝐾 + + 𝑒 − ↔ 𝐶𝑒𝐼𝐼𝐼𝑂.𝑂𝐾 +                                                                         (6.1) 

When the electrode is submerged in the electrolyte, two additional mechanisms besides the 

redox process may be responsible for charge storage: The first sort of charge storage is the 

traditional EDLC type. This non-faradaic mechanism develops as a result of electrolyte ions 

building up at the electrode surface/electrolyte contact. The second is a different faradaic 

mechanism that results from the electrolyte cations' reversible electrochemical adsorption on 

the electrode surface. 

This can be expressed as follows: 

                                     (𝐶𝑒𝑂2 ) 𝑠𝑢𝑟𝑓 + 𝐾 + + 𝑒 − ↔ (𝐶𝑒𝑂2𝐾 +)𝑠𝑢𝑟𝑓                                                  (6.2) 

Nevertheless, redox type charge storage (pseudocapacitance) is not limited to the electrode 

material's surfaces and can also take place in the sub-surface redox active sites [32]. The GCD 

curves in Fig. 6.14e were ran at different current densities from 0.5-5 A g-1 and they show redox 

behaviour mechanism which supports the CV data. The specific capacitance of the full cell as 

a function of current densities are shown in Fig. 6.14f with capacitance values of 155.2 F g-1 at 

0.5 A g-1 to 65.9 F g-1 at 5 A g-1. The specific capacitance decreases as the current densities 

decreases because the electrolyte ions are unable to permeate into the active material and can 

only reach the material's outer surface, which causes the specific capacitance to drop. 

Using EIS measurements, the electrochemical characteristics of asymmetric supercapacitors 

was further examined, and the Nyquist plots are displayed in Fig. 6.15a with the EIS parameters 

in Table 6.3. The symbols Q represents charge, r for resistance and c for capacitance (see Fig. 

6.15b). High frequency and low frequency zones make up the two regions in Nyquist plots. 

The semicircle arc and the intercept of the real axis (Z') at high frequency, respectively, 

represent the charge transfer resistance (Rct) and equivalent series resistance (ESR). The Rs of 

the material is nearly the same before cycling (1.26 Ω) with Rs value of 1.27 Ω after cycling 

(Table 6.3). The RCT of the material is lower after cycling (1.94 Ω) compared to before cycling 

(5.81 Ω). The smaller RCT value after cycling is due to better contact between the electrolyte 

and electrode as cycling over time. Given that Rint is mainly due to the ohmic drop (IR drop) 

and diffusion rate of electrolytes ions the material after cycling gave Rint of 621.5 Ω which was 
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smaller than before cycling (834.3 Ω ) due to the decrease  in ohmic drop or more access of 

diffusion of electrolyte ions after many cycles. The increase in CPE values after cycling show 

that the material remains stable through charging and discharging.

 

Fig. 6. 15. (a) Nyquist plots of MFP-CeO2 obtained before and after 15 000 cycles with (b) 

electrical equivalent circuit used in the fitting of Nyquist plots. 

Table 6. 3. EIS parameters of MFP-CeO2//N-ACs before and after 15 000 cycles. 

Parameters Before After 

Rs (Ω) 1.26 ± 0.44 1.27± 0.23 

Rct (Ω) 5.81 ± 1.54 1.94± 0.65 

Rsei (Ω) 55.04± 9.86 242.50± 10.67 

Rint (Ω) 834.30 ± 24.36 621.50± 22..73 

Cdl (mF) 7.18± 6.24 95.1± 24.3 

CPEct (mF. s^(a-1)) 0.15± 0.75 0.59± 0.92 

a 0.76 0.88 

CPEcs (mF. s^(a-1)) 5.72± 2.32 100.6± 21.08 

a 0.85 0.98 

   

 

MFP-CeO2//N-ACs, seen in Figure 6.16a, was further tested for cyclic stability at a high current 

density of 5 A g-1 for up to 15 000 cycles. More than 60 % of the capacitance retention was 

seen after 15000 cycles, further demonstrating this material's supremacy in real-world high 
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power density applications. The excellent mechanical strength of the N-ACs, which can 

efficiently increase the cyclability throughout the charging/discharging process, is primarily 

responsible for the good long-term cycle stability of the device. 

Fig. 6.16b show the Ragone plot (specific energy vs specific power) of MFP-CeO2//N-ACs 

asymmetric cell which exhibits maximum specific energy of 23.8 Wh/kg with a specific power 

of 525.6  W kg-1 at a current density of 0.5 A g-1. Furthermore, the specific energy obtained is 

superior as compared to the reported values for other Mn and CeO2 based nanomaterials. For 

example, Nagamuthu et al. [33] reported energy density of 17.2 W h kg-1 on Mn based material 

with CeO2 in 1 M Na2SO4 electrolyte with a maximum voltage of 2 V. Again, Ortega et al. [34] 

reported energy density of 17.9 Wh kg-1 using LiFePO4//mesoporous carbon in 1 M LiTFSI. 

Furthermore, the inset in Fig. 6.16 show an LED bulb powered for more than 2 min 54 s. 

 

 

Fig. 6. 16. (a) Cyclic stability and (b) Ragone plot of MFP-CeO2//N-ACs. The insets shows an 

image of a red LED powered by MFP-CeO2//N-ACs electrode based device 

Thus, our results were compared to other CeO2 and manganese-based materials as shown in 

Table 6.4.  
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Table 6. 4. Comparison energy density of various CeO2 and Mn based materials in different 

electrolytes. 

Type of 

material 

Electrolyte Cell voltage 

(V) 

Current 

density 

(A/g) 

Specific 

energy 

(Wh/kg) 

 
Reference 

MFP-

CeO2//N-

ACs 

1 M K2SO4 2.1 0.5 23.8  This study 

CeO2-

LaMnO3//A

Cs 

1 M Na2SO4 2.0 1.0 17.2     [33] 

LiFePO4//m

esoporous 

carbon 

1 M LiTFSI  2.1 0.1 17.9  [34] 

Mn3O4/Ni(O

H)2//AC 

1 M KOH 1.6 0.5  15.3 [35] 

CeO2  nano

wire@MnO2 

//AGO 

1.0 M Na2SO4 2.0 0.5 27.5 [9] 

 

6.5. Conclusions 

In conclusion, an effective positive electrode for an asymmetric supercapacitor was created 

using MFP-CeO2. The asymmetric device creates a strong synergistic effect that significantly 

improved its electrochemical performance by combining with N-ACs as a negative electrode. 

The very porous shape of N-ACs and the well-adhered coating of CeO2 on the surface of MFP 

were advantageous in facilitating easy ion-diffusion paths at the electrolyte/electrode contact, 

which can boost specific capacitance. The MFP-CeO2//N-ACs had good cycling stability 

(69.8%) after 15 000 cycles and could function reversibly at a maximum voltage of 2.1 V. 
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Additionally, it has a low Rct and a high specific energy of 23.8 Wh/kg at a specific power of 

525.6 W/kg. These remarkable results demonstrate the significant potential for developing 

high-performance supercapacitors with MFP-CeO2. 
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CHAPTER 7 
7. Conclusions and Recommendations 

7.1. Conclusions 

In this study, nitrogen-doped activated carbons was synthesised and characterised to serve as a 

electrode material for symmetric and asymmetric supercapacitor. The research focused on 

enhancing the performance of hybrid supercapacitors by combining N-ACs EDLCs with 

pseudocapacitive (K+/MFP, Li+/MFP and MFP-CeO2) materials. The research included two 

main components: (i) synthesis of nitrogen-doped ACs for improved symmetric supercapacitor 

performance in alkaline and neutral electrolyte; (ii) the synthesis and characterization of 

K+/MFP, Li+/MFP and MFP-CeO2 cathode material for hybrid supercapacitors. Investigations 

into the structural, morphological, porosity, and compositional characteristics of the as-

synthesised materials were conducted using X-ray powder diffraction (XPD), Raman 

spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

Brunauer-Emmett-Teller (BET) analysis, and X-ray photoelectron spectroscopy (XPS). 

Electrochemical properties of the as synthesized materials were evaluated by using cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impedence 

spectroscopy (EIS). The results of N-ACs in a symmetric system showed higher energy density 

of 17.7 Wh/kg in 2.5 M KNO3 operated at 1.8 V. The material demonstrated practical 

application by pwering an LED bulb. 

A novel potassium intercalation on manganese fluorophosphate (K+/MFP) for asymmetric 

supercapacitors with high energy density of 26.9 Wh/kg in 1 M KNO3 and high capacitance 

retention of 144.2% which show remarkable stability of the material was demonstrated.  

Li+/MFP was also successfully synthesised and applied in asymmetric supercapacitors as a 

cathode material with N-ACs as an anode material. The asymmetric system gave energy 

density of 18.8 Wh/kg. 

A composite of MFP-CeO2 was synthesised with rods formation of CeO2 coated on MFP. CeO2 

showed improved capacitance when coated on MFP as compared to pristine MFP which 

indicated improved redox properties when introducing more oxygen vacancies. MFP-CeO2 was 

used in asymmetric supercapacitor with N-ACs and this electrode material gave energy density 

of 23.8 V in 1 M K2SO4. 
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In summary, the development of nitrogen containing carbon nanostructures with superior 

properties, particularly as electrode materials, continue to grow. Biomass valorisation offer a 

facile route to produce nanostructured carbons in higher yields and their properties can be 

easily tailored, which makes them excellent candidates for multidisciplinary applications such 

as energy storage. On the other hand, manganese fluorophosphates materials containing 

increased interlayer spacing is another way of allowing more electrolyte diffusion for an 

increase in energy storage.  

7.2. Recommendations for future work 

• Investigation of different concentrations of KOH and LiOH for intercalation on MFP. 

• Investigation of different percentages of CeO2 for coating on MFP. 

• Further study the structure of alkali intercalated MFP using other characterizations 

techniques. 

• Study the alkali intercalated MFP with other anode materials in an asymmetric 

assembly for further increase of energy storage. 
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APPENDIX 
Supplementary Information 

Table S3. 1. Calculated %yield of activated carbons after KOH impregnation. 

Type of material Initial mass (mi) (g) Final mass (mf) (%) 

AMNW-0.5 3.0 43.3 

AMNW-1 3.0 34.4 

AMNW-2 3.0 25.0 

AMNW-3 3.0 6.3 

 

 

Fig. S3. 1: Effect on KOH ratio on the carbon yield obtained from marula nutshell waste 

 

Fig. S3. 2. SEM images of (a) AMNW-0.5, (b) AMNW-1 and (c) AMNW-3. 



 

167 
 

 

Fig S3. 3. N2 adsorption-desorption of MNW and PMNW. 

Table S3. 2. BET surface area of the pristine, pretreated activated and nitrogen doped marula 

nuts waste. 

 

Type of material 

 

BET Surface 

Area/m2 g-1 

 

Micropore 

Surface Area/m2 

g-1 

 

Pore volume/cm3 

g-1 

 

Pore size/nm 

MNW 0.011 - 0.08 165 

PMNW 31.1 - 0.29 38.0 

AMNW-0.5 1111 953 0.47 7.9 

AMNW-1 1353 1025 0.65 3.3 

AMNW-2 1266 1049 0.46 5.2 

AMNW-3 1236 1029 0.39 8.9 

N-ACs 1427 1012 0.31 2.6 
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Fig. S3. 4. Deconvolution of (a-d) Raman spectra of activated carbons. 

Table S3. 3. Raman data of activated carbons and nitrogen doped material. 

Type of material Raman shift/cm-1 D1/G 

D-band G-band 

AMNW-0.5 1353.9 1598.9 2.9 

AMNW-1 1348.2 1599.1 3.9 

AMNW-2 1345.2 1595.5 4.3 

AMNW-3 1348.7 1597.6 4.5 

N-ACs 1348.0 1603.6 3.5 
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Table S3. 4. Summary of  % concentration of bond types in the samples. 

 

 

Fig. S3. 5. GCD of N-ACs in 2.5 m KNO3. 

Table S3. 5. Capacitance (F/g) of the materials in 6 M KOH and 2.5 M KNO3. 

Materials            6 M KOH electrolyte  

Capacitance/F g-1 at different current densities 

 0.5 A g-1 0.75 A g-1 1.0 A g-1 2.0 A g-1 5.0 A g-1 

AMNW-0.5 85.3 78.6 75.8 70.0 60.8 

AMNW-1 155.7 149.3 145.4 140.0 133.6 

AMNW-2 292.2 272.4 259.8 242.0 229.1 

AMNW-3 139.7 137.0 135.1 130.8 121.8 
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N-ACs 358.2 315.0 290.1 259.4 230.7 

2.5 M KNO3 electrolyte 

  Capacitance/F g-1 at different current 

densities 

 

 0.5 A g-1 0.75 A g-1 1.0 A g-1 2.0 A g-1 5.0 A g-1 

AMNW-0.5 41.1 38.5 37.7 35.5 31.8 

AMNW-1 129.7 117.3 113.6 105.0 95.4 

AMNW-2 193.4 175.3 168.6 153.6 124.7 

AMNW-3 115.3 107.5 102.5 95.6 88.8 

N-ACs 240.1 223.8 217.6 202.6 191.4 

 

 

Fig. S4. 1. SEM-EDS mapping (a-e) of MFP. 
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Fig. S4. 2. (a) F1s of MFP and (b) F1s of K+/MFP. 

 


