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Abstract 

The study focuses on exploring ways to extract valuable metals from waste materials such as 

spent lithium-ion batteries (LIBs) and coal fly ash (CFA) and thus converting them into Metal-

organic frameworks (MOFs) suitable for energy storage applications. The rise in clean energy 

demand requires that there be suitable storage systems that can be utilized. LIBs have a large 

energy density and a drawback exhibiting low power density and short cycle stability, which 

supercapacitors (SCs) complement by possessing high-power density with high operational 

charge and discharge rates at a high number of cycles. However, the main drawback of 

developing energy storage materials and devices is the cost of fabrication and operation. The 

study aims to introduce cost-effective ways of extracting valuable metals for the use of 

preparing porous MOFs for use in energy storage.    

In the first instance, spent LIBs were physically dismantled and discharged before subjecting 

the cathode material to calcination to convert the metallic structure into metal oxides. The metal 

oxides were mixed with either hydrochloric acid (HCl) or sulphuric acid (H2SO4) to convert 

them into a metal salt that can react with an organic linker (under a conducive environment) to 

obtain manganese-based MOFs. The prepared MOFs exhibited structural, morphological and 

textural properties similar to manganese-based MOF obtained using commercial metal salts. 

The Mn-MOF(Cl2) was the MOF prepared using HCl as a salt convertor and had better 

structural and textural properties. It was tested as an anode material in LIBs application and its 

electrochemical properties were compared to manganese-based MOF obtained using 

commercial metal salts (Mn-MOF(Com)). 

Mn-MOF(Cl2) achieved coulombic efficiency (CE) of approximately 99% and discharge 

capacity of 1355 mAh g-1 as compared to Mn-MOF(Com) obtained using commercial metal 
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salt, which had a discharge capacity of 772.55 mAh g-1 at 100 cycles. Mn-MOF(Cl2) had good 

reversibility of the redox process and remarkable electrochemical performance ascribed to its 

flaky sheet-like structures, allowing shorter ion diffusion path, which compliments the strain 

incurred through severe volume variations amid frequent intercalation/de-intercalation of 

lithium ions. 

In the second instance, coal fly ash was leached using an optimized method to obtain an 

aluminium sulphate leachate solution. The solution was used as a metal feedstock with fumaric 

acid as an organic linker in the synthesis of aluminium-based MOF (CFA-FumMOF). The 

CFA-FumMOF was synthesized as a mimic of aluminium fumarate MOF (Al-FumMOF). 

Despite the presence of other metals in the synthesis solution, the prepared coal fly ash derived 

MOF (CFA-FumMOF) exhibited almost similar characteristics to Al-FumMOF synthesized 

using commercial chemicals. Achieving a surface area of 1236 m2/g with respect to Al-

FumMOF (1266 m2/g). 

The prepared MOFs were subjected to direct carbonization to prepare MOF derived carbons 

(MDCs) for use in supercapacitors. The three-electrode measurements of Al-FumMOF and 

novel CFA-FumMOF were successfully prepared with a specific capacity of 28.62 mAh g-1 

and 9.88 mAh g-1, respectively at a specific current of 0.5 A g-1. Their respective MDCs, Al-

MDC and CFA-MDC obtained a specific capacitance of 111.94 F g-1 and 306.59 F g-1, 

respectively at 0.5 A g-1. When assembled into an asymmetric device, Al-FumMOF//Al-MDC 

had a specific capacity of 5.09 mAh g-1 at current densities of 0.5 A g-1, with coulombic 

efficiency of 99.10%, indicating good cyclability and capacity retention of 46.80% after 5000 

cycles. CFA-FumMOF//CFA-MDC achieved a specific capacity of 4.0 mAh g-1 at 0.5 A g-1, 

with a good coulombic efficiency of 98.90% and capacity retention that gradually decreased to 

42.36% after 5000 cycles. 
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In summary, the waste-to-MOF concept has attracted attention in the academia space and 

scientist have recorded the use of waste materials to obtain organic linkers and metals for MOF 

preparation. Herein, the authors wish to introduce a new synthesis route of using spent LIBs 

and CFA as metal feedstock to prepare MOFs. There are no reports of using spent LIBs to 

prepared Mn-based MOF, which is also used as anode for LIBs application. There are also no 

known reports on preparing Al-based-MOFs from CFA that are also used as sacrificial 

templates in preparation of MOF-derived-carbons. The electrochemical performance of these 

materials in LIBs and SCs application is the highest compared to the commercially prepared 

(pristine) materials. The reported synthesis routes exhibit innovative ways of utilization of 

cheap waste materials. The preparation of both Mn-MOF(Cl2) and CFA-FumMOF signifies 

the potential for new market creation and relatively cheap ways to mitigate climate change.   
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Chapter 1: Introduction to Thesis 

1. Introduction 

1.1.  Background of the Study 

Porous materials such as zeolites, activated carbon and coordination polymers have gained 

considerable attention over the years [1]. Coordination polymers known as Metal-Organic 

Frameworks (MOFs) are the most desirable in the research field [1]. MOFs are crystalline in 

nature and formed by coordination between metal ions and organic linkers [2]. The organic 

linker is coordinated to the metal ions through the oxygen atoms, making a metal-oxygen 

carbon cluster called Secondary Building Units (SBU) [3,4]. The variety of metals and organic 

linkers give MOFs the advantage of possessing functional tunable pore sizes. They possess 

BET ultrahigh surface areas of up to 10 000 m2/g, which is ideal for application in energy 

storage studies [5,6]. With astounding properties, MOFs still face a limitation in upscaling and 

commercialization due to the high cost of production and the unavailability of environmentally 

friendly feedstock [7]. Researchers have embarked on substituting commercial organic linkers 

with those prepared from waste materials. Ting et al., prepared MOF-5 using spent terephthalic 

acid (H2BDC) that was used as a precursor for the preparation of Polyethylene terephthalate 

(PET) in the Vietnam chemical industry [8]. The spent H2BDC had to be re-crystallized at 300 

ºC and utilized to make MOF-5 yielding a surface area of 1424 m2/g. Our group also researched 

the utilization of PET flakes as a source of H2BDC [9]. The PET was depolymerized using 

ethylene glycol to synthesize of Zr-MOF. The obtained surface area was 814 m2/g, which is 

comparable to Zr-MOF prepared using commercially prepared H2BDC. There have been a few 

reports on the substitution of conventional metal salts as a source of metal ions using metals 

oxides. Qi et al., utilized various metal oxides such as ZnO and MgO and were aged with oxalic 

dehydrate and ground to spark reactivity that led to the formation of 2D and 3D MOFs [10]. 
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Other metal oxides were explored by Zhao et al., preparing HKUST-1 using hydroxyl double 

salt (HDS), which is derived from a reaction between one divalent metal oxides with a different 

divalent cation [11]. The HDS was combined with a copper salt, H2BTC in DMF and ZnO in 

room temperature yielding a crystalline HKUST-1 with a surface area of 1895 m2/g within 10 

s of the reaction. In this regard, there is a need for a new development of environmentally 

friendly feedstocks with cost-effective methods. This thesis provides a broad context of 

obtaining metal feedstock from waste materials such Lithium-Ion Battery (LIBs) and Coal Fly 

Ash (CFA). A detailed approach is given on the extraction of the metals from these wastes, the 

MOF synthesis procedure, MOF derived carbons (MDCs) and their energy storage 

applications.  

1.2. Problem Statement 

Coal fly ash (CFA) is a by-product of coal combustion. South Africa is heavily dependent on 

the combustion of coal to generate energy. Approximately 50 million tons of CFA is produced 

in South Africa, of which only 10% is utilized in Portland cement constituent and road 

construction industry, with the remainder distributed to slurry dams and landfills [12,13]. This 

poses an environmental threat as CFA particles leach out toxic metals during rainfall, which 

contaminates the soil, groundwater and vegetation. This predicament costs the government 

money and needs proper handling [14]. The utilization of coal as a source of energy leads to 

the emission of greenhouse gases, which in turn lead to global warming. This has led to a quest 

to find renewable and green energy generators to mitigate this problem. Scientists have focused 

on the development of renewable energy, looking at solar, wind, biomass and geothermal [15]. 

With such technological developments, this intermittent energy needs to be stored, thus there 

has been the development of supercapacitors (SCs), hydrogen storage systems, lead-acid 

batteries, and Lithium-ion batteries (LIBs) [16]. Lithium-ion batteries are the most famous and 



Chapter 1: Introduction 
 

3 
 

are mainly used in household appliances, cell phones and with the demand to decarbonize the 

world, the utilization of electric vehicles has increased significantly. With such transition in 

electric vehicles and electronic development, there is an increase in the utilization of LIBs with 

little control of the waste batteries [15,16]. After their life cycle, spent LIBs are disposed of in 

landfills, which can lead to health and environmental hazards and thus crippling the economy 

[17]. Spent LIBS cathodes can be recycled using various processes or regenerated into new 

cathode material [18,19]. Despite the current mitigation plan for spent LIBs, there is still a gap 

in recovering valuable metals present in spent LIBs.  

The above scenarios shed light on how the world has developed from the utilization of coal, 

which generates CFA as waste. Similarly, in the world’s attempt to transition from the use of 

coal, there is the utilization of LIBs, which also create wastes after its life cycle. Based on these 

arguments, it was seen fit to conduct the study reported in this thesis, on introducing novel 

methods of recovering valuable metals that can easily be used to prepare MOFs for use in 

energy storage. 

 

1.3. Motivation 

CFA consist of melted minerals forming crystalline phases such as quartz, mullite and hematite 

[20]. These crystalline phases consist of dominant chemical compositions such as SiO2, Al2O3 

and Fe2O3 [20,21]. With these metals available in significant amount, CFA becomes attractive 

for metal extraction. Aluminium has been successfully extracted in a form of Al(OH)3. This 

can be done by pre-desilication, calcination, dissolution and carbonation process, giving an 

Al(OH)3 with a morphology of spherical bayerite with a particle size of above 50 µm [22]. 

CFA is still used to synthesize zeolites (or aluminosilicate crystalline material) by extracting 

SiO2 and Al2O3 through the fusion process [23]. Aluminium can also be extracted through acid 
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leaching using inorganic acids such as H2SO4 and HCl, which makes it simpler to obtain and 

utilize for other applications [24,25]. In this study, careful attention was given to aluminium-

fumarate MOFs (Al-FumMOFs). It was first commercialized by BASF and commonly known 

as Basolite (A520) [26]. It possesses a high surface area, which makes it an ideal candidate for 

various applications such as adsorption, catalysis and energy storage [27]. Utilizing coal fly 

ash as a source of aluminium salt for the synthesis of Al-FumMOFs could assist in curbing the 

CFA waste problem.  

In the same instance, the most common LIBs consist of lithium (Li), nickel (Ni), manganese 

(Mn) and cobalt (Co). These metals can easily be recovered using hydrometallurgy and 

pyrometallurgy processes as metal carbonates, metal hydroxides and alloys [28,29]. Amongst 

the aforementioned metals, manganese is the most attractive in LIBs. Mn is abundant in nature, 

inexpensive to obtain, environmentally friendly and safer due to its stability [30–32]. For these 

reasons, the most preferred LIBs are Mn containing due to their exceptional electrochemical 

performance and better thermal stability complimented by the presence of Mn [33]. Although, 

it is one of the cheapest metals, there has not been substantial research on its recycling. Given 

the important role Mn plays in energy storage (LIBs), it is therefore imperative to find ways to 

recycle and utilize Mn in LIBs application. In this study, a distinct focus is given on Mn-based 

MOFs. These MOFs are known to improve the energy density and thermal stability of LIBs 

[34]. Obtaining such materials with exceptional qualities from spent LIBs will lead to creating 

new markets and innovative route to use waste material in preparing Mn-based MOFs and LIBs 

electrodes.  
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1.4. Research Questions 

Based on the scenarios presented in section 1.3, the study aims to answer the following 

questions. 

 Can CFA leachate solution be successfully utilized as a source of metal salt to mimic 

aluminium-fumarate MOF (Al-FumMOF)? 

 Can spent LIBs cathode material be a viable source of Mn for the preparation of Mn-

based MOFs? 

 How do the structural and textural properties of the coal fly ash derived MOF (CFA-

FumMOF) and spent LIB derived MOF (Mn-MOF (Cl2)) be comparable to pristine Al-

FumMOF and Mn-MOF(Com)? 

 What are the electrochemical performance characteristics of these materials in the 

application of LIBs and supercapacitors? 

1.5. Objectives 

The study aims to synthesize porous metal-organic frameworks using unconventional metal 

feedstock such as coal fly ash and spent lithium-ion battery for energy storage purposes. The 

following are the objectives: 

1. Leach CFA using sulphuric acid (H2SO4) to obtain aluminium sulphate (Al2(SO4)3) 

as a metal salt to synthesize CFA-FumMOF. 

2. Obtain MOF derived carbon (MDC) material using CFA-FumMOF as a template. 
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3. Utilize the obtained CFA-FumMOF as a positive electrode and its carbon derivative 

(CFA-MDC) as a negative electrode to prepare an asymmetric supercapacitor 

device. 

4. Extract manganese metal from spent lithium-ion battery cathode material using 

inorganic acids (H2SO4 and HCl).  

5. Do a comparative study on which metal salt (H2SO4 or HCl based) gives a quality 

Mn-based MOF. 

6. Utilize the best Mn-based MOF from spent LIBs as an anode for the preparation of 

lithium-ion batteries. 

1.6. Research Approach 

 

Figure 1.1: Flow chart describing the research approach. 
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There was literature review and experimental designs to achieve the objectives. The review 

then focused on how conventional MOFs are synthesized to determine the best way possible 

for synthesizing the MOFs using the unconventional metal feedstock. The research was broken 

down into two stages as represented by Figure 1.1. The first stage was to determine the best 

possible route of obtaining Al2 (SO4)3 from coal fly ash and synthesizing the coal fly ash 

derived MOF (CFA-FumMOF). The stage also involved direct carbonization of the CFA-

FumMOF to obtain a high surface area carbonaceous material as a negative electrode material 

for the preparation of an asymmetric supercapacitor device. To determine how effective CFA-

FumMOF, the pristine Al-FumMOF was also prepared under the same conditions, carbonized, 

and tested the electrochemical performance in SCs. The second stage involved converting the 

spent cathode material into a metal salt, through the process of calcination and acid 

precipitation. To determine in which salt form Mn is favourable, Mn was precipitated using 

H2SO4 and HCl. The precipitated salts are used as metal feedstock for the synthesis of Mn-

based MOF. The best suited Mn-based MOF was used as anode material for the preparation of 

Li-ion batteries. For comparison purposes, Mn-MOF from commercial feedstock was also 

prepared and discussed. 

1.7. Scope and Delimitation 

The experiments were conducted on a laboratory scale and in small quantities. The coal fly ash 

was obtained from an external supplier. The coal combustion process study to obtain coal fly 

ash was not conducted due to the scope of the study. CFA was leached with H2SO4 based on 

the literature review. Aluminium sulphate (Al2(SO4)3.18H2O) was used as a commercial metal 

salt to synthesize Al-FumMOF based on literature review and the synthesis procedure was also 

adopted from previous studies. MOF derived carbons were prepared in conditions adapted from 

previous reports. The asymmetrical supercapacitor devices were prepared using fumarate-
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MOFs as a positive electrode and their carbons derivatives as a negative electrode. Fumarate-

MOFs were tested as anode materials in lithium-ion battery studies. However, due to their poor 

performance, their results were not documented. The spent LIBs were obtained from an 

external source and life cycle studies were not conducted due to the scope of the study. MnCl2 

salt was used as a commercial metal salt to synthesize Mn-MOF(Com) in comparison to the 

one obtained from spent LIBs (Mn-MOF(Cl2)). Mn-based MOFs were not tested for 

supercapacitors device due to their low surface area and poor performance based on the 

previous reports.  

1.8.  Thesis Outline 

Chapter one is an introduction to the study. It provides a broad context of the study while 

highlighting the problem statement, motivation, research questions and objectives of the study. 

The chapter also covers the scope and delimitations of the study. Chapter two provides an in-

depth literature review on how CFA is currently recycled and utilized to solve industrial 

problems. It also describes how spent LIBs are recycled and regenerated to be utilized for the 

second time in the energy storage industry. It further describes the possible ways of extracting 

metals from both CFA and spent LIBs and how closely related these metals can be used to 

synthesize high valent MOFs and other types of MOFs. The chapter also covers MOFs that 

have been prepared using waste materials as metal feedstock and highlighting the success 

thereof. The chapter further introduces how various MOFs have been used as anode/cathode 

for LIBs and SCs and how their derived carbons play a pivotal role in electrochemical 

performance. Chapter 3 gives a detailed explanation of the experimental resources, set-up, 

methods and characterizations. Chapter four provides the obtained structural and textural 

results of the CFA-FumMOF in comparison to the pristine (Al-FumMOF). It then further 

discusses the properties of the MOF derived carbons (MDCs) from CFA-FumMOF and Al-
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FumMOF. It also provides the electrochemical performance of the asymmetrical 

supercapacitor device of CFA-FumMOF and Al-FumMOF. It further provides the structural 

and textural results and discussion of the Mn-based MOF from spent LIBs as compared to the 

commercial obtained Mn-based MOF. It further discusses the electrochemical performance of 

Mn-based MOFs from spent LIBs and commercially obtained as anode material for Li-ion 

battery application. Chapter 5 discusses the conclusions and findings obtained from the overall 

research altogether with future work. 

 

Chapter Summary 

This chapter gives a brief overview of the research study, the motivation, objectives, research 

approach, scope and delimitations and thesis outline. This chapter fully describes what the 

reader should expect and the fundamentals behind the purpose of the study. 
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Chapter 2: Literature Review 

2.  Introduction 

Fossil fuels remain the dominant supplier of electrical energy worldwide [35]. Combustion of 

fossil fuel for electricity generation has proved to be reliable and a cheap power source, which 

has a drawback of being the single largest global greenhouse gas producer with an average of 

1000 g lifecycle CO2 emission per kWh of electricity [36–38]. For such a stance, the world has 

encountered social, political and environmental strain to lower carbon emissions [39–42]. 

Many countries have endorsed regulations that requires industries with a high carbon footprint 

to purchase carbon allowances as a stance to introduce accountability. This has led many 

countries into signing legally binding documents such as the Kyoto and Paris agreement, which 

aims to reduce greenhouse gasses emission by 2060 [43,44]. This would require a significant 

change in energy harnessing and a transition towards renewable energy (RE).  

The world energy outlook reported that for global temperature rise to be limited to 2 °C by 

2100, the world needs to attain carbon-neutral energy in which RE provides 60% of energy by 

the end of the century and 715 million electric vehicles utilized by 2040 [45–47]. This is a clear 

indication that the world is making a transition towards REs. Currently, many countries have 

amalgamated intermittent RE in their electrical power systems having benefits of improved 

power quality, voltage profile, stability and reliability [48–51]. RE have minor drawbacks due 

to the unpredictable nature of the resources for RE, which gives a variable output with 

uncontrollable availability. REs are also restricted and in most cases situated at a distance from 

load centers [52,53]. Such REs are known as variable renewable energy sources (VRES), which 

are namely solar and wind [52,54]. To resolve these issue, grid-compatible energy storage 

systems need to be developed, which consist of high capacity, high energy density, long-life 
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cycle, reliability and cost-effectiveness [45,55]. Having energy storage systems enables 

efficient economic performances, load levelling, peak shaving, power quality improvement and 

reliability [55]. Energy storage systems can be categorized as mechanical, chemical, thermal, 

electrochemical and electrical [56–58]. Mechanical storage systems operate through the 

conversion of electrical energy into mechanical energy at off-peak hours via the principle of 

potential or kinetic energy [59,60]. At peak times the mechanical energy is converted back to 

electrical energy to supply demand. Thermal energy storage systems operate by storing heat or 

cold storage medium using various conditions such as temperature, place and power [61–63].  

Chemical energy storage systems operate by breaking and forming chemical bonds between 

atoms and molecules during the energy release period [54,64]. Electrochemical energy storage 

systems operate by converting chemical energy into electrical energy [65–67]. These systems 

range from secondary batteries and rechargeable batteries. The electrodes within the system 

consist of different electrochemical potentials that undergo redox reaction, which result in the 

generation of external electric current during the discharge period. Supercapacitors are also 

classified as both electrochemical and electrical energy storage system [65,68,69]. They consist 

of high surface area electrodes and can achieve high capacity/capacitances and low energy 

densities while maintaining high power density. These energy storage systems have existed for 

decades and have gradually developed as the energy demand increased with the increasing 

population. For the purpose of this work, the author will focus on the development of 

electrochemical energy storage systems, specifically lithium-ion batteries (LIBs) and 

supercapacitors (SCs). The main drawback of developing these energy systems is the cost of 

fabrication and operation [55]. Therefore, the ultimate goal for the author is to develop storage 

materials through innovative ways of recycling and obtaining high performing electrochemical 

materials that are also environmentally friendly. For this sole purpose, the literature review 

covers the conventional recycling methods of coal fly ash and lithium-ion batteries and 
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exploring their possibilities as metal feedstock for the preparation of metal-organic frameworks 

(MOFs). The chapter also covers the utilization of MOFs for the application in lithium-ion 

batteries and supercapacitors.  

Chapter 2: Part A 

2.1. Coal fly ash formation, properties and classification 

Due to an increase in energy demand in the past years, the utilization of coal has increased 

significantly translating to an increase in coal fly ash (CFA) [70,71]. Despite being a by-

product that is detrimental to the environment, CFA has desirable traits. The physical, 

chemical, and mineral composition of CFA are associated with the combustion processes such 

as pulverized combustion and fluidized bed. Amongst the aforementioned, the pulverized 

combustion process (PCP) is of significance due to the quality of the CFA formed [72–74]. 

The PCP operates at maximum temperatures ranges of 1200-1500 °C to provide maximum 

efficiency that leads to the formation of CFA as depicted by Figure 2.1. The CFA formation 

happens in stages, at low temperatures, moisture on the coal surface evaporate and volatile 

materials are released. As the temperatures increases, the coal softens and continues to release 

the volatile components. When the temperatures reach above 600 °C, the coal undergoes 

thermal swell and complete devolatilization, which results in coke formation. In the last stage, 

the coal grains deteriorate, and the remaining coal residue fully combust. In this stage, the by-

products begin to form. Distinctively, the by-products consist of 70 to 90% of CFA, and the 

remainder consists of bottom ash. During the final degassing stage, there is the formation of 

spherical particles that form part of the CFA. The CFA is evacuated with the flue gas through 

the electrostatic precipitators in which it is collected [75–78]. Generally, constituents of CFA 

obtained from PCP are unburned carbon, aluminosilicates, cenospheres, and magnetite. The 
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cenospheres are spherical shapes formed by rapid cooling during freefall conditions and consist 

of a mineral composition of mullite (3Al2O32SiO2). The rest of the constituents form 

agglomerates due to high-temperature sintering reactions with the mineral composition of 

quartz (SiO2), mullite (3Al2O32SiO2) and magnetite (Fe3O4) [79–81]. Amongst the dominant 

minerals, there are oxides such as CaO, MgO, K2O and trace elements such as Cr, Pb, Ni, Ba, 

Sr, V, and Zn. According to the American Society for Testing and Materials (ASTM), CFA 

can be classified as either Class F or Class C [82]. Class F consists of greater than 70% of the 

sum of SiO2, Al2O3, and Fe2O3, with Class C consisting of a sum between 50-70% of the 

mentioned minerals. Class F CFA originates from the combustion of high ranking bituminous 

coals and anthracites, which gives the CFA pozzolanic properties associated with hardening 

when in contact with Ca(OH)2 and water. Class C CFA is formed by the combustion of low-

ranking lignite and sub-bituminous coals possessing cementitious properties associated with 

self-hardening in contact with water [83–85].  
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Figure 2.1: Formation of CFA during the pulverized combustion process. 

 

2.2. Coal Fly Ash Applications 

Globally, the utilization of CFA in different sectors is only a quarter with respect to its 

production. However, over the years the CFA market has increased and has been estimated to 

grow from USD 3.4 billion in 2018 to USD 4.5 Billion in 2023. The highest market is found 

in the Asia Pacific region with countries such as China, India, Australia, and Indonesia 

followed by North America. These Figures indicate a gradual transition to the recycling of CFA 
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for environmental conservation and the reduction of ecological imbalances [85,86]. Figure 2.2 

depicts the various industries that CFA is currently being used as raw materials. These range 

from practical application in the construction and research sector for adsorption application. 

 

Figure 2.2: Application of CFA in current industries. 

2.2.1. Soil Amelioration 

The physicochemical properties of CFA are an ideal addition to the soil to improve its physical, 

chemical, and biological properties. Ideally, the soil has high bulk density, poor infiltration, 

and soil structure, whereas CFA possesses small particles that stimulate aeration, percolation, 

and water retention [86,87]. Adriano  et al., reported a significant increase in water holding 

capacity and plant available water with the CFA application rate of 560 000 Kg/ha and 1120 

000 Kg/ha, respectively [53]. This is due to the presence of the cenospheres, which promotes 

soil microporosity and enhancing soil air space [88]. 
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2.2.2. Construction Industry 

CFA plays a significant role in the cement industry as a source of raw material or an additive. 

Class F CFA has pozzolanic and cementitious properties thus making it an ideal candidate for 

clinker replacement in Portland cement, which enhances the concrete properties [89–91]. The 

utilization of CFA with low carbon content, assist in water reduction during production as 

compared to Portland cement. CFA can reduce the CO2 emission that could have been in the 

preparation of Portland cement [92–94]. In the same aspect, CFA is commonly used in road 

construction as a means of embankments. It is lightweight, which makes compaction and 

handling easy. This property enables only up to 60% pressure exerted during embankment as 

compared to soil. The pozzolanic properties offer reliable strength and offering very little 

settlement. It consists of a high angle of shearing resistance upon more compaction, increasing 

slope stability. When compacted, the permeability of CFA can range between 10-4 to 10-6 cm/s, 

which is comparable to the values of silty sand to silty clay soil and decreases with time due to 

hardening properties, which assist in drainage [95–97].  

 

2.2.3. Glass and Ceramics Industry 

The main components of glass and glass-ceramics are CaO, SiO2, and Al2O3 and since they are 

the most dominant metal oxides in CFA, then it is feasible to utilize them as raw materials in 

this industry. The other present metal oxides assist in nucleation and crystallization while the 

cenospheres increase the reactivity [98,99]. Sheng et al., produced glass, utilizing CFA as raw 

material with an addition of 10 wt% Na2O. The oxide acts as a glass modifier that assists in 

controlling the viscosity and thermal behaviour of the glass. The glass exhibited good durability 
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and heavy metals were solidified into the glass framework [100]. Zhang et al., did a composite 

of glass-ceramic, utilizing CFA consisting of metal oxides SiO2-Al2O3-Fe2O3-CaO. A glass 

modifier (Na2O) was added, and the mixture melted at 1350 °C for the formation of glass. 

Further annealing at 770 °C creates ceramization of the glass forming a glass-ceramic. The 

material exhibited good durability, good mechanical properties, and non-toxic [101]. He et al., 

replaced kaolinite with CFA in ceramic cordierite production. Industrial Al2O3 and MgO were 

mixed with the CFA and methylcellulose, which was pressed into disks and sintered at 

temperatures between 1125 – 1320 °C. Cordierite glass-ceramic exhibited low linear thermal 

expansion coefficient and high compressive strength and served as an ideal substitute for 

products such as cordierite honeycombs, cordierite kiln furniture, or heat exchangers [102]. 

 

2.2.4. CFA as Adsorbent 

CFA is utilized as a low-cost adsorbent in industries such as wastewater treatment in the 

removal of heavy metals and organic compounds such as phenols and dyes. The 

aluminosilicates properties such as a high surface area with porosity make CFA an ideal 

candidate. CFA has the potential of removing metals such as Pb, Zn, Hg, Ni, and Cu from 

wastewater [103–106]. To describe the adsorption processes, scientists use the Freundlich and 

Langmuir models. The Freundlich model describes that the metal ion concentration on the 

adsorbent surface will increase, as there is an increase in the initial concentration of the metal 

ions, whereas Langmuir describes that adsorbent surfaces contain finite adsorption sites [107]. 

Sočo et al., followed Langmuir and Freundlich models to conduct a study on heavy metal (Ni 

and Co) removal in wastewater using CFA as adsorbent [107]. The study indicated that the 

adsorption of metals is dependent on the pH of the solution in which the surface charge of the 

adsorbent is affected altogether with the degree of ionization and speciation of the adsorbate. 
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The adsorption efficiency of Ni(II) and Cu(II) increase with an increase of pH level of 8.0. The 

maximum adsorption efficiency ranged between 98.0 and 98.4% at pH 8-10 for Cu(II) and 

97.7% at pH 8 for Ni(II) with a maximum contact time of 2 hours and 1 hour, respectively. The 

Freundlich correlation coefficient is higher for the adsorption of Ni(II) on CFA. The model 

study exhibited physisorption monolayer adsorption in which the Ni(II) and Cu(II) adsorbed 

through particle diffusion mechanism.  

 

2.2.5. Recovery of Rare Earth Elements (REE) 

CFA consist of a considerable amount of rare earth metals that can be suitable for extraction 

based on the demand of REE and the large quantities of CFA denoted as waste. REE are 

classified as either light rare earth elements (LREE) or heavy rare earth elements (HREE) due 

to the electron configuration [108,109]. LREE includes metals such as La, Ce, Pr, Nd, Pm, Sa, 

Eu, and Gd whereas HREE includes Tb, Dy, Ho, Er, Tm, Yb, Lu, Sc, and Y. These REEs are 

used in the manufacturing of lasers, magnets, fluorescent materials, and most importantly in 

the defence industry to manufacture radar systems and satellites [110–114]. REEs can be 

extracted from CFA using physical or chemical extraction. 

a) Physical separation 

In physical extraction, REEs are extracted using techniques that segregate CFA according to 

particle size, magnetic fraction components, and density separations (flow-sink) [115,116]. The 

particle size separation operates by sieving the CFA with equipment containing various sieve 

sizes connected to an electromagnetic vibrator. This is based on the principle that CFA consists 

of different particle sizes that in turn consists of different phases with different REEs embedded 

within [117,118]. Magnetic fraction separation is a process of segregating materials according 
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to their magnetic susceptibility. The material can be classified either as paramagnetic, 

diamagnetic, or ferromagnetic depending on the reaction towards magnetic fields of different 

intensities. Paramagnetic materials are attracted to the highest intensity of the magnetic field, 

diamagnetic materials repel away from the magnetic field and ferromagnetic materials possess 

high magnetization properties in the presence of low magnetic field strength [119,120]. The 

float-sink technique involves segregating material particles by their density (using gravity 

principles) in a suitable heavy liquid [121,122].  

b) Chemical separation 

Chemical separation involves the use of hydrometallurgical processes such as leaching, solvent 

extraction, and ion exchange [123]. Leaching is a process of utilization of lixiviant to dissolve 

metallic values. The most common lixiviant are inorganic acids such as hydrochloric acid 

(HCl), nitric acid (HNO3) and sulfuric acid (H2SO4) [123,124]. Kumari et al., did a comparative 

study on REE leaching of CFA using the three inorganic acids. The results indicated the 

leaching efficiencies in the order of HCl>HNO3>H2SO4 [125]. However, despite being the least 

efficient, H2SO4 is less volatile and a cost-effective lixiviant. As a means of increasing the REE 

extraction rate, acid leaching can be combined with alkali compounds such as Na2CO3, NaCl, 

Na2O2, NaOH, KOH, and Ca(OH)2 [126,127]. Tang et al., did an alkali fusion and acid leaching 

on CFA using Na2CO3 and HCl [128]. CFA was thermally fused with Na2CO3 in a muffle 

furnace. The fusion process activates the inert material in CFA by transforming quartz and 

mullite into soluble silicates. At optimum leaching conditions of 3M HCl, solid-liquid ratio 

1:2, the total leaching efficiency of REE was 72.78%. 
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2.2.6. Preparation of Porous Materials from CFA 

CFA has been used as feedstock to prepare porous materials such as zeolites and mesoporous 

silica materials. 

a) Zeolites 

Zeolites are porous crystalline structures characterized by a framework of linked tetrahedral 

aluminosilicates containing oxygen atoms bonded to cations (Si4+ and Al4+) [129]. The 

arrangement leads to the formation of a 3D structure that contains cavities forming channels 

and cages, which are filled with H2O molecules, or other exchangeable cations. These cavities 

give zeolites the special properties of adsorption of molecules and the presence of Si(IV) and 

Al(IV) complements the negative charge giving zeolites the property of high cation exchange 

capacities. Zeolites occur naturally through forces of nature such as volcanism in volcanic 

sediments, alkaline deserts and lake sediments. The most common natural zeolites are 

clinoptilolite, erionite, chabazite, mordenite and phillipsite [130,131]. However, there have 

been studies of synthetic zeolites using synthetic resources and also using waste products such 

as CFA. The richness of CFA in aluminosilicates makes it an obvious candidate in synthesizing 

zeolites. Generally, the synthesis of zeolites from CFA depends on the dissolution of 

aluminosilicates with alkaline solutions. Murayama et al., did a comparative study of 

hydrothermal synthesis of zeolite using alkali solutions of NaOH, Na2CO3 and KOH [132]. 

The CFA was added to the alkali solutions with concentration ranging from 1 to 4 M with a 

solid-liquid ratio of 1:4 at 120 °C. When observing the solution of NaOH, the crystallinity of 

the zeolite P increased with an increase of concentration of up to 3 M. At this point, there is a 

phase transition from zeolite P to HS (hydroxysolidalite). In Na2CO3, there is a small degree 

of crystallization of zeolite P and does not change with an increase in reaction time. In KOH, 

after 3 hours of reaction, there was no crystallization but instead, crystallization of chabazite 



Chapter 2: Literature Review 
 

21 
 

crystals occurred after 10 hours of reaction. These results indicated that different alkali 

medium, lead to different results in zeolites. Na2CO3 had a low degree of crystallization due to 

the low dissolution of CFA in the carbonate solution and low pH.  

The formation of chabazite crystals was due to the presence of K+ in KOH solution, which 

subsequently led to the formation of a different zeolite structure at a long reaction time. The 

overall study suggests the formation of zeolites is dependent on the dissolution of 

aluminosilicates, which in turn is the temperature (25 – 120 °C), condensation (time) and 

crystallization (concentration of OH- in solutions makes a significant difference) dependent. 

Hollman et al., introduced a novel technique for CFA zeolite synthesis that involves a two-

stage hydrothermal method [133]. Unlike direct alkali reaction, the process involved the 

desilication of CFA to remove unwanted Si. The stripped Si is used for zeolite synthesis by 

adjustment of Si/Al ratio using industrial obtained Al. Lastly, the remainder of the fly ash 

residue is converted into pure zeolite using the conventional method of alkali hydrothermal 

synthesis. There have been other methods developed such as pre-fusion step prior to 

hydrothermal synthesis and the development of microwave-assisted zeolite synthesis 

[134,135]. These profound synthesis methods allow tailor-made zeolites for applications such 

as water treatment, catalysis and adsorption [136–138]. 

b) Mesoporous Silica Materials 

Mesoporous silica materials are made up of metal nodes such as Si and Al comprising of pore 

sizes in the range of 2-50 nm. Their synthesis process includes the use of surfactants that self-

assembles into micelles at conducive environment and form a template for metal condensation, 

which can easily be removed through dissolution and leaving a porous structure as indicated in 

figure 2.3 [139]. The company Mobil Research and Development Corporation synthesized the 

first mesoporous silica. The procedure included the use of the liquid crystal template 
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mechanism of aluminosilicates gels and designated as Mobil Composition Matter (MCM-41) 

[139]. MCM-41 consists of a hexagonal structure with a pore diameter of 2.5 to 6 nm. Other 

forms of MCMs have been synthesized through the variation of the precursor and synthesis 

conditions. MCM-48 consists of cubic structure and MCM-50 consists of a lamella-like 

arrangement.  

University of California, Santa Barbara synthesized an aluminosilicate material from non-ionic 

triblock copolymers and poly(alkylene oxide) block copolymers as a templates. The obtained 

materials were designated as Santa Barbara Amorphous type materials (SBA) and divided into 

SBA-11 (cubic structure), SBA-12 (3-d hexagonal, SBA-15 (hexagonal) and SBA -16 (cubic 

cage structure). The materials have slightly larger pores than MCMs (4.6 – 30 nm) and thicker 

silica walls [139,140]. These porous materials have huge applications in pharmaceuticals, drug 

delivery and biomedical purpose. CFA is an ideal candidate for the synthesis of mesoporous 

silica materials. Their synthesis procedure is almost identical to zeolite synthesis, with a slight 

difference that there is no crystallization stage rather templates are added to redirect the 

structure. Kumar et al., reported the use of CFA to prepare MCM-41, aluminium containing 

MCM-41 (Al-MCM-41) and siliceous SBA-15 type material [141]. In the study, CFA was 

fused with NaOH (1:1.2). The fused material was mixed with water to obtain supernatant that 

is used as a source of Si. For the synthesis of MCM-41, the supernatant was mixed with the 

surfactant cetyltrimethylammonium bromide (CTAB) and hydrothermally treated for 4 days. 

To obtain Al-MCM-41, a post-synthesis process was done through the addition of 

trimethylaluminium (Al (CH3)3). SBA-15 material was prepared using the remainder surfactant 

triblock polymer (EO)20(PO)70(EO)20. 
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Figure 2.3: Preparation of Mesoporous material MCM-41[139]. 

 

2.2.7. Recovery of Aluminium (Al) and Iron (Fe) 

Apart from REE, CFA consist of other valuable metals such as Al, Fe, Ti, V, Ge, Ga, and trace 

metals such as Cr, Cd and Cu [25]. All these metals are valuable and can be utilized in various 

applications, therefore their extraction is paramount. Aluminium is one of the most dominant 

elements in CFA, which involve leaching and sintering for effective recovery. The leaching 

process includes the use of mineral acids such as H2SO4, HNO3 and HCl [142]. Li et al., studied 

the efficient recovery of Al using H2SO4. A volumetric ratio of acid to CFA of 5:1 was treated 

at temperatures of 200 ~ 210 °C with agitation speed of 300 r/min [25]. The solid and liquor 

were separated obtaining the intermediate product aluminium sulphate located at the surface of 
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the solid. Through the process of concentrating the aluminium sulphate solution, there was 

formation of aluminium sulphate crystals. The crystals were sintered and transformed to γ-

Al2O3 and subsequently to α-Al2O3 through the Bayer digesting process. Singh et al., recovered 

iron and aluminium oxides from CFA using magnetic separation process and HCl leaching 

[143]. In the first stage, Fe2O3 was recovered through a magnetic separator with a force field 

between 0.14 to 0.16 T. The process recovered 50.50% of Fe2O3 which is about 7.5% of the 

total CFA. The remainder of the CFA was leached with 6N HCl to obtain Fe2O3 and Al2O3. 

The highest leaching efficiency of aluminium and iron ions were obtained at a temperature of 

107 °C, a solid-liquid ratio of 1:4 and contact time of 5 hours. To obtain the metals as oxides, 

the leachate was subject to ammonium hydroxide digestion. The precipitated material consisted 

of 6.27% Fe2O3 and 91.93% Al2O3 with 1.8% impurities containing Ti and Si.  

Sangita et al., did a comparative study on leaching CFA with the inorganic acids HCl, HNO3 

and H2SO4 [144]. The study indicated that in HCl, aluminium and iron extraction increases 

from 3.71 to 5.78% with an increase in concentration from 2 to 11.3 N. In HNO3, aluminium 

increased from 2.78 to 4.37% with a considerable amount of iron from 12.57% to 54.99% with 

an increase in concentration from 2 to 14 N. The sulphuric acid study indicated a steady 

increase in aluminium extraction from 4.08 to 41.71%, with an increase in iron from 42.7% for 

91.67% with an increase in concentration from 4 to 41.1 N. There were traces of other metals 

such as Ca, Mg, Na, K and Ti due to the increase in hydronium ion concentration. The overall 

study suggested that, H2SO4 is a better leachate with a maximum efficiency of 68.68% of 

aluminium at solid ratio of 1:3. On the other hand, sintering process involves the treatment of 

CFA with sintering agents such as lime (CaO) at high temperatures to form soluble alumina 

[145]. Alumina is separated by leaching the sinter while treating the sinter prepares a solution 

with high alumina quantity. Padilla et al., did a study using CFA and sintering it with CaO at 

temperatures above 1100 °C to form calcium aluminate [146]. The aluminate was dissolved in 
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extractants such as Na2CO3 and NaOH retaining calcium silicate as a solid residue. The 

leachate solution consisted of rich alumina ions and was subsequently precipitated as Al(OH)3 

through CO2 contact. Other authors have reported the combination of leaching and sintering in 

the extraction of aluminium [147]. By sintering the CFA before leaching, the mullite crystalline 

phase disintegrates liberating Al2O3 to be available for leaching. Shemi et al., did a leach-sinter-

leach technique using H2SO4 for leaching and CaO for sintering [148]. In the first stage, the 

CFA was first leached giving an optimum aluminium extraction of 24.8%. The remainder of 

the residue was sintered with CaO, which subsequently transformed the mullite into leachable 

mineral. The second stage successfully leached the sintered material giving the overall 

aluminium extraction of 88.2%. 

 

2.3. Extracted Metals from CFA as possible Metal feedstock for MOFs 

With all the possible ways of leaching out aluminium from CFA, the extracted metals from 

CFA can be a possible substitute of conventional metal source for the synthesis of MOFs. 

Generally, MOFs are self-assembling porous materials constructed with metal clusters linked 

by organic ligands as depicted in Figure 2.4 [4]. This coordination result in permanent porosity, 

tunable pore sizes and high surface area materials [149]. The most common MOFs consist of 

carboxylate-based ligands with high-valent metal ions such as Ti4+, Zr4+, Fe3+, Cr3+ and Al3+ 

[150]. This leaves a possibility of utilizing CFA leachate containing these ions to prepare high 

valent MOFs. 
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Figure 2.4: Self-assembly of metals and organic linkers to form MOFs during 

solvothermal synthesis [151]. 

 

2.3.1. High Valent MOFs 

The most common high valent MOFs are Fe, Zr, Ti and Al-based [150]. They possess a high 

charge and ionic radii that enables them to have stronger bonding with carboxylate groups 

forming rigid and robust structure. This trend follows the hard/soft acid-base principle where 

low-oxidation state metals tend to form an unstable complex with hard bases but forming more 

stable complex with high oxidation state metals. High valent MOFs tend to be more chemically 

and hydrothermally stable. For these reasons, they are highly desired from their counterpart 

mono and divalent metal ions producing the most stable MOFs [150,152]. This property puts 

them in a pedestal for the application in energy storage. 

a) Titanium-based MOFs (Ti-MOFs) 

Ti-based MOFs are the less explored high valent MOFs due to their complexity in synthesis, 

chemistry and coordination structural diversity [153]. Ti3+ is stable under reductive conditions 

and can easily oxidize to form Ti4+ when exposed to oxygen [153]. Ti4+ consists of strong 

polarizing ability and low electronegativity and therefore it is more reactive and can easily 
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hydrolyze in humidity [153]. These properties make it difficult for the synthesis of MOFs 

causing rapid uncontrollable nucleation forming irregular framework formation, which 

generally ends as amorphous nonporous coordination polymers [153]. However, this has led 

the discovery of Ti nanoclusters [153]. Serre et al., reported the first Ti-based MOF named 

MIL-91(Ti) [154]. The material was prepared by hydrothermal synthesis of TiO2.H2O and N, 

N- piperazinebismethylenephosphonic acid in an HF solvent for 4 days. The framework 

consists of coordination of corner-sharing TiO6 octahedra and protonated bisphosphonate 

groups (PO3-CH2-NHC4H10-NH-CH2-PO3) having two types of linkages. The PO3C group act 

as a bridging linker that coordinate the two oxygen atoms with the metal ion [154]. Wang et 

al., prepared amino-functionalized Ti-based MOFs to optimize their properties. This was done 

through the hydrothermal synthesis route involving the treatment of Ti(OC3H7)4 and H2BDC-

NH2 mixture in DMF at 150 °C.  The material was crystalline, with mesoporous structure and 

high surface area (1343.9 m2/g) [155].  

Despite all the synthesis methods present and various titanium metal precursors, there is still 

unpredictability of the resultant MOF due to the complex Ti-coordination chemistry. Methods 

such as post-synthetic cation exchange were developed to mitigate this limitation. This process 

involves cation exchange of Ti with known MOFs structures constructed with other metal ions 

to obtain specific type of Ti-based MOF. Lau et al., did a post-synthetic procedure by 

exchanging Zr4+ ion in UIO-66 with Ti4+ (using TiCl4(THF)2) as a metal source, to enhance 

CO2 uptake [156]. 

For further improvement on the principle of post-synthetic procedures, Zou et al., developed a 

high valence metathesis (HVMO) and oxidation strategy for targeted Ti-based MOFs using 

PCN-333(Sc), MIL-100(Sc), MOF-74(Zn) and MOF-74(Mg) as templates [157]. This strategy 

relies on examining the prerequisites of the targeting metal ion and the template MOF. In the 
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prerequisites for metal species; i) the high valent metal ion should possess a suitable reduced 

state that is achieved easily; ii) To ensure successful crystallization, the lower oxidation species 

should undergo metal metathesis at a substantial rate; and iii) The reduced species should be 

stable in the exchanging environment. In looking at the MOF template; i) Metal species within 

the MOF template should be stable and not be reduced by the exchanging metal ion; ii) 

Template should possess open metal sites temporarily coordinated by solvent molecules to 

assist in the acceleration of metathesis rate; iii) Both metal species in template and targeting 

ion should possess similar coordination environment; and iv) the bond between metal and 

linker should possess lability for complete exchange process. The HVMO process was 

successful while maintaining crystallinity of the exchanged MOFs. 

b) Aluminium-based MOFs (Al-MOFs) 

There are various types of aluminium-based MOFs that have been developed to date [158]. 

Their properties as one of the highly porous structures in MOFs record and their chemical and 

thermal stability attract research attention for various applications. Aluminium-based MOF 

was pioneered by Ferey et al., from Materials Institute Lavoisiers (MIL) by creating what is 

known today as MIL-53[Al(OH)(BDC)] [159]. The group further developed MIL-69 

[Al(OH)(O2C—C10H6-CO2).H2O] through the hydrothermal treatment of aluminium nitrate 

and 2,6-naphthalenedicarboxylic acid [160]. The materials consisted of 3D framework of 

infinite trans chains of corner–sharing AlO4(OH)2 octahedra connected by 1,4-

benzenedicarboxylate groups. These materials have exhibited the properties of the breathing 

effect due to the pore expansion during dehydration and as results has sparked intensive 

research towards the aluminium MOF family.  

Senkovska et al., from the Dresden University of Technology (DUT) introduced a new Al-

based MOF using 2,6- naphthalenedicarboxylate (ndc) or 4.4-biphenyldicarboxilate (bpdc) as 
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linkers forming DUT-(4) known as Al(OH)(ndc) and DUT-5 known as Al(OH)(bpdc) [158]. 

DUT-5 is isorecticular to Mil-53 and MIL-69 and by introducing N, N-dimethylformamide 

(DMF) as solvent instead of water, it annihilates the breathing property and create permanent 

porosity. Other reported Al-based MOFs are MIL-96, MIL-100, MIL-110 synthesized with 

BTC linker at different pH, MIL-122 with organic linker 1, 4, 5, 8-NTC, CAU-1 and MIL-101 

with organic linker H2N-BDC [158].  

c) Iron–based MOFs (Fe-MOFs) 

Iron-based MOFs are the most used high valent MOFs. Similar to the rest of the group, Fe-

based MOFs synthesis procedure is complex. Fe-MOFs can be of poor crystallinity due to the 

formation of polar Fe-O bond that decelerates the coordination complexation reaction between 

the Fe ions and the organic linker [161]. To obtain high crystallinity MOFs, there should be 

control of structural regularity during the synthesis procedure. MIL-53(Fe) is the most common 

iron-based and consists of a low surface area, however, can be flexible in the presence of guest 

molecules which make it an ideal candidate for adsorption. The material consists of 3-

dimensional framework made from infinite chains FeO6 connected to carboxylate linker 

[161,162]. Other Fe-MOFs are MIL-101(Fe), MIL-100(Fe) and MIL-88B(Fe) which can easily 

be prepared by solvothermal process [163,164]. MIL-53(Fe) required H2BDC as linker in 

DMF, MIL-100(Fe) required trismesic acid as linker in HF, MIL-101(Fe) required H2BDC in 

DMF, and MIL-88B(Fe) required H2BDC linker in DMF and NaOH [163,165,166]. The MOFs 

require FeCl.6H2O as metal source.  

The main difference that brings out crystallinity in the preparation of these MOFs is the 

different reaction times, which are generally long and the extensive temperatures [162,167–

169]. Bauer et al., prepared isorecticular Fe-MOFs in an attempt to improve pore wall through 

chemical modification [170]. This process was done by functionalizing organic linker 
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molecules (NH2-H2BDC) using a solvothermal process. The process was successful in 

producing Fe-MIL53-NH2, Fe-MIL88B-NH2, and Fe-MIL101-NH2 and indicating how the 

reaction medium and temperature are influential in structural formation of the MOFs. However, 

as much as this process was successful in determining important parameters, it still entails the 

longevity of the synthesis procedure. The microwave synthesis procedure is an ideal for 

synthesis due to the reduction of temperature and time. This means there is rapid crystallization, 

phase selectivity and diverse morphology and easy tunable reaction parameters [165]. Ma et 

al., did a solvothermal synthesis of MIL-88B(Fe) using microwave-assisted heating of the 

reactants in DMF [163]. The process occurred at 150 °C between the times of 1 to 10 minutes. 

Optimum reaction conditions yielded high crystallinity of MIL-88B(Fe) and great phase purity. 

Dry gel conversion (DGC) method is also preferred as opposed to conventional synthesis route. 

Ahmed et al., was the first to report the synthesis of MIL-100(Fe) using the (DGC) [164]. The 

starting materials were pre-shaped dry gels (Fe/H3BTC) without the use of any acid and salt. 

The high concentration of the precursors and the evaporation of water at the bottom of the 

reactor ensured the rapid crystallization of MIL-100(Fe). Tannert et al., combined both 

microwave-assisted and DGC synthesis procedure to prepare MIL-100(Fe) [166]. This was an 

attempt to address time, energy and environmental-related issues associated with synthesis of 

MOFs. The precursors are placed at the top of the reactor on a sieve with the bottom of reactor 

filled with small amount of solvent. This ensures that the solvent is recovered for re-use with 

little to no contamination. The microwave then directly heats the reactants leading to 

localization of heat that ensures rapid crystallization and hence addressing time and energy-

related issues. 
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d) Zirconium-based MOFs (Zr-MOFs) 

Zr-MOFs are distinctive from the rest of high valent MOFs due to feasible synthetic conditions 

and reproducibility [171]. Cavka et al., from the University of Oslo (UiO) reported the first Zr-

MOF [172]. The material was constructed by Zr metal with H2BDC as linker and was named 

UiO-66. The material possessed high thermal stability (up to 500 °C), in which only hybrid 

frameworks was achieved.  Each SBU consist of six Zr cations coordinated to µ3-O and µ3-OH 

forming an octahedron geometry (Zr-oxo-hydroxo). Each SBU is connected with each other 

through the dicarboxylate linker forming 12 coordination sites. The high thermal stability of 

the material is associated the Zr-O strong bonds and the rearrangements of Zr6 clusters during 

dihydroxylation and rehydration of µ3-OH. Whereas the high coordination number enhances 

the mechanical stability and gives better resistance to shear stress [172]. Cavka et al., further 

demonstrated that other Zr-MOF structures can be prepared by increasing the length of the 

linkers without tempering with the thermal stability property of the Zr-MOF. The isoreticularly 

MOF prepared was UiO-67 by substitution of H2BDc linker with a longer 4,4-biphenyl 

dicarboxylate (BPDC) linker and UiO-68 used terphenyl 4,4′-dicarboxylate (TPBC) as linker 

[173]. The point within the framework is found between benzene rings and terminal carboxyl 

group whereas the linker and metal ions remain connected thus thermal stability maintained. 

UiO-66, UiO-67 and UiO-68 have different ligand length but consist of similar network 

topology [174].  

As impressive as the structure is, it contains ligand defects that are rare in other MOFs. Zr-O 

bond polarizes to form a covalent character due to the high charge density of Zr4+, which in 

turn slows down the ligands exchange reaction between Zr metal and carboxylate group 

forming defects [174]. In most attempts, the formation of Zr-MOF was difficult resulting in the 

formation of microcrystalline compounds and the utilization of different linkers other than 
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H2BDC led to poor crystalline materials. The introduction of modulated synthesis strategy led 

to the formation of phase-pure single crystals [174]. This procedure involves the controlling of 

the coordination system between the metal ion and organic linker through interception using a 

modulator that consist of the same chemical functionality as the linker. The modulator act as a 

rival against the present linker, which reduces the nucleation process allowing the growth of 

single crystals. These processes have greatly increased the reproducibility, crystallinity and 

morphology of Zr-MOFs [175]. 

Schaate et al., reported on benzoic acid (HBC), acetic acid and water as modulators in the 

synthesis of Zr-BDC, Zr-BPDC and their isorecticular materials [176]. In the formation of Zr-

BDC, the increase in modulator concentration led to an increase in individual and big crystals 

whereas for MOFs with longer ligands (Zr-BPDC) formation of well-defined crystals required 

much higher concentration of modulator, which also increase reproducibility [176]. Ren et al., 

reported on the utilization of formic acid as modulator, which accelerated the crystalline 

formation of UiO-66. During the reaction, Zr undergoes hydrolysis leading to the formation of 

Zr6O4(OH)4(OC)12 SBU, which accelerates nuclei formation growing larger crystals [177]. 

Modulators can be used for preparing defect engineered MOFs by creating accessible metal 

site and adjusting pore properties. Wu et al., used a modulator to increase pore volume from 

0.44 to 1.0 cm3/g by obtaining uninhabited linker sites. Furthermore, there was substantial 

surface area increase from 1000 to 1600 m2/g [178]. 

2.3.2. MOFs from unconventional metal feedstock 

There are various studies that have been conducted in extracting waste metals for the use of 

preparation of MOFs. This study has attracted attention in attempts to have cost-effective ways 

of preparing MOFs [179]. These metal precursors are readily available and the presence of 

various metals and impurities does not interfere on the overall products. Zhan et al., reported 
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the first stance, in the preparation of vanadium-based MOFs (V-MOFs) using oil refinery waste 

(carbon black) consisting of high concentration of vanadium (V) [179]. The carbon black was 

first leached using NaOH and HCl. There after there was an addition of sodium dithionite 

before the addition of the H2BDC and H2NDC organic linker resulting in MOFs denoted as V-

BDC-i and V-NDC-i. On another stance, cetyltrimethylammonium bromide (CTAB) was 

added as capping agent in order to control the morphology of obtained MOFs and the MOFs 

were denoted as V-BDC and V-NDC. Subsequently, CTAB addition showed improved 

morphology with the MOFs exhibiting crystals with nanofibers and nanorods whereas V-BDC-

i and V-NDC-i MOFs exhibited irregular morphological shapes. Joshi et al., reported on the 

synthesis of aluminium-based MOFs using aluminium-containing products such as aluminium 

foil and beverage cans [180]. In the first instance, aluminium foil is used as a support for 

growing MOF/aluminium nanocrystals composite on a one-pot synthesis method. The 

produced MOFs were Mil-53 (Al) obtained using H2BDC organic linker and MIL-96 (Al) 

obtained using BTC as organic linker. These MOFs had mesh-like morphology that can be 

applied in gas adsorption. Unsupported aluminium-based MOFs were also prepared by addition 

of HCl as leaching agent on the synthesis process. Beverage cans from coca cola were use used 

in the same one-pot synthesis method and obtained as non-supported MIL-53(Al) and MIL-

96(Al) using H2BDC and BTC as organic linker, respectively. These MOFs were highly 

microporous with BET surface are close to 800 m2 g-1. Song et al., used electroplating sludge 

(EPS) and waste PET as metal source and organic linker, respectively for preparing nickel-

based MOF (Ni-MOF) nanocrystals. EPS consist of other metals such as Fe3+ and Cu2+ 

coexisting with Ni2+, however this had little significance on the final product since their 

concentration is low in the leachate [181]. EPS was leached using high concentration HCl to 

obtain Ni2+ and the MOF was prepared using convention solvothermal method. The obtained 

MOF had 2D layered morphology corresponding well with one synthesised using commercial 
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products. It was also discovered that Fe3+ and Cu2+ also coordinated with BDC linkers, which 

resulted in change in electronic structure (band gap).  

These reports on MOFs obtained from waste materials motivated the need to explore other 

metal sources such as coal fly ash for MOF preparation. There are reports on the use of 

activated CFA as composite material to stabilize chromium-based MOF (MIL-101) [306]. This 

is the only known record on the use CFA in MOF preparation and no record of the utilization 

of coal fly ash (CFA) as a source of metal nodes for MOFs synthesis, which is the gap the study 

aims to address. This concept is approached through the process of metal extraction using 

inorganic acids, namely H2SO4. As already indicated in section 2.2.7, H2SO4 has optimum 

leaching efficiency for aluminium and therefore aluminium was selected as a leached metal to 

prepare aluminium fumarate MOF. Al-fumarate MOFs possess high surface areas, minimal 

dead volume and high stability towards water, which can be used in broad application [26]. 

 

 

2.4. MOFs and their Carbon derivatives for Electrochemical storage in 

Supercapacitors (SCs) 

The porous nature of the MOF structure is ideal for storage of electrolyte ions, specifically, 

their metal cations enable electrolyte and redox-active site. MOFs have been used in SCs as 

active materials and as precursors for MOF derived carbons (MDCs) as presented in Figure 

2.5. Several studies have covered different types of MOFs and their carbon derivatives in the 

SCs application. 
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Figure 2.5: Representation of MOF transformation to porous carbons and how they can 

be used for LIBs and SCs. 

2.3.2. General Supercapacitors (SCs) applications  

Supercapacitors are devices that operate on the principle of electrochemical energy conversion. 

These devices possess high-power density and cyclic stability with low energy density. 

Lithium-ion batteries (LIBs) possess low power density and cyclic stability and high energy 

density and therefore, supercapacitors act as complementary devices towards LIBs [182]. A 

supercapacitor device consists of an electrode, electrolyte (aqueous or organic) and separator. 

The electrode is the most important part of the device because the entire electrochemical 

performance relies on its properties. The electrode should be highly conductive, possess high 

surface area, thermally stable and corrosion resistant. Therefore, intensive study and selection 

is needed for a proper electrode. Supercapacitors can be classified as either pseudocapacitors 

(PCs) or electrochemical double layer capacitors (EDLCs) [183].  
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PCs provide high electrochemical activities mainly redox reactions with high capacitance 

value. Most PCs materials are oxide materials and conductive polymers. EDLCs form an 

interface between the electrode and electrolyte where charge is stored through the electrostatic 

adsorption of ions. Materials that exhibit EDLC properties are mainly nanoporous materials 

and carbon-based materials. Before preparation of the device, a three-electrode system is 

utilized for optimization of the working parameters such as working potential, electrolyte and 

appropriate mass before cell assembly. The system consists of the active electrode, reference 

and counter electrode in an electrolyte [184,185]. After the determination of these variables, 

one can assemble a symmetric or asymmetric supercapacitor device or cell. In the assembly 

the positive and negative electrode are separated by a separator infused in electrolyte, and 

pressed by spring and spacer for proper tight closure of the device. 

When a material display either pseudocapacitors (PCs) or electrochemical double layer 

capacitors (EDLCs) behaviour, then, a specific capacity or capacitance is calculated using a 

GCD curve using the equations below [185]. 

𝑄𝑠 =
𝐼𝑑×∆𝑡

3.6
           (1) 

𝐶𝑠 =
𝐼𝑑×∆𝑡

∆𝑉
           (2) 

Where Qs is the specific capacity, 𝐶𝑠 is specific capacitance, Id as specific current (A g-1), ∆t is 

discharge time (s) and ∆V is change in potential (V). 

The specific energy (𝐸𝑑 ) is calculated using equation (3) for the device with a linear 

charge/discharge profile and equation (4) for non-linear charge/discharge profile [185]. 

𝐸𝑑 =
1

2
𝐶𝑠∆𝑉2 =

𝐶𝑠×∆𝑉2

7.2
         (3) 
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𝐸𝑑 =
1

3.6𝑚
∫ 𝑉𝑑𝑡          (4) 

Where I is the current (mA),∫ 𝑉𝑑𝑡 is the area under discharge curve and m (mg) is the mass of 

the active electrode. 

The specific power (𝑃𝑑) of the device can be calculated using  

𝑃𝑑 =
𝐸𝑑

∆𝑡
× 3600          (5) 

An asymmetric device consists of negative and positive electrode with different materials 

exhibiting different capacity/capacitance behaviour. The capacity/capacitance of the material 

influences the working voltage, therefore it is paramount for mass balancing in order to balance 

the charge of each working electrode. When a positive electrode consists of non-linear 

charge/discharge profile and the negative electrode with linear charge/discharge, the charge 

balancing equation 𝑄+ = 𝑄− is written as follows:  

𝑄+ = 𝑄− → 𝑚+ × 3.6𝑄𝑠+ = 𝑚− × ∆𝑉− × 𝐶𝑠 →      (6) 

Where, Q+ and Q- is stored charge in positive and negative electrode, respectively. Qs+ and Cs- 

are the specific capacity for the positive and negative electrode, respectively. ∆𝑉− is the 

potential window for the negative electrode and masses of the positive and negative electrode 

are represented as m+ and m-, respectively. Equation (6) can be simplified easily as 

𝑚−

𝑚+
=

3.6×𝑄𝑠

∆𝑉−×𝐶𝑠−
           (7) 

The coulombic efficiency CE was calculated using equation below: 

𝐶𝐸 =
𝑡𝑑

𝑡𝑐
× 100%                    (8) 
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Where tc is the charge time and td the discharge time [185]. 

 

a) High valent MOFs as Electrodes for Supercapacitor 

Pristine MOFs have been studied in the use of SCs. Generally, MOFs exhibit pseudocapacitive 

behavior due to faradic redox between active electrode and electrolyte. Their theoretical 

specific capacitance can reach up to 2000 F/g [186]. High valent MOFs have also been 

investigated due to their exceptional chemical stability. Tan et al., utilized UiO-66(Zr) as an 

active electrode for a three-electrode system [186]. The material showed a specific capacitance 

of 1144 F g-1 at a scan rate of 5 mV s-1 in a 6 M KOH electrolyte. The materials exhibited the 

pseudo-capacity behaviour, with smaller particles of the MOFs promoting fast redox reactions 

and short diffusion paths for electrons and ions. The high surface area (1047 m2 g-1) played a 

crucial role in accommodating large number of charges to facilitate high capacitances. The 

material had the capacity retention of 654 F g-1 over 2000 cycles. Babu et al., evaluated the 

electrochemical behaviour of Basolite F300 or Fe(BTC)-MOF in a three-electrode system 

[187]. It was observed that the electrochemical behaviour is mainly influenced by reductive 

dissolution rather than ion insertion. The study indicated that the material preferred platinum 

as working electrode in the presence of an aqueous acid with CE-type mechanism that involves 

the liberation of Fe(III).  

 MOFs are known to be insulating in nature, non-conductive, and therefore often time made 

into composites or hybrid materials to compensate for the insulation. Majumder et al., prepared 

a hybrid material consisting of Mil-53(Al) and reduced graphene oxide (rGO) to increase 

conductivity and obtain superior charge storage [188]. The composite materials possessed a 

specific capacitance of 280 F g-1 at 0.5 A g-1. By utilizing a symmetric two-electrode system, 

the material exhibited energy density of 6.66 Wh kg-1 and power density of 3655 W kg-1 with 
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a capacitance retention of 50% after 5000 cycles. The good electrochemical performance is 

attributed to the hierarchical pore features of the MIL-53(Al), with exposed metal sites that act 

as redox active sites supported by the uniform distribution on rGO sheets. Zhang et al., 

hybridized carbon nanotubes (CNTs) with Mn-MOF to prepare an electrode [189]. This led to 

an increase in conductivity and specific capacitance of the Mn-MOF from 43.2 F g-1 to 203.1 

F g-1. The symmetrical device showed an energy density of 6.9 Wh kg-1 and power density 

2240 W kg-1 with 88% capacity retention after 3000 cycles at 5 A g-1. 

b) MOF Derived Carbons (MDCs) as Electrode for SCs 

MOFs possess porous structures that can be utilized as sacrificial templates for generation of 

porous carbons [150,152]. The advantages of using MOFs is the ability to tailor the 

composition and structure of the MOF through various linker and metals, which in turn creates 

MDCs with multiple pore channels and high surface area [190]. These MDCs are ideal 

candidates for electrode preparation due to the enhanced stability and electrochemical 

conductivity [190]. The MDCs synthesis can occur in two methods: i) template impregnation 

and ii) direct carbonization. In impregnation method, the template is impregnated with carbon 

containing liquid that acts as a carbon precursor. Radhakrishnan et al., reported on the 

impregnation of Al-based porous coordination polymer with furfuryl alcohol and carbonized 

under inert atmosphere [191]. The carbonization process stimulated the formation of γ-alumina 

nanoparticles, which was easily removed by chemical treatment (HF) to obtain microporous 

carbon. Direct carbonization method involves calcining MOF at high temperatures under inert 

conditions where the MOF structure decomposes and act as source of carbon. Most metals 

vaporise at those working temperature and the remainder are chemically removed. 

Porous carbons have been utilized in SCs due to the EDLCs properties. MDCs have been 

studied for the use of SCs using various kinds of MOFs as template. Su et al., utilized Fe-MOF 
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for the preparation of MDCs [192]. The Fe-MOF was prepared by the reaction between 1,4,5,8-

naphthalenetetracarboxylic dianhydride ligand and FeCl2 under hydrothermal conditions. The 

material used as sacrificial template through N2 treatment at 700 °C and chemically treated 

afterwards. The MDCs retained the hexagonal-nonodisk morphology of the parent material and 

high graphitic degree with surface area of 817 m2/g. They exhibited good electrochemical 

performance with specific capacitance value of 182 F/g. The morphology of the MDCs assists 

in the shortening of ion transportation length and eases the ion diffusion within the mesoporous 

structure due to the improved electrical conductivity which results from graphitization 

structure. Yan et al., did a comparative study of MDC from Al-MOF against MDCs from 

HKUST-1 and MOF-5 [193]. Al-MOF MDC gave the highest surface area of 1103 m2/g and 

specific capacitance of 232.8 F/g at current density of 100 mA g-1. Sun et al., prepared MOF 

derived hierarchically porous carbons with a controlled pore structure using a double template 

method [194]. Al-MOF was prepared using the solvothermal approach and was used as the first 

template. The Al-MOF was then encapsulated with Cu2+ ions using a double solvent method. 

The loaded Cu2+ in the MOF assist as a pore forming agent by in situ transformation of Cu2+ 

into nanoparticles through carbonization. Cu2+ ions also influence the particle size and 

transformation of Al ions in the MOFs into Al2O3 oxide during carbonization. This then enables 

pore size control of the generated porous carbon after chemical treatment. These properties 

enhanced the electrochemical performance with specific capacitance of 185 F/g at 10 mV s-1. 

In general, the electrochemical performance of MDCs is highly dependent on the porous 

structure with interconnected pores and the graphitization of the material. MOF doping by 

organic linker extension or metal encapsulation creates hierarchical porous structures that can 

thoroughly enhance the specific capacitance [194]. 
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Chapter 2: Part B 

2.4. Lithium-Ion Batteries (LIBs) Structure and Chemistry 

The LIBs consist of a positive electrode (cathode), a negative electrode (anode), separator and 

the electrolyte. The electrolyte acts as a medium that propagates the lithium ions from the anode 

towards the cathode [195]. As a result, there is a flow of electrons and this process is considered 

as the discharging state of the battery and the opposite happens when the battery is charging. 

Lithium-ion batteries are constructed to provide specific and desirable properties concerning 

its intended application. The most important traits are energy density, power, life cycle and the 

most importantly the cost of production. All of these properties are selected or considered when 

preparing the positive electrode (cathode). The cathode material can consist of lithium and 

metal oxides or lithium with phosphate. The cathode materials are divided into three categories, 

the layered, spinel and olivine structured cathode materials [195,196]. Table 1 consists of the 

most common different types of LIBs with their uses throughout the world. The layered 

cathodes are described as LMO2 where M=Ni, Co and Mn.  Their layered structure creates a 

significant number of diffusion routes for the Li-ions giving the good electrochemical 

performance [197]. The lithium cobalt oxide LiCoO2 was the first commercially available in 

1991 by SONY and has been very successful. The Li and Co occupy octahedral sites stacked 

alternately in layers forming hexagonal symmetry. This arrangement gives them a high 

capacity, high nominal voltage and low self-discharge. This cathode material can be prepared 

easily, is chemically stable and is also insensitive to moisture. With all the desirable traits, the 

Co is quite expensive and has low thermal stability, which can cause the cell to explode [196–

198]. 

Lithium nickel oxide (LiNiO2) is also one of the earliest commercialized batteries and has the 

same layered structure as LiCoO2, however with minor differences. The LiNiO2 is much 
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cheaper, less toxic than its rival and has high energy density thus it can provide between 20-

30% of reversible capacity. The LiNiO2 has also limiting properties, the synthesis procedure is 

quite tedious since the nickel ions are in the Ni3+ state and need to be evenly dispersed without 

crossing it the Li+ in the lithium plane. The structure of the LiNiO2 can also be easily damaged 

over several charge-discharge cycles [196,199]. The Ni3+
 can be easily reduced thus making 

thermally unstable as LiCoO2 [197]. To minimize such limitations and to increase thermal 

stability and electrochemical performance there have been other elements that have been used 

as additives such as aluminium and magnesium forming the most common cells which are 

lithium nickel manganese cobalt (NMC) and lithium nickel cobalt aluminium oxide (NCA) 

[200]. These materials have an excellent electrochemical performance with capacity ranging 

from 140 mAh g-1 to 180 mAh g-1. Despite their good performance, there is still a danger of 

thermal runaway more especially if overcharged [201]. The Lithium manganese oxide 

(LiMn2O4) has a cubic spinel structure and was one of the early discovered materials which 

have fewer advantages compared to LCO and LNO. The Mn is found at low cost, less toxic, 

has a theoretical capacity of 148 mAh/g and its spinel structure does not get damaged as much 

as LCO during cycling [196,199,201]. The framework consists of interstitial space that creates 

3D channels for high-rate lithium-ion conduction giving it good electrochemical performance 

[202]. It is however limited with its poor life cycle and there has been research on trying to 

improve the life cycle, structural stability and electrochemistry. This can be done through 

cationic exchange and it was found that the introduction of Ni can improve the charge-

discharge cycle [195,196]. 

Lithium iron phosphate (LiFePO4) is an olivine structure which has low voltage but possesses 

higher capacity (170 mAh g-1), less toxic and safer due to its stable structure, therefore, are 

highly used for practical applications in electrical vehicles (EVs) [197,203]. The cathode can 

withstand high temperature, oxidation and acidic environment and no thermal runaway. It has 
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a limitation in room temperature creating low lithium-ion diffusion giving low electrochemical 

performance [196]. There have been studies to improve these characteristics such as the 

addition of carbon on the matrix and decreasing the particle size so that the contact area with 

the electrolyte can be effective for Li+ propagation.  

Table 2.1: Different types of LIBs and their applications [204,205] 

Types of LIBs Application 

LiMn2O4 Military/aerospace, Computer memory preservation, Power tools, 

medical devices, powertrains 

LiCoO2 Mobile phones, tablets, laptops, cameras, Military/aerospace 

Li-S Not widely used, Military/aerospace 

LiNiMnCoO2 E-bikes, medical devices, EVs, industrial 

LiFePO4 Stationary with high currents and endurance 

LiNiCoAlO2 Medical, industrial, EV (Tesla) 

Li2TiO3 UPS, EV, solar street lighting 

 

2.4.1. Environmental Effects of Landfill disposal of Spent LIBs   

Disposing LIBs in landfills has a very detrimental effect. Most of the disposed LIBs are not 

completely discharged which can cause fire hazards and explosions [206]. LIBs electrolytes 

and solvents are known to leak which then contaminates the environment. Most commonly 

found solvents in LIBs are propylene carbonate, ethylene carbonate and diethyl carbonate. 
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These electrolytes are known to cause respiratory irritation, skin irritation, sore throat and 

coughing [207]. The metal oxides of the electrodes can also lead to acute poisoning which 

affects livers and kidneys. Prolonged exposure to manganese and cobalt-containing oxides can 

lead to headache, insomnia, photo contact dermatitis and others [207]. These products can 

affect the nervous system and in severe cases can cause renal failure and even death [207–209]. 

The metallic lithium can also react vigorously when exposed to water or moisture producing 

lithium hydroxide and hydrogen [210,211]. Other external factors can lead to the disposal of 

LIBs in a landfill as a hazard. These factors can be from mechanical abuse (crushing and 

impact), thermal abuse (heating and ignition) and self-induced. Self–induced can be seen 

through overcharging and over-discharge [212,213]. When the battery is overcharged, there is 

formation of metallic lithium that is deposited on the positive electrode. When the battery is 

over-discharged or under-voltage, there still remains the intercalated lithium on the negative 

electrodes. The copper current collector will then dissolve forming copper dendrites which will 

lead to internal short circuit [212]. Lithium salts such as LiPF6 can decompose to form LiF and 

PF5 and when these products mix with decomposed solvents and the electrode surface, they 

form gaseous products such as CO2, oxalate carbonates, CO, C2H4, CH4 and complex 

fluorinated oligoethylene [214,215]. LIBs can be punctured by nails and other sharp things 

while in the landfills. This can cause internal short circuits, that stimulates the electric energy 

to be released and the temperature rises rapidly as the heat from short circuit increase which 

can cause explosions and fires [216]. 

Yokoshuma et al., conducted a nail penetration test using a nail and the aftermath of the 

penetration was observed using an X-ray scanner for battery cells [217]. When the battery cells 

were penetrated, inner short circuit happened causing the electrolyte to boil and it was observed 

that white gas was vigorously generated causing the cell pouch to swell. There was an increase 

in temperature above 100 ºC causing the tip of the nail to melt. Mao et al., also did a test on the 
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effects of penetration having nail and the battery samples had cathode material containing 

Li(Ni0.5Co0.2Mn0.3)O2 and LiMn2O4 with an anode of natural graphite [218]. The group 

discussed the fire behaviour of the LIBs upon penetration in seven stages: i) Generation of 

gases upon penetration, ii) Spark generation on penetrated site, iii) Formation of jet flame, iv) 

Jet flame ejection from the cell, v) Vigorous ejection of jet flame, vi) Stable combustion, vii) 

Subsiding and extinguishing of flame.  

 

2.4.2. Recycling Methods 

The most important phase of LIBs recycling is the pre-treatment, which is catagorized under 

pyrometallurgical recovery process , thus separating LIBs according to different chemistries of 

the anode and cathodes, which include manual dismantling [219,220]. These are usually done 

cryogenically for safety reasons. Crushed materials can also be separated utilizing magnetism, 

floatation and also manually. The anode and cathode materials need to be separated from 

collector plates and this is done by treatment with N-methylpyrrolidone (NMP). The binder 

that is used to paste the cathode and anode materials on the collector plates can be removed by 

thermal treatment at low temperatures [28,221]. The obtained separated material which 

includes plastics, casing cathode and anode materials consist of valuable metals. To obtain 

individual metals is quite difficult hence these materials still go further treatment using 

hydrometallurgical process [28]. 
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Figure 2.6: Flow chart indicating recycling stages and processes. 

 

2.4.3. Pyrometallurgical Recycling 

This recycling method uses thermal treatment or incineration of the LIBs at mild and high 

temperatures. The by-product is the generation of alloys using reducing agents such as coke. 

This process includes alkali fusion, calcination and roasting [222]. Prior to these processes, the 

spent LIBs are subject to pre-treatment methods such as discharge and mechanical separation. 

Figure 2.6 summarizes the waste LIBs recycling processes and their inter-connection. 
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a) Mechanical Separation 

It is a pre-treatment method that involves reducing and sorting of materials according to particle 

size and physical properties. It is the most common method that is currently used in most 

industrial LIBs recycling [223–225]. Wang et al., did a study on the shredding of LIBs 

consisting of LiCoO2, LiFePO4 and LiMn2O4 using a commercial granulator after been 

discharged and submerged in liquid nitrogen [220]. The large particle sizes (> 6 mm) materials 

consisted of plastics and casing, copper foils consisted of particle sizes ranging from 2.5 - 6 

mm and between 1 - 2.5 mm. The ultrafine black powder consisted of graphite and the cathode 

materials with small particle sizes of < 0.5 mm. The study showed that the process can increase 

the shredded material concentration according to the fraction of particle size. It was also 

observed that their concentration in specific materials varied with respect to different cathode 

material. This indicated that the incoming waste in LIBs need to be sorted according to their 

specific chemistries which would give materials of great purity thus the study proposed the 

labelling of LIBs to indicate the chemistries. It was observed that after the process of shredding 

and mechanical separation, finer products consist of graphite and cathode material while the 

copper and aluminium make up the coarse products with the plastic and casing as the large 

pieces’ products.  

b) Alkali Leaching 

This can be done by using alkaline solutions to produce hydroxides when heated, just before 

acidic leaching happens [226]. This is another effective way of segregation of Al and Cu current 

collectors from the cathode material and graphite anode. Nayl et al., used 4 M NH4OH to 

decompose the cathode materials at 60 ºC for 60 minutes with leaching efficiency of 97.8% for 

Al and 64.7% for Cu [227]. The other valuable metals (Mn, Co, Ni and Li) remained in the 

alkali paste and were effectively leached using 2 M H2SO4.  
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c) Dissolution Approach 

This process is another economical form of successfully segregating the current collectors. This 

is done by using different solvents to dissolve binders and other additives.  Song et al., utilized 

a low-cost solvent N, N-Dimethylformamide (DMF) for the dissolution of the binder and 

recovery of Al and Cu foils [228]. The materials were immersed in 150 mL of DMF and heated 

at 70 °C and stirred for 2 hours. The cathode material was recovered, however, there were still 

traces of PVDF binder indicating incomplete dissolution. The PVDF binder was only removed 

through the heating of cathode material at low temperatures. Ultrasonic treatment is well 

known for surface cleaning and researchers have utilized it to increase the peel-off efficiency. 

Sencanski et al., did a dissolution study on the separation of Al current collector from the 

cathode material [229]. The foil was immersed in NMP under ultrasonic bath for 60 minutes 

to dissolve the PVD binder. With this procedure, only 68% of the cathode material was 

recovered, however under controlled ultrasonic treatment. The procedure is considered 

expensive due to the utilization of the solvent and the energy needed to facilitate the ultrasonic 

treatment. He et al., did a comparative study on the utilization of ultrasound for Al collector 

and cathode material separation using various organic solvents [230]. The peel-off efficiencies 

increased with the following order of organic solvents, NMP>DMAC>DMF>ethanol. A peel-

off efficiency of 99% was obtained when NMP was used at the optimum conditions of 70 °C, 

240 W and 90 minutes. 

d) Thermal Treatment 

This process involves the thermal treatment of the materials at mild temperatures. This is done 

to change the crystalline phase of the cathode and also to get rid of the volatile material, binders 

and carbon [28,221]. Yang et al., did a study on the successful recovery of Al, Cu and active 

cathode and anode materials without contamination through thermal treatment by controlling 
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temperature between 550 ºC and 600 ºC [231]. The thermogravimetric mass spectrometer 

reveals that the binder polyvinylidene fluoride (PVDF) decomposed at temperatures below 500 

°C. At temperatures between 500 and 550 °C, there is an evolution of CO2 gas that is associated 

with the redox reaction between acetylene black and LiNi1/3Co1/3Mn1/3O2 and at this point, the 

active cathode material is reduced. The cathode anode graphite materials were successfully 

separated from the Al and Cu foil respectively at 600 °C. This successful approach enabled the 

efficient leaching of metal recovery at optimum conditions of 90 °C, 2 hours and 4MH2SO4.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

This process has illustrated the ability to successfully separate cathode materials from their 

current collectors without or with insignificant contamination. The reduction process also 

prepares the materials for efficient leaching by decomposing the binder and other additives. 

e) Mechanochemical Approach 

The mechanochemical strategy involves the process of grinding LIBs material through ball 

milling to achieve a high surface area. The chemistry lies in the mechanical force applied by 

grinding causing physicochemical and chemical transformations. The process distorts the 

crystal structure of solids by revealing a hidden surface causing a chemical transformation. The 

procedure is simple, environmentally and economically friendly [232–235]. Wang et al., did a 

study on various co-grinding reagents to determine which reagents gives high recovery 

efficiency of Li and Co from LiCoO2 [236]. PVC was the least performing co-grinder giving 

the least amount of recovery of Li and Co. NaCl was able to convert 30% of Li and Cl to water-

soluble LiCl. Co was not successfully converted to chloride form due to the detachment of the 

ionic bond of NaCl from the mechanical force applied. This type of formation is attributed to 

the reduced atom radius and better polarity of Li enabling it to bond with Cl, while Co (low 

reactivity) cannot be converted to the water-soluble compound. NH4Cl leached Li and Co 

partially due to its decomposition induced by the mechanical force enabling Cl to react with Li 
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and Co through solid-solid reaction. FeCl3 performed better than the former co-grinders. FeCl3 

is a strong acid salt which reduced the surface activation energy and was able to convert both 

Li and Co to water-soluble ions. However, EDTA was established as the best chelating agent 

in co-grinding with LiCoO2. The ball-milled material was leached with water and Li (99%) and 

Co (98%) were recovered as Co3O4 and Li2CO3 through precipitation. The above leaching 

procedure was achieved at optimum conditions of mass ratio 1:4 (LiCoO2: EDTA), 4 hours of 

milling, rotary speed of 600 r/min and the ball-to-powder ratio of 80:1 [236]. 

 

2.4.4. Hydrometallurgical Recycling 

This process involves the dissolution of metallic fraction from its solid form into a solution 

where specific materials can be extracted and separated. The method includes leaching batteries 

in order to recover the metals and separated using the precipitation, electrolyte deposition and 

solvent extraction [222]. 

a) Leaching 

Leaching is one of the traditional methods of extracting valuable metals from LIBs. The 

cathode materials are submerged into either inorganic or organic acid. The most commonly 

used inorganic acids are H2SO4, HCl and HNO3 [220]. Sohn et al., did a study on the leaching 

of LiCoO2 in H2SO4 [237]. The extraction efficiency of Li was 70% and Co was only 40%. 

During the extraction process, Co is converted to Co3+ and has low solubility. However, when 

hydrogen peroxide was added, the leaching rate of Co increased. Hydrogen peroxide converts 

the metal into its divalent state, thus Co3+ is reduced to Co2+ which is soluble in the acidic 

solution [222]. Besides the use of H2SO4, other inorganic acids have been studied to determine 

their leaching efficiencies. Lee et al., also conducted reductive leaching of LiCoO2 using HNO3 
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[211]. The addition of hydrogen peroxide had increased the leaching efficiency by 45% for Co 

and 0% for Li. The overall leaching efficiency was 99% from both Li and Co at 75 ºC, 30 min 

and 1 M HNO3. The group also conducted kinetic studies that showed that the dissolution rate 

of both Li and Co are inversely proportional to their ionic concentration, indicating that 

dissolution of the LiCoCO2 is dependent on the surface chemical reaction. Joulié et al., 

indicated that amongst the three inorganic acids, HCl gives the best leaching efficiency [238]. 

The leaching step is dependent on the nature of species used to leach and its interaction with 

the matrix of the sample. HCl consists of chloride ions that enhance the dissolution of metals 

due to the ability of the ions to alter the structure of the surface layer.  

b) Selective Precipitation 

Precipitation is one of the methods that fall under hydrometallurgical recycling. This step 

usually follows after acid leaching; the metals can be separated or extracted from the leachate 

using solvated species that causes the salts to precipitate as depicted in Figure 2.7 [237]. 

Contestabile et al., did Co precipitation study on LiCoO2 that was leached using 4 M HCl for 

1 hour at 80 ºC [239]. The Co was precipitated using 4 M NaOH and recovered as Co(OH)2. 

The precipitation process starts at pH 6 and ends at pH 8. Nayl et al., studied the precipitation 

of Mn, Ni, Co and Li from sulphate leachate [227]. A solution of 2 M of NaOH was first added 

to the leachate and the pH was adjusted with the addition of Na2CO3. MnCO3 was precipitated 

at pH 7.5, NiCO3 at pH 9 and Co(OH)2 at pH 11-12. Many studies focus on the recovery of Li 

and Co but few studies focus on the recovery of Mn, Ni, Cu and Fe. This is due to the fact that 

these metals require co-precipitation and a lot of pH adjustments which is tedious work.  

However, several authors have taken time to explore the routes of these metals. Li et al., used 

oxalic acid to leach LiFePO4 battery at 0.3 M of oxalic acid, 80 ºC, 60 minutes and solid to 

liquid ratio of 60 g/L [240]. During the leaching step, Fe (II) does not oxidize but instead 
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precipitate forming FeC2O4. The rest of the products such as Li2C2O4, Li3PO4 and Fe3(PO4)2 

are found within the leachate since the cathode materials react completely with the oxalic acid. 

Cheng et al., did a study on various Li-ion batteries such as LMO, LCO, LFP and NCM [241]. 

The study focused on leaching the batteries using phosphoric acid and the precipitation of Li, 

Ni, Co and Mn. After adjusting the optimum leaching conditions, it was observed that lithium 

can easily be dissolved in phosphoric acid with traces of other metals such as Mn2+ and Ni2+.  

Manganese and nickel were precipitated using oxalic acid since their Ksp values are lower than 

that of Li+. Li+ was recovered by pH adjustment and was precipitated as Li3PO4. Dutta et al., 

precipitated Mn, Fe and Cu from LiCoCO2 battery using 2 M H2SO4 as a leaching agent [242]. 

After optimization conditions of 10% of H2O2, 30 ºC, 2 hours and 75 g/L, the leached solution 

consisted of 3.64 g/L Mn, 1.48 g/L Cu, 0.2 g/L Fe, 2.44 g/L Li and 14.56 g/L Co. The focus 

was in the recovery of Co from the leached solution, however, the rest of the metals were still 

precipitated. Fe and Mn were precipitated using (NH4)2S2O8 in 4 hours at the pH range of 4-

4.2. 

 

Figure 2.7: Selective precipitation based on various precipitation agents to obtain Co, Mn, 

Ni, Li from various spent LIBs. 
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c) Solvent Extraction 

The process involves a mixture containing two phases (organic and aqueous). When 

complexing agents are added to the solution, the hydrophobic complexes convert to organic 

phases allowing the separation of materials due to different textures. The most common 

extracting solvents are PC-88A, D2EHPA and Cyanex 272 in which Li, Co and Cu are easily 

extracted [243]. Cyanex 272 is used with kerosene as a diluent and the procedure consists of 2 

steps, where aluminium is extracted at pH 2.5 - 3 and the extraction of cobalt at pH 4.5 and the 

remainder Li in the solution is precipitated with sodium carbonate. Cheng et al., reported of 

solvent extraction from NMC from sulphuric acid leachate using Cyanex 272 to extract and 

separate Co and Ni at pH 6 [244]. Co and Mn were extracted and separated at pH 9 using 

D2EHPA [227,244]. After Dutta et al., had precipitated Fe and Mn using (NH4)2S2O8 the 

leachate contained Cu that was solvent extracted [242]. Cu was extracted from the leachate (pH 

4) using 15% LIX 84 IC diluted in kerosene. When the solution reached equilibrium at pH 2, 

the different phases of the solvents separated into layers with one layer containing 99.99% of 

Cu [242,245]. Li et al., extracted Mn in kerosene using 15 vol% D2EHPA and 5% TBP as 

organic phase modifiers [246]. Kerosene was saponified at a rate of 60% with 0.5 mol/L 

ammonia. The pH of the leached solution was adjusted to 2.25 using 2 mol/L of NaOH. The 

study showed that Mn extraction rate increases significantly to 99.9% as the phase ratio was 

adjusted to 1:1. The Mn2+ that were in the organic phase were stripped with a two-step stripping 

process using 0.156 mol/L H2SO4 enabling Ni2+ and Co2+ to be in aqueous phase while Mn2+ 

remained in the organic phase with a recovery rate of 84.6%. In the second stage of stripping, 

a MnSO4 solution was obtained that contained small traces of Co.  
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2.4.5. Application of Recycled LIBs Materials 

Metals from LIBs are successfully recycled from the different processes and can be sold as 

individual parent materials or can be used to obtain other products. In most cases, companies 

recycle the materials just to regenerate or re-synthesize new cathode material that can be 

applied in EVs and other applications. The re-synthesis process includes the use of sol-gel and 

sintering.  

a) Sol-gel Method 

The sol-gel method involves the utilization of a chelating agent to adjust the molar ratios of the 

metals in the leachate, adjusting the pH and stirring until a gel-like product forms which after 

calcination can be used as a cathode material [247]. This is considered as one of the easiest and 

direct route of resynthesizing the cathode material. Li et al., did a sol-gel re-synthesis by 

comparing acetic and maleic acid as leaching and chelating agents to re-synthesize 

Li(Ni1/3Co1/3Mn1/3)O2 [247]. The maleic acid leaching process gave the leaching efficiencies 

of 99.45% Li, 98.45% Co, 98.58% Ni and 98.16% Mn whereas acetic acid leaching gave 

98.83% Li, 97.85% Co, 97.93% Ni, and 97.74% Mn at optimum conditions. The molar ratios 

of the metals present were adjusted using CH3COOLi, (CH3COO)2Ni, (CH3COO)2Co, and 

(CH3COO)2Mn and the pH adjusted to 7. The cathode material from maleic acid had better 

electrochemical performance when discharged at 0.2 C with initial capacity of 151.6 mAh g-1 

and after 150 cycles, its capacity was 127.3 mAh g-1. The discharge capacities at 2 C and 5 C 

were 133.6 and 120.2 mAh g-1, respectively.  

The same group also did a study using lactic acid as leaching agent and acetic acid as chelating 

agent, obtaining approximately 98% recovery of Ni, Co, Mn and Li [248]. The precursor was 

prepared by sol-gel and the regenerative cathode material (LiNi1/3Co1/3Mn1/3O2) exhibited great 

electrochemical performance having a reversible discharge capacity of 138.2 mAh g-1 at 0.5 C 
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after 100 cycles with capacity retention of 96%. The material performed better than the cathode 

material prepared from commercial products. The electrochemical performance of regenerative 

material prepared by sol-method depends on the chelating agents. The chelating agents affect 

the particle size and the homogeneity of the material by ensuring there is enough interaction 

between the metal ions and polar side groups that promotes the crystallinity of the material 

during the heat treatment [249,250]. The small particle sizes and uniformity enables diffusion 

of Li+ ion resulting in fast reaction and kinetics [250]. The acetic acid used by Li et al., is a 

weak chelating agent, such agents tend to form impurities when utilized at high pH such 7 

creating large particles thus affecting the crystallinity. This in turn affects the electrochemical 

performance of the material [247,250]. Lactic acid chelating method was also successful due 

to the presence of carboxyl group that is adjacent to hydroxyl group having similar properties 

to citric acid [248,250].  

b) Solid-state Sintering 

Another direct method often used is solid-state sintering. The process involves the mixing 

lithium carbonate and the recovered metal oxide at relevant molar ratios, then heating the 

mixture at higher temperatures [251]. Meng et al., did a sintering process in order to regenerate 

LiCoO2. The spent LiCoO2 cathode material was leached at optimum conditions [252]. The 

cobalt was precipitated from the leachate using ammonium oxalate and obtained as 

CoC2O4.2H2O, which through an oxidation process, Co3O4 is formed and used as a precursor. 

The leachate remains lithium rich and Li+ which can be obtained as Li2CO3 by precipitation 

using Na2CO3. Li2CO3 and Co3O4 were mixed at a specific molar ratio and heat treated at 900 

°C for 20 h. The prepared cathode material had an initial charge and discharge of 124.9 mAh 

g-1 and 119.7 mAh g-1 at 0.2 C. 
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Weng et al., did a preparation of Li[Ni1/3Co1/3Mn1/3]O2 which had excellent electrochemical 

performance, by first using a method of co-precipitation using Na2CO3 as aqueous solution 

precipitant and NH3.H2O as chelating agent [253]. The precursor was then mixed with Li2CO3 

at molar ratio of 1:0.5 and sintered at 920 ºC for 15 hours. The initial discharge capacity of the 

regenerated material was 152.7 mAh g-1 which is comparable to commercially prepared 

cathode material with a value of 157.3 mAh g-1. The recycled prepared material exhibited a 

94% discharge capacity retention rate at the end of 50th cycle. Meng et al., developed a process 

that gives high performing recycled cathodes without the production of secondary pollutants 

[254]. The process involved the incorporation of mechanochemical activation prior to solid 

state sintering. The spent NMC is recovered by calcining the cathode material to segregate it 

from the foil and mixing the material with Li2CO3 at a ratio of 1.20:1 through a 

mechanochemical activation process. Mechanochemical activation enhances the diffusion of 

lithium ions from Li2CO3 and the nickel ions from the spent NMC, which in turn diminishes 

the cationic disordering and promote the regeneration process by enhancing the reconstruction 

of the layered structure. This progress then leads to better electrochemical performance of the 

cathode material. The sintering process occurred at 800 ºC for 10 hours, it was observed that 

below this temperature the sintering between the NMC cathode and the Li2CO3 is not complete 

and at temperatures above 800 ºC the cathode materials structures are destroyed. The 

regenerated material reached a discharge capacity of 165 mAh g-1 at 0.2 C at first cycle with a 

capacity retention of above 80%. This value is far much greater than those reported using 

conventional methods of leaching [254]. 
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2.5. Extracted metals from spent LIBs as possible metal feedstock for MOFs 

The listed recycling methods for spent LIBs indicate that extraction of metals such as nickel 

(Ni), manganese (Mn) and cobalt (Co) is possible and can be repurposed for other applications 

such as the preparation of MOF. This is a subtle and new study, and it offers different prospects 

of a new industry in the recycling of LIBs. With the energy demand on the rise and the increase 

of electrochemical energy storage systems and electric vehicles, this is an opportunity to create 

new markets. The section below discusses the MOFs such as Ni, Mn and Co-based, current 

reports of MOFs derived from spent batteries and previous reports of Ni, Mn and Co-based 

MOFs used as anode materials for LIBs application. 

2.5.1. Nickel, Manganese and Cobalt-based MOFS  

Ni, Mn and Co-based MOFs are common and used mainly in gas adsorption and gas sensing 

due to their active sites that enable gas molecule bonding [255]. They have a common factor 

considered as divalent MOFs. Co-based MOFs consist of carboxyl and hydroxyl groups 

coordinated to form an arrangement of one-dimensional parallel hexagonal channels [256]. The 

material consists of coordinated solvent molecules that can be vacated through thermal 

treatment leaving a stable framework with open pore and coordinative unsaturated metal cation. 

These available metal sites can bond with guest molecules making the material lucrative for 

gas adsorption. Strauss et al., prepared Co-MOF-74 based on Co2+ metal ions connected to 2.5-

dioxido-1,4-benzenedicarboxylate prepared through solvothermal synthesis [257]. The MOF 

contains one-dimensional pore system with a pore diameter of 1.1-1.2 nm with a hexagonal 

honeycomb-like lattice and open metal sites. The material was infiltrated with 

tetrathiafulvalene (TTF) using the host-guest concept. The material was used for CO2 gas 

sensing showing exceptional performances due to its increase in resistivity.  
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Yaghi et al., reported on preparation of Ni- MOF through solvothermal method of mixing Ni 

acetate hydrate and 1,3.5-benzenetricarboxylic acid (BTC) [258]. Thermal treatment of the 

material led to dehydration forming a monohydrate material with one–dimensional channels 

and pore sizes that are comparable to zeolitic material and molecular sieves. The material 

indicated successful H2O and ammonia inclusion within its pore structure and rejected any 

molecule larger than its pores or any molecules without a reactive lone pair. 

Ranjbar et al., did a study on Mn-MOFs by observing the effects of different organic linkers 

using hydrothermal synthesis [259]. Mn-MOF prepared using 2,6- Pyridinedicarboxylic acid 

linker had a morphology of rod-like microstructure, Mn-MOF prepared from 1,2,3-

benzenetricarboxylic acid linker contained morphology of rod-like nanostructures and Mn-

MOF prepared from 1,3,5-benzenetricarboxylic acid had a morphology of spherical 

nanoparticles. The linkers not only affected the morphologies but also rendered different 

textural properties. These materials exhibited high SO2 and CO2 adsorption. 

 

2.5.2. MOFs prepared from using recycled Battery Materials 

The recycling of valuable metals for preparation of porous materials is a demanding topic in 

the research world and few studies have reported MOFs from unconventional metals. However, 

only few have been reported on spent LIBs. Vellingiri et al., reported on the use of waste 

alkaline battery to extract the divalent metal (Zn2+) that is used for MOF-5 synthesis [260]. The 

spent material was leached using HNO3 obtaining a leachate solution consisting of Zn2+, Mn2+ 

and Fe2+. The zinc ion was precipitated using NaOH and obtaining a zinc hydroxide that was 

used as metal source with BDC linker for MOF-5 coordination. The resultant MOF-5 was not 

stable in DMF solution. The second attempt was on precipitation using NaOH and ascorbic 

acid as reducing agent, achieving 83% Zn2+ separation. The MOF-5 synthesized with this 
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leachate was stable toward DMF and chloroform washing with crystalline structure comparable 

with commercially prepared MOF-5. An upscaling study was done of waste prepared MOF-5 

with quantitative solvent recovery and it was determined that 1 kg can be produced at a cost of 

42 USD (United States dollar). Perez et al., simulated battery waste solution (LiNiMnCoO2 

battery) for the preparation of MOF [261]. The simulant solution was prepared using 

Ni(SO4),6H2O, Mn(SO4),6H2O and Co(SO4),6H2O commercial salts and were reacted using 

two different organic linkers, 1, 4-benzenedicarboxylic acid (BDC) and 1,3,5-benzene-

tricarboxylic acid (BTC). The metal salts were dissolved in 1 equivalence in DMF solution 

forming an NMC solution. For comparative studies, each metal salt was dissolved individually 

to prepare Ni-BDC, Ni-BTC, Mn-BDC, Mn-BTC, Co-BDC and Co-BTC. This was done to 

compare the ligand effect on the coordination and chelating ability toward the different metal 

ions. In the BDC solvent, NMC-MOF consisted of hexagonal structure with 68% Mn and 40% 

Co and Ni composition. The structure consisted of large particles (100 µm) surrounded by 

smaller nanoparticles (5 µm) which are sensitive towards humidity. The Ni-BDC did not 

possess any crystallinity but rather indicating an amorphous phase with Mn and Co-BDC 

showed crystallinity. It was observed that BDC linker can separate Mn and Co in the same 

materials whilst precipitating Ni as small particle. The NMC-BTC MOF, Co-BTC and Mn-

BTC consisted of rod-shaped structures with high degree of crystallinity except for Ni-BTC. 

The overall structure prepared in BTC are highly stable and consisting of an overall structure 

consisting of well-coordinated metal nodes. The battery simulation study formed a direction 

and influence of the PhD study. Thus, the study focuses on a method of converting spent LIB 

electrodes to Mn-based MOF in order to mimic Mn-1, 4-benzenedicarboxylic acid MOF 

through pre-existing methods of pyrometallurgy [221,223, 228]. However, there are no reports 

on this direct approach to prepare Mn-1, 4-benzenedicarboxylic acid MOF from spent LIBs 

and also utilized for the LIBs application. 
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2.5.3. Ni, Mn and Co-based MOFs as anode for LIBs application 

Ni, Mn, Co are transition metals that are redox-active possessing various oxidation states and 

have been investigated as anode materials for LIBs application [259,262]. Zhang et al., reported 

on Ni-based MOF consisting of porous channels for ion diffusion prepared on a one-pot 

hydrothermal synthesis [263]. The MOF was used as an anode exhibiting a reversible specific 

capacity of 620 mAh g-1 at 100 mA g-1 after 100 cycles with a coulombic efficiency of 100%. 

Generally, Ni-based MOFs exhibit excellent cycling performance, however they also possess 

poor thermal stability and low discharge/charge potential. In an attempt to improve porous 

structure and electrochemical performance of Ni-based MOFs, An et al., used 3,3’,5,5’-

tetramethyl-4,40–bipyrazole (H2Me4bpz) as an organic linker that offers rotation characteristic 

and structural stability [264]. The resultant Ni-MOF was a two-dimensional layered structure 

due to the coordination mode of azo metal salt. The ligand assisted in enhancing the lithium-

ion insertion/extraction and the electrochemical stability even after cycling.  

The first Co-based MOF used for LIBs was reported by Gou et al., with Co2(OH)2BDC- MOF 

[265]. The obtained MOF had good cycling stability while maintaining a capacity of 650 mAh 

g-1 at 50 mA g-1 over 100 cycles. Hu et al., reported high reversible capacity of 1090 mAh g-1 

at current density 0.2 A g-1 of Co-MOF as anode [266]. The MOF still achieved a capacity of 

611 mAh g-1 as the current density increases to 100 mA g-1. The materials exhibited good 

cycling properties due to the oxidation state which Co stays in (Co2+) during lithiation and 

delithiation process enabling Li+ insertion within the organic moiety with no interaction with 

Co ions.  

Manganese-based MOF consist of exceptional electrochemical performance. Liu reported on a 

microporous structure prepared by reacting 2,3,5,6-tetrafluoroterephthalatic acid(H2tfbdc) and 
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4,4′-bipyridine(4,4′-bpy) with manganese (II) [34]. The Mn-based MOF exhibited an 

irreversible high capacity during first discharge with reversible lithium storage capacity of 390 

mAh g-1 from the fourth cycle. Its high performance was hindered by the conversion reaction 

of the MOF during the cycling stage. Maiti et al., reported of reported of high performing Mn-

1,3,5-benzenetricarboxylate MOF prepared through solvothermal synthesis using H2BDC as 

organic linker [267]. The MOF achieved a high specific capacity of 694 and 400 mA g-1 at 0.1 

and 1 A g-1 with good cyclability and structural retention. Hu et al., prepared Mn-MOF an 

exceptional using manganese chloride (MnCl2) and 1,4-benzenedicarboxylic acid as linker 

through solvothermal synthesis [268]. The MOF was subjected to thermal activation prior to 

electrochemical testing. The MOF exhibited a high lithium storage capacity of 974 mAh g-1 

after 100 cycles at current density 100 mA g-1.  

 

2.5.4.  Other Pristine MOFs as anode for LIBs application 

The first pristine MOF to be utilized as anode material was MOF-177(Zn) reported by Li et al., 

[269]. The electrochemical reaction resulted in the destruction of the MOF structure during the 

lithiation and delithiation reaction. This led to its poor cyclic performance with an initial high 

discharge capacity of 400 mAh g-1 at current density of 50 mA g-1, which then dropped 

drastically to 105 mAh g-1 in the second cycle. This first step led to the opportunities to explore 

various MOFs (like high valent MOFs) as electrode materials. Tang et al., prepared UiO-66 

(Zr) as nanoparticle to reduce diffusion length for lithium ions while increasing the contact area 

for conductive carbon phase [270]. The material was prepared as a cathode and maintained a 

specific discharge capacity of 118 mAh g-1 for 30 cycles. Generally, MOFs utilize redox active 

metal nodes to store charges in LIBs. However, UiO-66(Zr) electrode was prepared in such a 

way that it completely relies on anions for electrode reaction. It was also discovered that the 
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lithiation sites are situated at node oxygens and linker carboxylate oxygen, indicating that 

during this process charge transfers from Li to node oxygenes and carboxylates. This process 

assists in stabilizing the MOF structure avoiding destruction as appose to MOFs dependent on 

single redox-active metal nodes. 

MIL-53(Fe) was the first to be reported by Ferey et al., as cathode materials in LIBs. The 

material had an initial reversible capacity of 80 mAh g-1 while maintaining 70 mAh g-1 after 

50 cycles [271]. The low capacities are associated to the limitation of lithium insertion amount 

in which x=0.6 in LixFeIII(OH)0.8F0.2O2CC6H4CO2.H2O. Combelles et al., studied the electrode 

limitation of Mil-53(Fe) using density functional calculations and local chemical bond analyses 

[272]. The findings indicated that the material possess weak antiferromagnetic properties when 

at temperature 0 K with Fe ions in high-spin state. Lithiation and delithiation occurs in a two-

step insertion/conversion mechanism. In the insertion step, the capacity of the single-phase 

reaction increases with an increase in fluorine content. In the following step, the reaction ends, 

as there is stabilization of a localized Fe2+ /Fe3+ mixed-valence state at the inorganic chains. 

The conversion reaction is encouraged by the insertion of Li at the Li0.5MIL-53(Fe) because of 

complete loss in local interactions of the linkers and metal ions of the MOF framework. Wang 

et al., prepared Al-MOFs using two different salts [(Al(NO3)3.9.H2O and AlCl3.6H2O] as anode 

for LIBs [273]. The prepared MOFs consisted of hierarchal tremella-like structure arranged as 

nanosheets. The materials reached a capacity of 392 mAh g-1 after 100 cycles at current density 

of 37.5 mA g-1. At high current density of 37.5 A g-1 retained a capacity of 258 mAh g-1. The 

materials possessed structural stabilities that contributed to excellent cyclic performance. 

Various studies have been conducted on pristine MOFs as electrode materials and mechanisms 

of Li storage have been deduced to the conversion mechanism and insertion mechanism. The 

conversion mechanism strongly relies on the stability of the framework hence the selection of 

appropriate ligand is crucial. This is because reversible formation of the MOF is paramount to 
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obtain high Li storage and electrochemical performance with good recyclability. Therefore, the 

framework should be strong enough for the transformation and avert the formation of poorly 

reversible oxides. In the insertion mechanism, the Li storage is reliant on the valence metal 

ions and organic linkers with functional groups that can easily interact with the Li ions. 

 

Chapter summary 

This chapter gave a detailed discussion on how coal fly ash is generated and currently being 

used as a substitute for various feedstocks and the generation of new materials. As shown in 

the review, the utilization has industrial application such as soil amelioration and preparations 

of ceramics and glass. It also indicated that intensive research is required for the optimization 

of porous materials and valuable metal leaching. It was observed that, CFA consist of metals 

that can be extracted and returned into the market to assist in boosting the South African 

economy.  

The research also reveals chemical structures and how LIBs function. It covers the detrimental 

effects on the environment that discarding spent LIBs on landfills. Recycling processes and 

methodologies are clearly described. The metal extraction methods such as pyrometallurgy and 

hydrometallurgy cover the different strategies of how they are interconnected to achieve metal 

recovery. The chapter also details how LIBs can be easily regenerated using methods such as 

sol-gel, solid-state sintering and co-precipitation.  

The review also indicates how these metals extracted from CFA and spent LIBs can be used as 

metal feedstock to prepare MOFs. High valent MOFs such as Al-MOF and Fe-MOFs can be 

easily prepared using Al and Fe from CFA. Other divalent MOF such as Mn-MOF can also be 
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prepared using spent cathode materials such as LMNO. These materials have various 

applications. However, the thesis aims to explore them for energy storage purposes, specifically 

LIBs and SCs. The review indicates how various high valent MOFs and divalent MOFs are 

utilized as pristine materials for the preparation of anodes and cathode for LIBs and SCs. MOFs 

can act as sacrificial templates for obtaining porous carbons. These porous carbons possess 

superior porosity over conventionally obtained porous carbons and exhibit high 

electrochemical stability and performance for LIBs and SCs. The review highlights the possible 

ways in which CFA and spent LIBs are commonly used and how they can be used to further 

grow their markets. Therefore, the novelty of the research lies in the use coal fly ash and spent 

LIB as a source of metal feedstock to prepare Al-based MOF and Mn-based MOF, respectively. 

Due to the exceptional structural and textural properties of the pristine MOFs (commercially 

ready), it can be expected that the novel MOFs will exhibit exceptional electrochemical 

performance in LIBs and SCs application. 
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Chapter 3: Experimental 

3. Introduction 

This chapter discusses the materials, experimental set-ups and characterization techniques. It 

provides a detailed approach to the synthesis routes and provides fundamental principles on 

characterization techniques. 

3.1. Preparation of Coal Fly ash derived MOF (CFA-FumMOF) and its carbon 

derivative (CFA-MDC) 

This section illustrates how CFA was leached using H2SO4 to extract valuable metals for the 

preparation of coal fly ash derived MOF (CFA-FumMOF). Metals such as Al, Fe, Ti and other 

trace metals are soluble, and their concentration can be found in the leached solution. The 

synthesis procedure of CFA-FumMOF is discussed.  

3.1.1. Materials 

Coal fly ash samples were obtained from a South African power station (Medupi). Sigma 

Aldrich supplied sulphuric acid (98%), fumaric acid (99%) and sodium hydroxide (99%). 

Associated Chemical Enterprises supplied aluminium sulphate octadecahydrate (99%), 

hydrofluoric acid (40%) and hydrochloric acid (37%). Argon and nitrogen were supplied by 

Afrox South Africa. 

3.1.2. CFA-FumMOF synthesis  

Aluminium metal from CFA was extracted using an inorganic acid leaching process. The 

fundamentals of inorganic acid leaching are discussed in chapter 2 (section 2.2.7). 100 g of 

Coal Fly ash (CFA) was mixed with 200 mL (18 M) of sulfuric acid (H2SO4). The mixture was 
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heated at 230 ºC with stirring for 24 h. Thereafter, the temperature was increased above 340 ºC 

to evaporate sulfuric acid. After evaporation, the fly ash was heated for an additional 30 

minutes to be completely dry. The resultant mixture was then mixed with water on a ratio of 

1:6 (CFA: H2O) w/vol and stirred at 90 ºC for 30 minutes [274]. This step is crucial so that Al 

is obtained in a form of aluminium sulphate. If not the case, there will be no MOF 

materialization rather the recrystallization of fumaric acid as depicted by Figure 3.1. The 

mixture was then filtered, and the resulting filtrate (79.5 mL) was set aside to be used for MOF 

synthesis. The MOF synthesis procedures were conducted following a slight modification from 

previous reports [275]. In a different beaker, 6.45 g of fumaric acid and 4.75 g of NaOH were 

mixed with 95.5 mL of deionized water. Both solutions were heated at 60 ºC for 1 hour. The 

solutions were then mixed at 60 ºC and stirred for an additional 2 h. After the reaction, the 

mixture was filtered, washed with deionized water and dried at 105 ºC for 24 h. For comparison 

purposes, aluminium fumarate MOF was prepared using aluminium sulphate octadecahydrate 

(Al2(SO4)3.18H2O) as metal feedstock. The CFA derived MOF is denoted as CFA-FumMOF 

and the commercially prepared aluminium fumarate MOF is denoted as Al-FumMOF. 
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Figure 3.1: Experimental setup of CFA leaching and CFA-FumMOF preparations. 

 

3.1.3. Direct carbonization of MOFs to obtain MOF-derived Carbons (MDCs) 

Direct carbonization of porous materials and the process of MOF derived carbons have been 

discussed in details in chapter 2 (section 2.3.2 b). For the preparation of the MOF derived 

carbons (MDCs), the obtained MOFs were placed in a tube furnace and heated under argon at 
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800 ºC for 2 h thereafter cooled to room temperature. The black materials were washed in 10% 

HF for 4 hours and refluxed at 10% HCl at 70ºC overnight. The materials were washed 

thoroughly with deionized water and collected for characterization. The obtained carbon 

material from Al-FumMOF and CFA-FumMOF were denoted Al-MDC and CFA-MDC, 

respectively. 

3.2. Preparation of CFA-FumMOF and MDCs for Supercapacitors (SCs) 

application 

The CFA-FumMOF obtained from CFA was used as a positive electrode and its carbon 

derivative (CFA-MDC) was used as a negative electrode for the preparation of the SCs device. 

To analyse how effective their performance is, pristine Al-FumMOF and its carbon derivative 

(Al-MDC) were also prepared as anode and cathode, respectively for SCs analysis. 

3.2.1. Three electrode configuration 

A three-electrode system was configured to optimize the performance of the working electrode 

as depicted in figure 3.2. To prepare the working electrode, 80% of the active material 

(prepared MOFs or MDCs) was mixed with 10% of polyvinylidene fluoride and 10% of carbon 

black. Drops of N-methylpyrrolidone (NMP) were added to form a slurry using mortar and 

pestle. The slurry was then pasted over a nickel foam with an area of 1×1 cm2. The coated 

nickel foams were then dried at 60 °C for 12 hours. The configuration included a glassy carbon 

counter electrode, saturated calomel electrode, and a working electrode (active material) and 

was tested in a 6 M KOH aqueous electrolyte. The Al-FumMOF and CFA-FumMOF were 

analysed as positive electrodes and Al-MDC and CFA-MDC were analysed as negative 

electrodes. Their capacitive performance was performed with the aid of a Bio-Logic VMP300 
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potentiostat (Knoxville TN 37930, USA) controlled by EC-Lab V1.40 software in a three-

electrode set-up. 

 

Figure 3.2: Three electrodes configuration for SCs analysis. 

 

3.2.2. Two electrode configuration 

In the two-electrode configuration, CFA-FumMOF was prepared as a positive electrode with 

its carbon derivative (CFA-MDC) as the negative electrode on the device. The configuration 

is presented in Figure 3.3. Similarly, for comparison purposes, Al-FumMOF was prepared as 

the positive electrode and its carbon derivative (Al-MDC) as a negative electrode. The devices 

were assembled in a coin cell (thickness: 0.2 mm and diameter: 16 mm) with a microfiber filter 

paper as a separator in a 6 M KOH electrolyte. Their capacitive performance was performed 

with the aid of a Bio-Logic VMP300 potentiostat (Knoxville TN 37930, USA) controlled by 

EC-Lab V1.40 software. 
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Figure 3.3: Two electrode configuration for asymmetrical SC application. 

 

3.3. Preparation of Manganese-based MOFs from spent LIBs 

3.3.1. Materials 

Spent LIBs were obtained from a renowned model of smartphones. 37% of hydrochloric acid 

(HCl), 98% sulfuric acid (H2SO4), 95% ethanol, sodium sulphate (Na2SO4), N, N- 

Dimethylformamide (DMF), N-Methyl-2-pyrrolidone (NMP), benzene-1,4-dicarboxylic acid 

(H2BDC) and manganese chloride salt (MnCl2) were purchased from associated chemical 

enterprise in South Africa. 
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3.3.2. Manganese-based MOF synthesis 

To recover spent cathode material, the batteries were subjected to mechanical separation and 

calcination as described in chapter 2, section 2.5.2 (a) and (d). Figure 3.4 presents a full detail 

on the extraction of metals and synthesis of Mn-based MOF from spent LIBs. Spent LIBs were 

discharged in 2 M Na2SO4 for 24 hours and dismantled. The cathode material was immersed 

in NMP and heated for 1 hour at 100 ºC. The recovered cathode material was calcined at 550 

ºC for 30 minutes to burn out impurities and convert metals into metal oxides. The metal oxides 

were converted into salts by the addition of either H2SO4 (1 M) and HCl (1.75 M). The resulting 

mixture was dried at 90 ºC for 5 hours. The salts were mixed with H2BDC at a ratio of 2:3. The 

MOF synthesis reaction occurred in 40 mL of DMF at 120 ºC for 48 hours (for H2SO4 salt) and 

24 hours (for HCl salt). The materials were washed with DMF for 4 hours at 80 ºC and washed 

twice with ethanol at 60 ºC for 24 hours. The resulting MOFs were labelled as Mn-MOF(Cl2) 

and Mn-MOF(SO4) for use of HCl and H2SO4 salts respectively. For comparison purposes, 

commercial salt (MnCl2) was used to prepare Mn-MOF(Com) and characterized.  
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Figure 3.4: Synthetic procedure of preparing Mn-based MOFs from spent LIBs 

 

3.4. Preparation of Mn-MOF(Cl2) as anode for LIBs application 

Due to the structural and textural properties of the synthesized Mn-based MOFs, Mn-MOF(Cl2) 

was considered the best candidate for LIBs application. Mn-MOF(Com) was also utilized as 

an anode for comparison purposes. 

3.4.1. Anode preparation and cell assembly 

The working electrode was prepared by mixing 70% of the active material, 20% of the carbon 

black and 10% of carboxyl methyl cellulose (CMC) into a homogeneous powder. Deionized 

water (1.5 mL) was added to create a slurry. The slurry was pasted on a copper foil using the 

doctor-blading technique. This technique was originally developed in 1952 to prepare film with 

a specific thickness on a substrate (copper foil) [276]. In the technique, a sharp blade is placed 

at a distance on a metal surface. The slurry is then placed in front of the blade and the blade is 



Chapter 3: Experimental 
 

73 
 

dragged across the surface creating a wet film of the slurry. The copper foil was then dried 

overnight and pressed into wafers. The coin cells were prepared in an argon-filled glove box, 

with the standard condition of O2 and H2O < 0.5 ppm. Figure 3.5 shows the internal 

arrangement of cell configuration, Lithium foil was used as a counter electrode, 1 M LiPF6 in 

EC: DMC: DEC (1:1:1 Vol%) as electrolyte and Celgard 2300 polypropylene-based membrane 

was used as a separator. The fabricated cells were evaluated using galvanostatic-cycling 

performances, cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS) 

by MACCOR series 4000 tester and a Bio-Logic VMP3 potentiostat/galvanostat, respectively. 

 

Figure 3.5: Cell assembly configuration for LIBs analysis. 
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3.5. Material characterization 

3.5.1. Scanning electron microscopy (SEM) and energy-dispersive X-ray 

spectroscopy (EDS) 

SEM is a technique that utilizes high-energy electron morphology observation in atomic and 

nanometer scale [277]. The fundamental principle of SEM technique is presented in Figure 3.6. 

The technique provides high-resolution images that can be coupled with elemental details. The 

image processing is dependent on signals produced from interaction between the specimen and 

electron beam. These signals consist of secondary electrons, backscattered electrons, 

characteristic electrons, auger electrons, cathodoluminescence, transmitted electrons and 

specimen current [278]. Secondary electrons are the loosely bound electrons that are emitted 

when the beam interacts with the specimen. They have low energy (3-5 eV) and released from 

the specimen within nanometers of the material. They are used to brand a specific position of 

the electron beam also giving topographical information. Backscattered electrons consist of 

energy greater than 50 eV and provide compositional and topographic information. This 

information differs from the ones provided by secondary electrons due to the depth in which 

backscattered electrons are released. Other electrons such as auger electrons, 

cathodoluminescence, transmitted electrons and specimen current are used for microstructural 

analysis [279]. Energy-dispersive X-ray spectroscopy (EDS) is a technique utilized to quantify 

the elemental and chemical composition of a specimen. The system is interconnected with the 

SEM and uses characteristic x-rays that are emitted from the specimen’s inner shell due to the 

high-energy beam of charged particles [280]. The detector identifies the X-rays and presents 

them through a spectrum in which each element can be matched with referenced spectra. The 

morphology and elementals composition of the obtained MOFs and MDCs was analyzed using 
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an Auriga Cobra Focused-Ion-Beam Scanning Electron Microscope (FIB-SEM). The materials 

were initially coated with chromium before analysis. 

 

Figure 3.6: Diagram indicating beam interaction with a specimen during SEM analysis 

[276]. 

3.5.2. X-Ray diffraction (XRD) 

XRD is a non-destructive technique for analysing crystalline materials. The technique produces 

information such as structural (average grain size, crystallinity, strain and crystal defects), 

phases and crystal orientation [281]. The technique releases information based on the 

constructive interference of monochromatic X-rays with the crystalline sample. The instrument 

consists of a cathode ray tube that produces the necessary X-rays which are filtered to produce 

monochromatic radiation, the collimator then concentrates and directs the monochromatic 
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radiation towards the sample. As the radiation interacts with the sample there is constructive 

interference when conditions satisfy Bragg’s law (equation 9) 

 𝑛 = 2𝑑𝑠𝑖𝑛         (9) 

where n is an integer,  is the wavelength of the X-rays, d is the interplanar spacing and  is 

the diffraction angle [282,283]. In this research, X-ray diffraction (XRD) patterns were 

obtained using a PANalytical X'Pert Pro powder diffractometer with Pixcel detector using Ni-

filtered Cu-Kα radiation (0.154 nm) in the range of 2θ = 1–90° at a scanning rate of 0.1°s−1 and 

the diffractograms were analysed using Rietveld refinement via TOPAS (v3.1). 

 

3.5.3. Fourier-transform infrared (FT-IR) spectroscopy  

FTIR is a form of infrared spectroscopy that gives information about the analysed specimen 

using absorption or transmitted peaks associated with frequencies of vibrations between atomic 

bonds of the material [284]. The spectroscopy utilizes the Fourier mathematical procedure to 

decipher interferogram into a spectrum as depicted in Figure 3.7. Generally, different materials 

have a different combination of atoms and functional groups giving each material a unique IR 

spectrum that stands as its signature. In principles, the atomic bonds of different elements 

absorb light at a different frequency, which is measured using infrared spectroscopy creating 

an infrared spectrum. Thus, the functional groups will absorb the infrared light causing a stretch 

in the bond at a specific wavenumber range. The data is presented as a spectrum showing 

stretches as a function of infrared absorption frequency at a range of 400-4000 cm-1 [284,285]. 

The FTIR instrument is coupled with a detector, sample cell, amplifier A/D converter, 

computer and radiator. Radiation propagates through the interferometer to the detector to 

magnify the received signal and transform it into a digital signal through the A/D convertor, 
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which is then amplified and transmitted to the computer [286,287]. In this thesis, FTIR was 

performed using Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) 

spectrum (spectrum 100 FTIR spectrometer, PerkinElmer Inc) by four scans with a resolution 

of 4 cm-1. 

 

Figure 3.7: FTIR principle and instrumental operation [286]. 

 

3.5.4. Energy dispersive X-ray fluorescence (EDXRF) 

EDXRF is a non-destructive elemental analysis technique used mainly in research and other 

industrial fields. The technique operates by exciting fluorescing atoms of the materials using 

energetic electrons, ions or photons [288]. When the material is excited, the radiation is strong 

enough to displace a tightly bound inner electron, which is replaced by an outer electron. The 

binding energy of the inner electron orbital decreases resulting in the release of energy. This 

emitted energy is called fluorescent radiation and contains specific information of transition 

between electron orbitals of a particular element [289,290]. This information can be used to 
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determine various elemental compositions within a material. In this study, the elemental 

composition of the materials was analyzed by an X-ray energy dispersive fluorescence 

spectrometer (XRF, PANalytical Epsilon 3 spectrometer). Analysis was carried out on the 

range of Na-Am (sodium to americium). The instrument is equipped with an X-ray tube Rh 9 

W, 50 kV, 1 mA, 4096- channel spectrum analyzer, 6 measurement filters (Cu-500, Cu-300, 

Ti, Al-50, Al-200, Ag) and high-solid state detector SDD (50 μm thickness) cooled by a Peltier 

cell.   

 

3.5.5. Raman spectroscopy 

Raman spectroscopy utilizes light interaction with matter to obtain information about intra- 

and inter-molecular vibrations for comprehension of the crystal lattice and molecular backbone 

structure [291]. Raman spectroscopy originates from the Raman effect, which is a phenomenon 

that occurs when light interacts with molecules of the gas, liquid or solid resulting in photons 

scattered and approximately 1 photon in 10 million scatters at a frequency different from 

incident photon. In principle, Raman operates by observing molecular bond polarization that 

occurs during light interaction with a molecule inducing distortion of the electron cloud [292]. 

The change in polarizability occurs at specific energy transitions of molecular bonds, which in 

turn give rise to Raman active modes. These are represented by the Raman spectrum, which 

consists of Raman scattering light intensity and wavelength position. In this study, a WITec 

alpha 300 RAS+Confocal micro-Raman microscope (Ulm, Germany) was utilized to analyse 

the synthesized samples. To avoid sample heating, the system was operated at a laser power of 

5 mW and wavelength of 532 nm in a spectral acquisition time of 150 s. 
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3.5.6. X-Ray photoelectron spectroscopy (XPS) 

XPS is a surface analysis technique that provides information about a material’s chemical status 

of the atoms accompanied by superficial elemental analysis [293]. The solid material is 

irradiated with an X-ray beam with an energy of ℎ𝑣. A mono-energetic photon from the energy 

beam displaces an electron from an atom of the surface of the material and photons that possess 

high energy are able to reach the deeper region of the material resulting in the release of 

electrons with a specific kinetic energy. The XPS spectrum consists of a detailed plot of the 

number of electrons emitted against their kinetic energy. Individual elements within the 

material produce characteristic peaks (which correspond to electron configuration) at specific 

binding energy values that enable identification. The binding energy is calculated using Ernest 

Rutherford equation as follows 

𝐵. 𝐸 = ℎ𝑣 − 𝐸𝑘.𝑒 − 𝑊𝑓         (10) 

Where 𝐵. 𝐸 is the energy of the emitted electron, hv is the energy of the X-ray photons being 

used, 𝐸𝑘.𝑒  is the kinetic energy and the 𝑊𝑓 is the work function of the material [294]. In this 

study, the instruments Thermo, ESCAlab 250Xi, with X-rays of monochromatic Al kα (1486.7 

eV), Xray power (300 W), spot size 900 µm, Survey spectrum analysed at 100 eV, high 

resolution at 20 eV and pressure <10-8 mbar was used. 

 

3.5.7. Thermogravimetric analysis (TGA) 

TGA is a technique of measuring mass loss percentage as a function of temperature in a 

controlled atmosphere [295]. During the process, the sample is mounted on a pan that is 

supported on a balance. This pan is located inside a furnace in which the mass of the material 

is determined per temperature change. In this thesis, TGA was performed using the Hitachi 
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STA 7300 with alumina crucibles under air at a temperature rate of 10 °C/min at a temperature 

range of 0 °C to 1000 °C. 

 

3.5.8. Nitrogen adsorption and desorption studies 

 N2 adsorption was conducted under the fundamentals of BET theory. The theory stipulates 

that gas adsorption occurs on the surface of the materials due to the van der Waals forces [296]. 

Adsorption can be classified as either physical or chemical adsorption. Physical adsorption is 

associated with the van der Waals forces, whereas chemical adsorption corresponds to the 

chemical reaction that occurs between the solid and the gas. The amount of gas adsorbed by 

materials can be translated as the surface area of the material [296,297]. BET surface area 

measurements were conducted by volumetric analysis at liquid nitrogen temperature (77 K) 

using Micromeritics ASAP 2020. The BET surface areas of the materials were calculated in 

the region 0.01< P/P0 <0.25. Before each gas sorption analysis, samples were degassed at 150 

°C under vacuum for 8 hours. Pore size distribution of the materials was obtained using non-

local density functional theory (NLDFT), micropore volume was determined using the t-plot 

and pore volume using the Horvath–Kawazoe (HK) method. 

Chapter summary 

This chapter is subdivided into five subsections discussing the experimental set-up, synthesis 

parameters and characterization methods. The first subsection discusses the leaching process 

of CFA and the preparation of CFA-derived MOF (CFA-FumMOF) in an attempt to imitate 

aluminium fumarate MOF. For comparison, Al-FumMOF was also prepared using commercial 

feedstock. The section further discusses how the prepared MOFs from CFA and commercial 
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feedstock were converted to porous carbon materials. The next subsection discusses the 

preparation of nickel foam electrodes for SCs applications using two and three-electrode 

configurations. The chapter further discusses the utilization of spent LIBs as feedstock for the 

preparation of Mn-based MOFs. For comparison purposes, Mn-based MOF from commercial 

feedstock was also prepared. These materials were then further used as anode electrodes for 

LIBs application. The chapter ends by describing the characterization techniques and their 

principles.  
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Chapter 4: Results and Discussion 

4. Introduction 

This chapter discusses the results obtained from synthesis, characterization, Lithium-ion 

battery and supercapacitor applications. These results have been published and some are still 

under review as articles in peer-reviewed journals. 

4.1.  Manganese-based Metal-Organic Framework from Spent Li-Ion 

Batteries and its Electrochemical Performance as Anode in Li-ion Battery 

4.1.1. Summary of Work 

 

LIBs have been recycled using hydrometallurgy and pyrometallurgy techniques to recover 

valuable metals [222,223,298]. However, LIBs are usually recycled for the regeneration of the 

spent cathode using methods such as co-precipitation, sintering and sol-gel [224]. The 

regenerative processes are profitable such that the obtained materials possess capacities and 

capacity retention that is equivalent to commercially available cathodes.  

There are various reports on the regeneration of LMNO batteries as a way to preserve 

manganese (Mn) [229]. Mn plays a major role in the preparation of LIBs. There are plenty of 

natural reserves of Mn and it is inexpensive to harness. It has been used for the preparation of 

Metal-Organic Frameworks (MOFs) for various applications including LIBs. A high 

performing Mn-based MOF (Mn-1,3,5-benzenetricarboxylate MOF) was reported by Maiti et 

al., [267]. The material was synthesized through solvothermal synthesis using H2BDC as 

organic linker [267]. The MOF achieved a specific capacity of 694 and 400 mA g-1 at 0.1 and 

1 A g-1 with good cyclability and structural retention. In this thesis, the author reports on the 

recycling of spent LIBs by converting cathode materials into Mn salts using HCl and H2SO4, 
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which has never been reported elsewhere. A comparative study is done between Mn-MOF 

obtained using commercial salts and those prepared from spent LIBs. The Mn-MOF obtained 

from HCl as salt convertor ( Mn-MOF(Cl2)) was chosen for electrochemical measurements due 

to good morphological, structural and textural properties.  
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4.1.2. Results and Discussion 
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4.1.3. Conclusion 

 

In conclusion, spent LIBs were successfully utilized as metal feedstock for the preparation of 

Mn-based MOFs. The Mn-MOF obtained from HCl as salt convertor (Mn-MOF(Cl2)) had 

properties similar to Mn-based MOF prepared using a commercial MnCl2 metal salt, based on 

its morphological, structural and textural properties. It further showed exceptional 

electrochemical performance corroborated by discharge specific capacity of 1355 mAh g−1 and 

99% coulombic efficiency. This study has a potential to be scaled up as a means of creating 

novel ways of recycling spent LIBs. 
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4.2. Preparation of Coal Fly Ash Derived Metal-Organic Frameworks and 

their Carbon Derivatives 

4.2.1. Summary of Work  

 

Herein, the authors present a novel approach of utilizing coal fly ash (CFA) leachate as a metal 

feedstock for MOF preparation. Approximately 50 million tons of CFA is produced in South 

Africa, of which only 10% is utilized in the Portland cement constituent and road construction 

industry, with the remainder distributed to landfills and slurry dams [299–301]. This poses an 

environmental threat as CFA particles leach out toxic metals during rainfall, which 

contaminates the soil, groundwater and vegetation. This predicament costs the government 

money and needs proper handling [302–304]. Albeit the cons of CFA, they possess metals such 

as aluminium (Al) in the form of amorphous aluminosilicate glass and mullite mineral 

(3Al2O3.2SiO2) [305,306]. Such properties have enabled CFA to be used in various 

applications including catalysis. It has been reported that CFA was activated through heat and 

fused with chromium-based MOF (MIL-101(Cr)) to form a stable composite [306]. Apart from 

this case, there are no reports of CFA being utilized as metal feedstock for MOF synthesis. 

Therefore, the author presents a novel way of synthesizing coal fly ash derived MOF. Direct 

carbonization was applied to the coal fly ash derived MOF for porosity, and surface area 

enhancement by conversion to carbon material or MOF derived carbons (MDCs). This process 

is a common way of obtaining hierarchical porous carbons possessing high surface area, large 

pore volume with good thermal and chemical stability [307]. The method involves heat-treating 

MOFs under inert conditions at high temperatures. This enables the MOF structure to 

disintegrate acting as a sacrificial template for carbon. Most metals vaporize at those working 

temperatures and the remainder are chemically removed remaining with a porous carbon. This 
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thesis reports on the comparative investigation of CFA derived MOFs with aluminium 

fumarate MOF together with their carbon derivative. 
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4.2.2. Results and Discussion 
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4.2.3. Conclusion 

 

The investigation of utilizing CFA leachate as metal feedstock for the synthesis of coal fly ash 

derived MOF (CFA-FumMOF) was successful. The presence of mixed metals in the solution 

had little influence on the final structure. However, isomorphic substitution was determined, 

were Fe ions possessed some of the Al metal position within the structure. Despite this 

phenomenon, it was seen that CFA-FumMOF exhibited almost similar characteristics to the 

commercial Al-FumMOF based on its morphological, structural and textural properties. CFA-

FumMOF achieved a surface area of 1236 m2/g, which is comparable to Al-FumMOF (1266 

m2/g) prepared from commercially available products. The direct carbonization method was 
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used to obtain MOF-derived carbons from parent MOFs. After successful carbonization, the 

materials achieved a surface area of 2438 m2/g and 2017 m2/g for Al-MDC and CFA-MDC, 

respectively. This study shows an innovative was of synthesizing MOFs from cheap metal 

feedstock, which can benefit the economy and environment. The study can be optimized and 

has a potential to be commercialized to prepare good quality MOFs that can be used for various 

applications.  
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4.3. Asymmetric supercapacitor based on novel coal fly ash derived MOF as 

anode and its derived carbon as cathode 

4.3.1. Summary of work 

There have been studies in the use of waste materials such as biomass, polyethylene plastic and 

unconventional materials, which are converted to porous materials for SCs application [308–

310]. Xu et al., reported of an activated carbon from apricot shell at 6 M KOH giving a high 

double layer capacitance of 339 F g-1 [311]. Rufford et al., did a study on activated carbon from 

sugarcane bagasse giving a specific capacitance of 300 F g-1 [312]. Porous materials such as 

Metal-Organic Frameworks (MOFs) have been also been investigated and developed for SCs 

application. MOFs are prepared by chemical coordination between and metal and organic 

linker to create an open crystalline framework with permanent porosity [313,314]. Most have 

been used as electrodes materials and have given acceptable electrochemical performance due 

to their tunable porosity. They can also be utilized as sacrificial templates to obtain metal oxides 

and highly porous carbons that can be used in SCs application [315]. Metal oxides can be 

obtained through calcination under air whereas carbon materials can be obtained through wet 

impregnation or direct carbonization under inert atmosphere. There are records of specific 

capacitance as high as 232 F g-1 at 0.1 A g-1 of MOF derived carbons [307]. In here, the authors 

do a comparative SCs study on the use of waste derived MOF, from coal fly ash (CFA-

FumMOF), with structural properties similar to aluminium fumarate MOF as candidates for 

electrode material. These materials undergo direct carbonization process to obtain MOF 

derived carbons (MDCs) material. These MDCs are used as negative electrode materials in an 

asymmetrical device in which their respective parent materials (MOFs) are the positive 

electrode. 
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4.3.2. Results and Discussion 
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4.3.3. Conclusion 

 

The three electrode measurements of Al-FumMOF and novel CFA-FumMOF were 

successfully prepared with specific capacity of 28.62 mAh g-1 and 9.88 mAh g-1, respectively 

at specific current of 0.5 A g-1. Their respective MDCs, Al-MDC and CFA-MDC obtained a 

specific capacitance of 111.94 F g-1 and 306.59 F g-1, respectively at 0.5 A g-1. There are no 

known records on the use Al-FumMOF as an electrode or on carbonization in attempts to 

obtain, a porous carbon used as negative electrode. The asymmetric device did not provide 

good electrochemical performance. However, this study still has the potential in utilization of 

cheap waste materials to obtain exceptional MOF materials that can in turn be used as parent 

materials to obtain porous carbons and used for SCs application. The exceptional porosity and 

high surface area of the MOFs and their carbon derivative enables them to be used also in other 

energy storage applications. 
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Chapter 5: Conclusion and Future Work 

5. Introduction 

 

The study on the preparation of MOFs from unconventional feedstock was successful 

conducted with prosperous electrochemical performance reported.  

 

5.1. Conclusion 

The thesis fully explored various methods on how to use waste such as coal fly ash (CFA) 

materials and spent Lithium-Ion batteries (LIBs) to extract metals. Chapter 2: Part A, gave a 

detailed methods on how coal fly ash is recycled and used in application of construction, 

ceramics, gas storage and others. Reclaiming of valuable metals were detailed in physical and 

chemical separation processes. The chapter also detailed how coal fly ash is utilized as metal 

feedstock in the preparation of porous materials such as zeolites and mesoporous silica, also 

indicating its potential as a metal source for the preparation of MOFs for electrochemical 

supercapacitors. Part B gives a detailed version of recycling spent LIBs through 

pyrometallurgical and hydrometallurgical processes also highlighting the leaching efficiency 

of metals. Spent cathode materials can also regenerated using sol-gel, sintering and co-

precipitation methods. Various divalent MOFs and their application in spent LIBs are 

discussed, also highlighting how divalent MOFs can be synthesized from spent LIBs and 

utilized as positive electrode in LIBs application. 

Al-based MOF from coal fly ash and Mn-based MOF from spent LIBs were successfully 

synthesized and used in Supercapacitors and LIBs applications, respectively. Chapter 3 

discussed the structural, morphological and textural properties of the as-synthesized materials 
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and characterization using various techniques. Morphological properties of the prepared 

materials were obtained from SEM technique. The elemental composition, chemical 

composition and chemical states were analysed using EDS, EDXRF and XPS, respectively. 

The crystallographic nature, thermal response and textural properties of the materials were 

determined using XRD, TGA and N2 BET sorption techniques, respectively. To determine the 

crystal lattice, molecular structure and functional groups, light-based principle spectroscopy 

namely FTIR and Raman spectroscopy were used. 

For MOFs derived from spent LIBs, inorganic acids (HCl and H2SO4) were utilized to convert 

metal oxides to manganese salts. The salts were then mixed with commercial organic linker 

(benzene-1,4-dicarboxylic acid (H2BDC)) in N, N-dimethylformamide solvent for 

solvothermal synthesis. The Mn-MOF(Cl2) and Mn-MOF(SO4) from spent LIBs were 

compared to Mn-MOF(Com) prepared from commercial MnCl2 salt. The Mn-MOF(Cl2) had 

superior morphological, structural and textural properties as compared to Mn-MOF(SO4) but 

comparable to Mn-MOF(Com). When analysed for electrochemical performance, Mn-

MOF(Cl2) achieved coulombic efficiency of approximately 99% and discharge capacity of 

1355 mAh g−1, which is higher than Mn-MOF(Com) (772.55 mAh g−1) after 100 cycles.  

This exceptional performance is attributed to morphology consisting of small aggregates and 

structure of flaky sheets. This supports short ion diffusion length creating a high-rate capability. 

After full discharge to 0.01 V, Mn-MOF(Com) had amorphization and stability retention in an 

amorphous state. However, Mn-MOF(Cl2) experienced amorphization but partially retained its 

structure. Despite the change in morphology the material maintained porosity to assist in the 

kinetic properties of the materials. There are reports on the use of Mn-MOF with a discharge 

capacity of 974 mAh g-1 after 100 cycles at 100 mA g-1 and one of 694 mAh g-1 at 400 mA g-

1. As far as the author’s knowledge, the discharge values reported in this thesis are the highest. 
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Aluminium from coal fly ash was also extracted using improvised procedure. The leachate was 

utilized with fumaric acid as a linker to prepare CFA-FumMOF, which is a mimic of aluminium 

fumarate MOF (Al-FumMOF). The presence of other metals within the leachate were not 

detected in the overall structure of CFA-FumMOF. Except for Fe ions that had isomorphically 

substituted on the position in which Al ion would have presided. This did not affect any 

morphological, structural and textural properties rather exhibited similar characteristics to Al-

FumMOF and achieving a surface area of 1236 m2/g with respect to Al-FumMOF (1266 m2/g).  

For the purpose of application in electrochemical supercapacitors, the as-prepared MOFs went 

through direct carbonization process to obtain MOF derived carbons (MDC). The materials 

had the specific surface areas of 2017 m2/g (CFA-MDC) and 2438 m2/g (Al-MDC). The MOFs 

and their respective MDCs were tested for electrochemical performance in aqueous electrolyte. 

The MOFs were tested in the positive potential with Al-FumMOF achieving highest specific 

capacity value of 28.62 mAh g-1 and CFA-FumMOF with 9.88 mAh g-1 at specific current of 

0.5 A g-1. The electrochemical performance of Al-FumMOF and the novel CFA-FumMOF is 

relatively better when compared to other reported Al-based MOFs. Previous reports on MIL-

53(Al) indicated the specific capacitance of 6.5 F g-1 at 0.5 A g-1, this can also be attributed to 

its agglomerated morphology as opposed to the laminar structure possessed by both Al-

FumMOF and CFA-FumMOF, which enables ease of transportation of electrolyte ion. 

CFA-FumMOF did not perform better as compared to Al-FumMOF. It is expected that the 

presence of Fe in CFA-FumMOF would increase conductivity and stability; however, in this 

instance the opposite is true. Due to limited free holes created and as a result, Fe ion interact 

with the electrolyte ions as in any Fe-based MOF, by inhibiting the flow of electrons.   



Chapter 5: Conclusion and Future Work 
 

123 
 

CFA-MDC possessed a high specific capacitance of 306.59 F g-1 at 0.5 A g-1 as compared to 

Al-MDC with the value of 111.94 mAh g-1. These values are consistent with other reports of 

MOF derived carbons from aluminium based MOFs with highest value to be 298 F g-1 at 1 mV 

s-1 in 1 M H2SO4. However, despite the high performance of the MDCs, the asymmetric 

capacitors performed poorly. Al-FumMOF//Al-MDC had a value of 5.09 mAh g-1 and 4.0 mAh 

g-1 for CFA-FumMOF//CFA-MDC at current densities of 0.5 A g-1. Despite the compatibility 

test with other carbons (AC-Cocoa) the prepared MOFs did not improve in performance. The 

improved performance of the three electrode measurements of the MOFs shows that if 

optimization processes such preparing a composite is achieved, the materials have a potential 

to outperform most known MOF. With different activated carbon materials utilized as negative 

electrode, the device can also have improve energy and power density. The obtained carbon 

materials can have better performance if paired with another positive material. 

The study was successfully conducted and the developed recycling strategies has the potential 

for contributing to existing LIBs and CFA recycling strategies and as well to the circular 

economy. These innovative strategies have the potential to create a new route for value-

addition of waste economy for many applications as well as cost reduction in MOFs 

preparation. 

5.2. Future work 

The study was successfully conducted, however, there is still room for improvement. The study 

using CFA leachate as metal feedstock for MOF synthesis leaves a gap on the in depth study 

of bimetallic or multivalent MOFs. The presence of other metals within the leachate can be 

used to prepare MOFs such Fe-based and Ti-based MOFs, which can be fine tuned for better 

performance in electrochemistry and other application. The introduced method of recycling 

spent LIBs can be open for study in terms of upscaling. The metal oxide obtained from 
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calcination stage can be used as pseudocapacitive materials in supercapacitor application.The 

coal fly ash derived MOFs and spent LIBs derived MOF can also be used as sacrificial 

templates for the preparation of aluminium metal oxides and manganese metal oxides, which 

are mainly used as catalyst and also in the use of SCs 
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