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ABSTRACT 

 

 

Nanomaterials have successfully attracted enormous interest in energy storage systems, such as 

batteries and supercapacitors (SCs), by virtue of the enhanced electronic and ionic conductivity as 

compared to traditional electrochemical energy storage materials. Meanwhile, small-sized 

materials are favorable for improving electrolyte ion diffusion and specific capacity due to the 

possibility of occupying all available sites in the particle volume. Among a wide range of electrode 

materials, high-crystalline conductive materials (such as nickel-based metal-organic frameworks 

(Ni-MOFs)), have been utilized as promising electrode active materials for SCs on the strength of 

their high porosities, ultra-large specific surface areas and structural tunability. More significantly, 

these materials are not only able to be utilized as electrode active materials, but also function as 

precursors to synthesize transition metal oxides and carbonaceous nanomaterials for energy 

storage systems. Nevertheless, there are still some challenges associated in the application of Ni-

MOFs in high-performance SCs, such as inferior electrical conductivity, low energy density and 

durability. Hence, tremendous efforts have been made to study novel MOF-based nanostructures 

with enhanced electrochemical performance for their widespread implementation. 

In this study, the impact of processing parameters, including synthesis temperature and time, on 

morphological and electrochemical properties of Ni-MOF nanostructures have been extensively 

studied. The results annotated that the average size of Ni-MOF nanosheets trended to decrease 

with increasing reaction temperature, whereas the crystallinity of these nanostructures was shown 

to have a direct correlation with solvothermal temperature. The symmetric supercapacitor device 

fabricated from nanostructures synthesized at 160°C exhibited an excellent energy density of 22.44 

Wh kg-1 and a superior cyclic durability of 118% over 10,000 cycles. Moreover, the effect of 

different solvent systems on the morphologies and electrochemical properties of Ni-MOFs, which 

were synthesized via a solvothermal approach, were systematically investigated as well. It was 

found that binary solvents (Ethylene glycol + DMF) with high polarity and viscosity were 

favorable for the formation of microspheres, resulting from the self-assembly of ultrathin 2D 

nanosheets. Besides, the successful incorporation of highly conductive graphene nanosheets with 

Ni-MOF nanostructures could further enhance electrochemical performance, and a higher specific 

capacitance of 420.4 F g-1 was obtained in 2M KOH electrolyte. To further improve 

electrochemical performance of Ni-MOF-based SCs, 2D layered molybdenum disulphide (MoS2) 

with large surface area and flexibility in the atomic scale dimension, was incorporated onto porous 

Ni-MOFs via a facile hydrothermal method. Meanwhile, sodium ions were introduced to further 

improve electronic conductivity and overall electrochemical performance. The results indicated 

that the as-synthesized porous nanocomposites delivered an excellent supercapacitive performance, 

in which the delivered maximum energy density was 33.33 Wh kg-1, and the delivered capacitance 

retention and coulombic efficiency were more than 97% after 10,000 cycles. Additionally, highly 

porous nanostructured NiO/C yolk-shell nanocomposites via a simple calcination of Ni-MOFs. 

The porosity and electrochemical property were further enhanced by incorporating Na+ and 

hierarchical MoS2 nanostructures via a facile hydrothermal method. The delivered electrochemical 

capacitance of NiO/C yolk-shell structure was 1779.50 F g-1 in 2M KOH, and a superior specific 

capacitance of 2540.63 F g-1 was acquired after the incorporation of Na+ and 2D layered MoS2 

onto the nanocomposite. When a symmetric supercapacitor was fabricated, a remarkable energy 
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density of 36.93 Wh kg-1 was recorded in an environmental-friendly aqueous-based electrolyte. 

More significantly, the outstanding delivered capacitance retention and coulombic efficiency were 

recorded at 111.92% and 97.6%, respectively after 4,000 continuous GCD cycles. 
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Chapter 1: Introduction 

 

1.1 Background 

With the rapid increase in world population, and fast development of science and technology, 

conventional energy sources (such as fossil fuels) are consumed rapidly, resulting in energy crisis 

and severe environmental issues, especially global warming. In response to these challenges, a lot 

of policies and laws have been introduced to reduce the emission of carbon dioxide (CO2), the 

primary contributor to the greenhouse effect. These changes have urged researchers to explore 

renewable energy resources, such as solar, wind, ocean and geothermal energy, which have been 

developed rapidly in the past two decades. However, the main limitation of these renewable 

technologies is their inconsistent power output [1]. This emphasizes reliable and efficient 

electrochemical energy storage systems for practical applications. Currently, batteries and 

supercapacitors (SCs) are the two main electrochemical energy storage devices. Despite batteries 

with high energy density have dominated the energy storage systems (ESSs) for decades, their 

widespread is hindered by the slow rate capability due to the slow redox process and sluggish 

charge transport [2, 3]. It is hard to satisfy the energy requirements for sensing devices [4-7], digital 

cameras [6], regenerative braking systems (RBS) [8, 9] and electrical vehicles (EVs) [9]. SCs are 

emerging as crucial ESSs since they can provide high power density, exhibit long cycle life and 

have the capability of quick charging and discharging [10-12]. Fig. 1.1 shows a schematic 

illustration of the configuration of SCs. 

 

Figure 1.1. A schematic showing a structure supercapacitor containing cell cases, current 

collectors, active materials, separator and electrolyte. 
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In general, there are three different types of SCs based on interfacial physics and chemistry, 

including electrical double-layer capacitors (EDLCs) [11, 13], pseudocapacitors [14] as well as 

hybrid capacitors (HCs) [15] as illustrated in Fig. 1.2. EDLCs store charge through the formation 

of static electrical double-layer (known as Helmholtz double-layer) with a high diffusion rate, 

which enables them to possess high power density and excellent cycling life. Nonetheless, they 

are always characterized by much lower energy densities compared to the other two [16]. Unlike 

EDLCs, the working principle of pseudocapacitors involves reversible Faradaic redox reactions, 

which lead to a higher capacitive capability [17]. Most of the pseudocapacitors, however, have 

low cyclic stability and power density [18]. HCs, formed by combining EDLCs and 

pseudocapacitors, are subjected to employ higher energy density and longer lifespan. Commonly, 

carbon-based active materials like carbon nanotubes, activated carbon (AC), graphene and carbon 

black with large surface areas, are suitable for EDLCs [15, 19-21], whereas conducting polymers 

[22],  transition metal oxides (TMOs) [23] and hydroxides [18] are mainly utilized for 

pseudocapacitors. Nonetheless, it is hard to achieve a balance between high energy density and 

high power density. Thus, it is necessary to explore advanced active electrode materials with 

highly accessible surface areas and enhanced electrochemical performance.  

 

Figure 1.2. The characteristics of conventional supercapacitors (SCs) like electrical double-layer 

capacitors (EDLCs), pseudocapacitors and hybrid capacitors (HCs). 

Metal-Organic Frameworks (MOFs) [24, 25], also known as coordination polymers, are a class of 

porous crystalline materials and have attracted enormous attention for a variety of applications in 

drug delivery [25], catalyst [26], gas storage and separations [24, 27, 28], as well as sensors [4, 

29]. Recently, they have been reported as promising electrode materials for ESSs, especially for 

SCs. This is attributed to the tunable pore sizes, large surface areas (up to 10,000 m2 g-1), various 

structures and diverse functionalities [30-33]. More significantly, MOFs are a type of bifunctional 

materials, which can be directly employed as both electrode materials and templates/precursors to 

synthesize various nanostructures for electrochemical applications. Besides, MOF-based materials 

with desired structures could be generated by tuning the synthesis methods. Taking pristine MOFs 

for example, the performance is determined by its physical properties such as conductivity, particle 
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size, specific surface area, as well as the distribution of internal pore size [34]. Notably, during the 

electrochemical process, it has a preferable ionic transportation for loosely packed MOFs. 

Till date, more than 80,000 types of MOFs [35] have been explored in various fields, and the 

numbers are progressively increasing (Fig. 1.3). However, there are three tough problems that the 

researchers faced in the applications of MOFs as effective electrode materials in SCs: (i) low 

stability (thermal, mechanical, chemical and water stability), (ii) low conductivity as well as (iii) 

low specific energy density. In terms of the stability issue, it could be resolved by creating a 

hydrophobic interface [36]. For achieving environmental protection objectives, the electrolytes 

used for most SCs are water-based. As the electroactive materials are immersed in the electrolyte, 

substation reactions might occur and result in the dissociation of MOFs, in which the water 

molecules or hydroxide would replace metal-coordinated ligands. Therefore, strengthening the 

coordination bonds between organic linkers and secondary building units (SUBs) [37] is another 

possible option. In addition, the water stability of MOFs could be improved by modifying the 

surface of MOFs and their derivatives. For instance, an amorphous carbon layer, formed by heating 

the surface of MOFs, ameliorated the water stability of MOFs by hindering the hydrolysis of the 

iso-reticular metal organic framework (IRMOF-1) [38], and water-stable MOF-polymer 

composites were synthesized by incorporating MOFs onto polymers [39]. Furthermore, it is 

challenging to fabricate high acid/base stabilized MOFs, which cause serious damage to the 

skeleton structures of MOFs under acidic or alkaline conditions. According to hard and soft (Lewis) 

acids bases (HSAB) principles, hard acids/bases tend to bind to hard bases/acids (h-h), while soft 

acids/bases prefer to bind to soft bases/acids (s-s). The orbital and charge interactions are much 

stronger than that of either hard Lewis acids to soft bases or hard Lewis bases to soft acids (h-s). 

At the same time, the molecules are going to restrict the change of pH in a buffer solution when 

an acid /base is added. In this case, it is a novel strategy to enhance the stability of MOFs in 

acidic/alkalescent solutions as they are composed of both acidic and alkaline functional groups 

[40-42].  

 

Figure 1.3. The number of publications per year from Web of Science: the applications of MOFs 

and Supercapacitors. 
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Despite MOFs are viewed as promising candidates in optical, chemical as well as electrochemical 

fields, most of them have been characterized by low electrical conductivity (10-8 – 10-6 S m-1) or 

even insulators (< 10-8 S m-1), which significantly hinders their electrochemical applications. 

Moreover, it is hard to keep its porosity and conductivity simultaneously. This would limit the 

electrochemical capacitance as well as its reversibility, when MOFs are utilized as electrode 

materials in SCs. Hence, great efforts have been made to explore highly conductive MOF 

nanomaterials for further applications. In general, the conductivity is limited by charge carriers. 

The higher charge mobility of the charge carriers, the higher electrical conductivity of MOFs. To 

date, several approaches have been developed to enhance the conductivity of porous MOFs, 

namely formation of composite and post-synthetic modification. The electron mobility of MOFs 

could be improved by careful and precise selection of metal clusters and organic linkers, in which 

the constructed architecture could exhibit long-range charge delocalization through resonance or 

ℼ - ℼ stacking [43]. Another potential and versatile approach is guest doping through either 

introduce guest molecules or other nanomaterials with excellent conductivity [43, 44].  

Among of reported MOF materials utilized for SCs, Ni-MOFs exhibit large surface area, flexible 

topology, natural crystalline structure and high theoretical capacity [45, 46], which have been 

viewed as promising electrode active materials for supercapacitor applications. Nonetheless, 

several challenges impede their widespread implementation. In particular, the inherently low 

electrical conductivity, which limits charge-discharge rates, and the issue of stability under 

electrochemical conditions, leading to degradation over repeated cycles. Moreover, the intricate 

structures of Ni-MOFs could hinder ion diffusion within their pores, impacting their reversibility. 

In addition, synthesis reproducibility and scalability are also significant concerns, as the complex 

synthesis routes and the use of costly or limited components hinder large-scale production. 

Overcoming these challenges through innovations in material design, synthesis methods, and 

understanding structure-property relationships is essential for unlocking the full potential of Ni-

MOFs in supercapacitor technology. 

Over the past two decades, various methods have been adopted for stable MOFs, which are 

essential to be applied for electrochemical energy storage systems. In this work, various 

methodologies to synthesize MOFs are briefly discussed, including conventional methods such as 

solvent volatilization, hydro/solvothermal synthesis, accelerating the synthesis process by 

microwave radiation, electrochemical and mechanical approaches, sealing pathway to integrate 

other functional materials and continuous flow to reach industrial production. Moreover, various 

factors could play crucial roles in the synthesis leading to stable MOFs, ranging from the 

precursors such as metal salts and organic ligands to synthesizing conditions like temperature, pH, 

etc. Besides, the applications of MOF materials as SCs electrode materials were discussed in terms 

of two aspects: (a) the performance of pristine MOFs which are employed directly as electrodes 

for SCs and (b) the applications of nanoporous composites derived from MOFs, including 

binary/ternary metal oxides and MOF-derived carbons. In addition, the impact of processing 

parameters, including solvent systems, reaction temperatures and synthesis duration, on the 

morphological and electrochemical properties of Ni-MOF nanostructures were systematically 

studied. Furthermore, pseudocapacitance-rich materials, such as MoS2 and MOF-derived TMOs 

and carbonaceous nanocomposites, were introduced to further enhance the electrochemical 

properties as well. Lastly, a short summary and perspectives were provided. 
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1.2 Scope and Aims 

1.2.1 Problem Statement  

With the rising energy demand and environmental pollution in human society, it is essential to 

develop renewable and economical ESSs. Meanwhile, it is imperative to grow better technology 

for huge amounts of renewable energy storage and at a faster speed because of the great emphasis 

on sustainable energy technologies. Among a wide range of ESSs, SCs are one of the most 

promising and efficient technologies due to their high-power density, low cost, fast 

charge/discharge rate profiles and extended cyclability. More significantly, it shows a great 

potential in various technological applications. Firstly, it could be adopted in the automotive 

industry. For instance, General Motors employ a SC-based voltage stabilization system for 

start/stop technology and the system can start the engine within 0.4 seconds, which is twice as 

quick as conventional systems [47]. Mazda utilizes SCs to store surplus energy from RBS in i-

ELOOP system [48], which could be fully charged within seven seconds. Secondly, SCs can also 

be used in public transport systems, an obvious example is that SCs are applied to power CSR 

trams in China and it is able to run 4 km after charging for 30 seconds and approximately 85% of 

braking energy is recovered [49]. Thirdly, in the energy sector, Maxwell applies SCs in the wind 

pitch control system on wind turbines [50], which functions as backup power and it helps to lower 

the maintenance and operation costs. Lastly, SCs even play a significant role in the aviation 

industry. Airbus A380 adopted them for emergency doors [51]. Nonetheless, the energy density is 

relatively low as compared to a battery, which hinders their further applications. To overcome 

these issues, new materials with high capacitive performance and large potential windows are 

widely studied. 

MOFs have received huge attention in the recent decade in various fields, such as catalyst, drug 

delivery, gas storage/separation and electrochemical ESSs, due to the features of high porosity, 

ultra-large specific surface area (up to 10,000 m2 g-1) and adjustable pore size. Recently, MOFs 

are employed as electrode materials for SCs by virtue of the flexible structures and large surface 

areas with highly exposed active sites. Nevertheless, the high capacitance and stability have been 

significantly restricted by the low electrical conductivity and physiochemical stability. Similarly, 

the applications of Ni-MOF-based nanostructures for SCs also suffer from inferior rate/kinetic 

performance and cyclic stability due to their low electrical conductivity and stacking 

characteristics, which significantly hindered their wide exploitation in electrochemistry. Besides, 

aqueous electrolyte is popularly used in electrochemical ESSs, and most Ni-MOF-based materials 

cannot stably exist in water. Hence, tremendous systematic structure-performance studies are 

required to explore modified MOF-based nanomaterials with excellent electrical conductivity, 

cyclability and stability in water. 

This research aims to systematically investigate the synthesis conditions (i.e., solvents used, 

reaction temperature and duration), characterizations and electrochemical behaviors of Ni-MOF-

based nanostructures as electrode active materials for high-performance supercapacitor 

applications. The study will focus on enhancing the specific capacitance, rate performance and 

cycling stability of these materials via various strategies, including structural modifications, 

doping and composite fabrication. The ultimate goal is to synthesize Ni-MOF-based 

nanostructures with superior electrochemical performance, contributing to the advancement of 

energy storage devices for diverse applications.  
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1.2.2 Research Questions/Hypothesis 

(a) What is the charge storage efficiency of nanostructured MOF material? Will the 2D Ni-MOF 

nanosheets provide an excellent electrochemical capacitive performance and lifespan? These 

questions will be addressed by the current proposed study in which the processing parameters of 

the synthesis process shall be carefully examined to produce Ni-MOF materials with the optimum 

electrochemical performance.  

(b) What is the effect of graphene incorporated MOF nanomaterials? Will the electrical 

conductivity and electrochemical performance be further enhanced by incorporating graphene with 

Ni-MOFs? What are the mechanisms that might contribute to the enhancement of electrochemical 

performance of the product? All these questions shall be evaluated carefully, from the synthesis 

process until the physical-chemical properties characterization. The optimized electrochemical 

performance of the Ni-MOF/graphene nanocomposites shall be investigated comprehensively via 

a series of analytical techniques.  

(c) What is the electrochemical performance of the Ni-MOF-based nanocomposites by 

incorporating nanomaterials with pseudo-capacitive behaviors, such as MoS2 and MOF-derived 

TMOs? Will the electrochemical performance be significantly enhanced? These questions will be 

answered by synthesizing MoS2, MOF-derived TMOs and the precise selection of the composition 

between Ni-MOFs and other nanomaterials. The optimized electrode active materials will be 

further evaluated by analytical instrument. 

 

1.2.3 Scope of Study 

This project will concentrate on the synthesis of Nickel-Based Metal Organic Frameworks (Ni-

MOFs)-based nanostructures as electrode active materials for symmetric supercapacitor 

applications. The chemical composition, pore size distribution and morphology of the as-

synthesized Ni-MOFs will be carried out using X-ray diffraction (XRD), Fourier transform 

infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). Moreover, the surface areas of the as-synthesized samples are measured by 

Brunauer–Emmett–Teller (BET). To analyze the electrochemical characteristics of the products, 

cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) will be carried out 

in a two-electrode system. In addition, the energy density and power density of the as-synthesized 

MOF-based nanostructures will be investigated based on symmetric supercapacitor devices. Lastly, 

graphene and other pseudocapacitance-rich materials (i.e., TMOs and MoS2) will be incorporated 

with the MOF to form a nanocomposite, with the target to further improve the stability as well the 

electrochemical performance of the electrode materials. 
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1.2.4 Objectives  

1. To synthesize and characterize the Ni-MOF and Ni-MOF/graphene nanocomposites for 

optimum electrochemical performance using solvothermal approach. 

2. To optimize the processing parameters (type of solvent systems, processing temperature 

and reaction duration) for improving the electrochemical properties of the Ni-MOF 

nanomaterials. 

3. To enhance the energy density of MOF-based nanostructures by incorporating 

pseudocapacitance-rich materials (MoS2 and MOF-derived TMOs).  

1.2.5 Thesis Overview 

In this thesis, hierarchical porous Ni-MOFs were synthesized via a facile solvothermal approach, 

in which the impact of critical synthesis and processing parameters, including different solvents, 

synthesis temperature as well as time, on the electrochemical performance of Ni-MOF 

nanostructures have been systematically studied. Meanwhile, graphene nanosheets and MOF-

derived carbon matrixes were incorporated to enhance the electronic conductivity and cycling 

stability. Apart from that, transition metal compounds (i.e., transition metal oxides derived from 

MOFs and metal dichalcogenide) with enhanced electronic conductivity and superior theoretical 

capacitance have been explored in this study as well.  

Initially, the general background of supercapacitor with current issues is introduced in chapter one. 

Subsequently, the synthesis conditions and physicochemical properties of MOFs as well as MOF-

derived nanomaterials are systematically reviewed in chapter two. Chapter three summarizes the 

materials and methods used in this thesis, including chemicals, material characterizations, 

electrochemical analysis, as well as synthesis method. 

In chapter four, the impact of processing parameters, including synthesis temperature and time, on 

the morphological and electrochemical properties of Ni-MOF nanostructures have been 

extensively studied. Particularly, the synthesis temperature ranged from 100 to 200 ℃, while the 

duration was between 8 and 32 hours. The results annotated that the solvothermal reaction 

temperature had a significant influence on the morphologies and electrochemical capacitive 

performance of Ni-MOF nanomaterials, while solvothermal time only had a slight impact on these 

resultant intrinsic properties. Specifically, the average size of Ni-MOF nanosheets trended to 

gradually decrease as the reaction temperature was increased, whereas the crystallinity of these 

nanostructures was shown to have a direct correlation with solvothermal temperature. 

Noteworthily, when the nanostructures synthesized at 160°C were used as symmetrical 

supercapacitor electrodes in an environmental-friendly aqueous electrolyte, an excellent energy 

density of 22.44 Wh kg-1 and a superior cyclic durability of 118% over 10,000 cycles were 

achieved. Hence, the optimized solvothermal reaction temperature (160°C) was selected for the 

synthesis of nanostructured Ni-MOFs of subsequent works. 

Moreover, the impact of critical parameters on the electrochemical properties of nickel-based 

metal-organic frameworks (Ni-MOFs), which were synthesized via a solvothermal approach, have 

been systematically studied in chapter five. Firstly, the effect of different solvent systems on the 

morphologies and electrochemical properties of Ni-MOFs were systematically investigated. It was 

found that binary solvents (Ethylene glycol + DMF) with high polarity and viscosity were 

favorable for the formation of microspheres, resulting from the self-assembly of ultrathin 2D 

nanosheets. The as-synthesized Ni-MOFs exhibited flower-like structures and excellent 
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electrochemical performance.  Meanwhile, the successful incorporation of highly conductive 

graphene nanosheets with Ni-MOF nanostructures could further enhance the electrochemical 

performance. A higher specific capacitance of 420.4 F g-1 was obtained in 2M KOH electrolyte. 

In a neutral aqueous electrolyte (2M NaCl), the delivered maximum energy and power density 

were 14.68 Wh kg-1 and 2,852 W kg-1, respectively. Besides, a remarkable capacitance retention 

of 97.70% over 10,000 cycles was achieved by the nanocomposite electrode. Furthermore, it was 

worth noting that the coordination ratio between nickel (Ni) and oxygen (O) atoms was 1 : 6 for 

the most optimized electrode. 

In chapter six, molybdenum disulphide (MoS2), a 2D layered transition metal dichalcogenide with 

large surface area and flexibility in the atomic scale dimension, was incorporated onto porous Ni-

MOFs via a facile hydrothermal approach. Moreover, the sandwiched structure could be beneficial 

to facilitate the electronic conductivity. To further improve electronic conductivity and overall 

electrochemical performance, sodium ions were introduced as well. It was found that the as-

synthesized porous nanocomposites delivered an excellent supercapacitive performance, in which 

the obtained maximum energy density was as high as 33.33 Wh kg-1. Besides, the as-fabricated 

symmetric supercapacitor device delivered a remarkable cycling durability with a capacitance 

retention of 97.42%, while an outstanding coulombic efficiency of 97.82% was achieved over 

more than 10,000 cycles in an aqueous electrolyte. 

Additionally, transition metal oxides/carbon nanocomposites derived from metal-organic 

frameworks (MOFs) with enhanced electronic conductivity and superior theoretical capacitance 

have been viewed as novel nanostructured electrode active materials for high-performance 

electrochemical energy storage applications. In chapter seven, highly porous nanostructured 

NiO/C yolk-shell nanocomposites were prepared via a simple calcination of Ni-MOFs. The 

porosity and electrochemical property were further enhanced by incorporating Na+ and 

hierarchical MoS2 nanostructures via a facile hydrothermal method. The delivered electrochemical 

capacitance of NiO/C yolk-shell structure was 1779.50 F g-1 in 2M KOH, and a superior specific 

capacitance of 2540.63 F g-1 was acquired after the incorporation of Na+ and 2D layered MoS2 

onto the nanocomposite. When a symmetric supercapacitor was fabricated, a remarkable energy 

density of 36.93 Wh kg-1 was recorded in an environmental-friendly aqueous-based electrolyte. 

More significantly, the outstanding delivered capacitance retention and coulombic efficiency were 

recorded at 111.92% and 97.6%, respectively after 4,000 continuous GCD cycles. 

Chapter eight summarizes the works that have been conducted throughout the whole thesis and 

some suggestions for future works are included in this chapter. 

Overall, the synthesis parameters, including solvothermal reaction temperature, time and solvent 

systems, which have a crucial role in the morphologies and electrochemical properties of Ni-MOF 

nanostructures, have been systematically investigated in the current study. Moreover, to enhance 

the electrochemical performance, some novel electrochemical active materials (i.e., graphene and 

MoS2) were incorporated onto Ni-MOF nanomaterials in optimizing the associated intrinsic 

properties. Additionally, MOF-derived transition metal oxides/carbon nanocomposites with high 

specific capacitance and excellent electronic conductivity were also extensively studied in the 

current research work. The results indicated that MOF-based nanocomposites can be utilized as 

promising electrode active materials for high efficiency electrochemical energy storage 

applications. 
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1.2.6 Thesis Highlights 

The thesis generally showed a groundbreaking exploration in the realm of materials science and 

energy storage technology. In a world increasingly dependent on portable electronics and 

renewable energy sources, the development of efficient and sustainable energy storage materials, 

especially MOF-based nanostructures, is crucial. Nevertheless, the excellent functional properties 

and potential applications of these materials have been significantly hindered by the inferior 

electronic conductivity, energy density and cyclability. In response to these challenges, this thesis 

initially focuses on the systematic exploration of the impact of critical processing parameters on 

morphological and electrochemical properties of Ni-MOF nanostructures. Through 

comprehensive experimentation, including varying solvent systems, reaction temperatures, and 

synthesis durations, the study elucidates key insights into optimizing the synthesis process. The 

results revealed that binary solvent system (DMF+EG) with high polarity and viscosity favors the 

formation of small-sized nanosheets, and solvothermal reaction temperature played a crucial role 

in determining morphology and electrochemical performance. In particular, the average size of Ni-

MOF nanosheets trended to gradually decrease with increasing reaction temperature, whereas the 

crystallinity and product yield of these nanostructures were enhanced as reaction time was 

prolonged. It worth noting that nanostructures synthesized at 160°C exhibited exceptional energy 

density and cyclability. Moreover, the incorporation of graphene and pseudocapacitance-rich 

materials, such as MoS2, MOF-derived TMOs and carbonaceous nanocomposites, could further 

enhance electrochemical properties, leading to superior energy densities and cycling stability. 

Hence, through meticulous experimentation and analysis, it elucidated the mechanisms underlying 

the superior energy storage behavior of Ni-MOF-based nanostructures. In addition, this research 

not only expands fundamental understanding of these materials but also offers a promising avenue 

for improving supercapacitor performance. These findings have the potential to facilitate 

advancements in electrochemical energy storage technologies, with far-reaching implications for 

diverse fields ranging from portable electronics to renewable energy systems. 
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Chapter 2: Recent Progress on the Synthesis and Applications of MOF-Based 

Nanostructures 

 

2.1 Synthesis Strategies of MOFs 

MOFs, a type of porous crystalline materials, have successfully attracted enormous attention in the 

last twenty years owing to their high porosity, ultra-high surface area, structural and functional 

diversity. Hence, MOFs and their derivatives have been extensively studied in the field of SCs, 

fuel cells and lithium-ion batteries (LIBs) [52-54]. To ensure the stable and safe operation of these 

electrochemical ESSs, current studies are focusing on stable MOFs under harsh conditions and the 

understanding on the synthesis mechanism over structural stability. However, it is still challenging 

to fabricate MOFs with excellent structural stability and electrochemical properties. 

An overview of MOFs fabrication approaches is illustrated in Fig. 2.1. Practically, most MOFs are 

developed through liquid phase syntheses where MOFs are directly formed by mixing metal salts 

and organic ligands. Among various synthesis routes, solvent volatilization [55, 56] is the most 

commonly used synthesis method, but it is only suitable for precursors with excellent solubility 

and the resultant product with a lower solubility in the solvent. To cope with those precursors with 

low solubilities, Hydro/solvothermal method [57, 58] is employed, in which organic solvents not 

only act as the reaction medium, but also function as a template agent during the synthesis process. 

The process could be accelerated through microwave radiation [58, 59] and the resulting MOFs 

are able to possess high purity. Moreover, sealing pathways are applied to further explore the 

functionalities by integrating other functional materials with MOFs. To facilitate crystal growth 

and develop uniform MOFs with micro/nano sizes, even with high yields, electrochemical [60, 61] 

and mechanical synthesis [62, 63] have been investigated. Furthermore, reactor method [64] is a 

continuous-flow process to reach the technical-economic purpose for industrialization. It is time-

saving and favorable for the product yields which could achieve 100,000 kg on a daily basis. 

 

Figure 2.1. The overview of various synthesis methods of MOFs. 
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2.1.1 Solvent Volatilization 

The solvent volatilization method, also known as slow evaporation, is the most commonly 

employed approach for the synthesis of MOFs. This method does not consume much energy as it 

mostly occurs at room temperature (RT). During the process, the solvents in a reaction volatilize 

or diffuse slowly. In general, metal clusters/ions and organic ligands are mixed together in a 

solvent without any auxiliary compounds. Occasionally, a mixture of more than two solvents is 

required to speed up this process and enhance the solubility of the reactants. As compared to 

conventional methods, the main drawback of this process is that it requires a longer synthesis 

duration. Therefore, the reagents, which act as solvents, with low boiling points are utilized. By 

applying a reduced evaporating rate, products with a perfect single crystal could be generated via 

this method [65, 66]. 

Supersaturation is required for the crystal growth at a constant temperature. For instance, MOFs 

with well-defined nanoparticles can be developed in a process of slow evaporation, while rapid 

evaporation of solvent may create a lot of defects, and thus the acquired MOFs materials exhibit 

high porosity [67, 68]. As a result, the volatilization rate could control the growth rate of active 

materials. It is possible to directly evaporate nontoxic solvents like water, whereas precautions are 

necessary to avoid air pollution.  

According to Basu’s study [69], dense MOFs containing membranes were fabricated via solvent 

volatilization for the binary gas mixture separation of CO2-CH4/N2, the mechanical and thermal 

properties of the dense MOFs were improved with the incorporation of fillers. The experimental 

results indicated that the mechanical and thermal properties were enhanced due to the formation 

of rigid structure in MOFs and the excellent interactions between MOFs and polyimide matrix, 

respectively. Through this method and followed by a subsequent annealing under H2 condition, 

the partially decomposed cobalt-based zeolitic-imidazolate frameworks (ZIF) supported palladium 

(Pd) nanoparticles (Pd/PD-ZIF) were synthesized, which was a catalyst for the hydrolysis of 

NaBH4 [70]. More significantly, it possessed a favorable catalytic activity, high level of structural 

stability at RT, the H2 generation rate was 20.61 min-1 mgPd
−1 and the turnover frequency was 495.0 

𝑚𝑜𝑙𝑃𝑑
−1, which was the highest performance among other catalysts. Simultaneously, the catalytic 

activity declined approximately 10% after five operation cycles. Another robust and flexible 

HKUST-1/polyvinylidene fluoride (PVDF) composite with micro-, meso- and macro structure was 

prepared via solvent evaporation where the crystallization of MOF and precipitation of polymer 

occurred together [71]. This porous active material with an improved water stability could enhance 

the adsorption of CO2. To achieve the construction with large scale mesopores and macropores, a 

template-free and simple solvent evaporation method was attempted for carbonization [72]. The 

resultant carbon material contained a three-dimensional (3D) structure with extensively high 

specific pore volume of 5.45 cm3 g-1 and surface area of 3000 m2 g-1. In the heat treatment, solvent 

evaporation would contribute to the surface defects of MOFs, which is beneficial to form meso- 

and macropores. The material with hierarchical porosity has the potential to be used as a capacitive 

deionization (CDI) electrode. 

 

2.1.2 Hydro/solvothermal Method 

Hydrothermal synthesis method refers to the chemical reactions taking place in an aqueous 

solution at a temperature over 100 ℃ (the boiling point of water under atmospheric condition). 
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The solvothermal and hydrothermal methods are analogous, the only difference is that water is 

replaced by organic solvent due to the different temperature requirement. The liquid-phase reaction 

is carried out in a specially sealed vessel, such as Teflon-lined autoclave, for several hours or days 

at high temperature and pressure. Generally, the temperature ranges from 100 to 1000 ℃ and the 

pressure in the range of 1-100 MPa. It would reach the supercritical condition and the solvent 

would possess higher viscosity when the treating temperature is higher than 647.15 K and the 

pressure is higher than 218 atm for water. The surface tension disappears between metal salts and 

solvents. As a result, it enhances the dissolving capability of solvent to dissolve the reagents and 

speeds up the chemical reactions. The advantage of hydrothermal method is that solvent with 

enhanced solubility could help to produce MOFs with nanoscale morphologies and high purity. 

Nevertheless, it is hard to control this process well. The as-synthesized MOFs always encounters 

agglomeration problem due to their high surface energy [73, 74]. To cope with the agglomeration 

problem, a modulated synthesis was introduced by Kitagawa and co-workers [75].  

Usually, chemical modulators are introduced into the synthesis to regulate the sizes and optimize 

the morphologies of MOFs [76, 77]. The most common modulators are acetic acid, lauric and 

benzoic acid [78, 79]. It is noted that modulated synthesis is employed to regulate the coordination 

equilibrium between metal ions and organic ligands. For instance, modulators reduce the crystal 

growth rate of MOFs, resulting in the formation of smaller MOF crystals. On the other hand, larger 

crystal particles were synthesized through slowing down nucleation [80]. This can be achieved by 

using modulators to coordinate with metal clusters or suppress the deprotonation of organic ligands.  

The flower-string-like NiCo-MOF/multi-wall carbon nanotubes (MWCNT) composite was 

synthesized via a facile solvothermal approach [81], in which two-dimensional (2D) NiCo-MOF 

nanoparticles grew on the surface of MWCNT. Due to the unique structure, it exhibited an 

excellent electrochemical performance, such as high-power density, appealing rate capability and 

reversibility as SC electrodes materials. In a three-electrode system, the specific capacitance was 

1010 F g-1 at a current density of 0.5 A g-1, it could maintain 760 F g-1 when the current density 

was up to 10 A g-1. The coulombic efficiency was around 98 % after 3000 cycles at a current 

density of 5 A g-1. Moreover, one-pot solvothermal approach was adopted to develop a 

multifunctional MOF-based heterostructure with magnetic nanospheres, which was composed of 

one-dimensional (1D) MIL-53(Fe) microrods [82]. This material could be employed as a 

photoanode with favorable photoelectrochemical performance. For instance, this material had the 

capability to regenerate effective and constant photocurrent, can be effectively utilized for water 

oxidation over visible light and had excellent efficiency in a photocatalysis mediated by H2O2. 

Moreover, it is possible to adjust and tailor the structure and performance through hydrothermal 

synthesis [83]. The crystal growth and morphology of meso- and microporous MOFs were limited 

by starting coordination complexes of Cu2+-based linkers. Furthermore, crystal MOF-5 

(Zn4O(BDC)3, BDC = terephthalic acid) with high purity was continuously produced at a rate of 

1000 kg m-3 day-1 through solvothermal approach [84]. This indicated that MOF-5 can be cost 

effective electrode materials. 

Unlike NiCo-MOF nanoparticles, MOF-5 square sheet was formed through a pH-modulated 

solvothermal mechanism, while the uniform sheet was controlled by auxiliary modulator like 

polyvinylpyrrolidone (PVP) [85]. Meanwhile, monodispersed MOF-5 crystals with tunable sizes 

and morphology were also fabricated via a modulated synthesis method [86]. The sizes of the 

crystals ranged from several nanometers to hundreds of micrometers [87], and the morphology 

included cube, truncated cubes and octahedron were observed. This unique structure was achieved 
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since the triethylamine (TEA) was used as an auxiliary base for tuning the nucleation of crystals 

and PVP with amphiphilic surfactant property for modulating the morphologies of MOF-5. The 

synthesis of MOF-5 is illustrated in Fig. 2.2. Notably, the first Zr-MOFs with octahedral crystal 

were synthesized via another modulated synthesis, in which acetic and benzoic acid were the 

modulating agents controlling the nucleation rate [88]. 

 

 

Figure 2.2. The pH-modulated synthesis of MOF-5 with conditions. Reproduced with permission 

from Ref. [85, 86]. Copyright 2018, Elsevier. 

 

2.1.3 Microwave-Assisted Synthesis 

Microwave-assisted method is another route to synthesize MOFs quickly, it could increase the 

efficiency and yield of the reaction, and ensure ease separation in a time and energy saving manner 

[89, 90]. This is because metal ions and organic ligands nucleate rapidly and grow into crystalline 

under microwave radiation. The driving force of this method is the microwave energy with high 

efficiency, which is capable of altering the electrical and magnetic properties of compounds, and 

it can also penetrate into the interior of materials rather than being transmitted through the surface 

[91, 92]. Due to fast crystalline growth kinetics, microwave-assisted synthesis has been extensively 

employed to develop microcrystalline powders and nanocrystals. However, controlling the size of 

crystals is the most challenging issue for this method. Large-sized crystals are more difficult to be 

produced via this method as compared to solvothermal synthesis. Nonetheless, microwave-assisted 

method was found possible to develop new crystalline materials, owing to its ability of 

dielectric/volumetric heating [93]. 

An amine-functionalized MOF was developed in a short period of time through microwave-

assisted synthesis [94]. This material was used as a heterogeneous catalyst for Knoevenagel 

condensation in ethanol with different ketones and aromatic aldehydes.  The results indicated that 

the reactions occurred rapidly and the yields were much higher than those of hydrothermal 

methods. Moreover, the catalyst could be recycled without further purification and the efficiency 

remained at 100%. ℽ-cyclodextrin MOFs (ℽ-CD-MOFs) of micro- and nanometer size were first 

synthesized via this facile method [89]. This method has reduced the duration of production from 

several hours to minutes, and the X-ray diffraction (XRD) patterns of the products for different 

time scales were illustrated in Fig. 2.3. There is not too many differences on the crystallinity within 

the optimum heating time (< 120 min). In addition, the nanometer sized ℽ-CD-MOFs possessed 

the capacity to quickly adsorb of 196 mg Fenbufen within a unit mass in ethanol. To shorten the 
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process of synthesis with low cost, a microwave-assisted ball milling was applied [95]. The 

fabricated MOFs were utilized to remove Congo red (CR) from water-based solution and shown 

an extraordinary CR removal efficiency of 85.54% after five hours. More importantly, zinc-doped 

nickel-based MOF (Ni-MOF), which was synthesized via the microwave-assisted method, was 

obtained and employed as SC electrode material with excellent electrochemical performance [96]. 

The corresponding specific energy densities recorded were 237.4 and 122.3 mA h g-1 at 1 and 20 

A g-1, respectively. This material also exhibited a preferable cyclic stability of 12% reduction after 

4000 charging and discharging cycles. Therefore, it is beneficial to develop MOF-based active 

materials through microwave-assisted method.   

 

Figure 2.3. The XRD patterns of ℽ-CD-MOFs synthesized via microwave method at different time. 

Reproduced with permission from Ref. [89]. Copyright 2017, American Chemical Society. 

 

2.1.4 Sealing Pathway 

To further explore the functionalities, integrating other functional species with MOF composites 

illustrates a bright pathway. Therefore, surface modifications on MOFs have successfully attracted 

the interest of researchers, especially in the field of chemistry and drug. This method is able to 

access either by loading functional species into MOFs after deposition or by post-synthesis 

modification (PSM) [97, 98]. For practical applications of the MOF-based composites, it is crucial 

to possess both homogeneous films with a well-defined thickness and a high-degree of crystalline 

orientation during the growth of non-isotropic MOFs. A method known as liquid phase epitaxy 

(LPE) has been introduced to produce high-oriented crystalline MOFs [99]. However, this layer-

by-layer approach is limited by time-consuming deposition process, and the as-synthesized MOF 

layers are less than 100 layers. For instance, 100-nm (the thickness of one-layer MOF is about 1 

nm) MOF layers require 400 times of immersions which takes 36 hours. As MOFs membranes are 

applied for separation, it is necessary to synthesize the membranes with at least several-micrometer 

thickness to fulfil the mechanical strength. To cope with this problem, a spray method was utilized 
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to grow MOF layers on a solid substrate [100]. Most importantly, the processing time was 

significantly reduced. 

PSM and post-synthetic exchange (PSE) processes usually involve solvent-assisted ligand 

exchange (SALE), which has been recognized as one of the most efficient synthesis approaches in 

producing MOF materials. PSE was proven able to enhance the stability and functionality of the 

composites in which metal ions do not form MOFs naturally [101]. Meanwhile, PSM and PSE are 

beneficial to locate the composition and architecture reasonably, they are effective approaches to 

form hybrid solids as well.  

To further develop the functional materials, synthesis of the composite with a core-shell (CS) 

structure is another attraction, which plays a vital role in the application in catalyst and energy 

storage [102]. Furthermore, it provides the properties and functions that cannot be offered by 

individual building blocks. Currently, there are two major challenges for the formation of CS: (a) 

It is difficult to control the special structures of CS since the functional material is composed of a 

core center and surrounded by a cover as shell. (b) MOFs could form undesired inner cores instead 

of outer shell. Particularly, it is challenging to restrict the crystalline of MOFs in solution and on 

the surface of core. The reason is that precursors tend to take shape into a composite with various 

morphologies and sizes. Basically, a template approach could be adopted to control the architecture 

of composites, in which the size of CS grows according to templates [103]. The shells of CS 

composites can be controlled via surface modification. However, the process is limited to polymer, 

metal as well as MO. Fortunately, MOFs are possible to be sealed on various species without size 

limitation through surface modification of cores, and followed by surface-confined growth [104]. 

As a result, this has become a new method to design MOF-based composites in various 

applications. 

The MOF layers could be coated on the surface of zeolite 5A beads to form nano-valves shape 

utilizing a secondary seeding method [105]. This nano-valved composite was employed as an 

adsorbent for methane (CH4) storage at low pressure. The results indicated that there was no impact 

on the performance of composites regardless of the types of metal ions which form MOFs. At the 

same time, the nano-valved material with the highest performance captured 33.6 L CH4/L 

adsorbent at standard temperature and pressure (STP). Through coating the MOFs particles onto a 

polyacrylonitrile (PAN) membrane, adsorbent of a sandwich-shaped membrane was fabricated for 

the removal of aflatoxins with high efficiency [106]. As compared to conventional approaches 

including irradiation, sour alkali soaking and biological methods, MOFs-based membrane has a 

plenty of outstanding traits such as there is no influence on the nutrient substances, no secondary 

contamination and it is unnecessary to produce huge amount of wastewater. Meanwhile, the post-

synthesis strategies like freestanding could reduce the chemical interactions between enzymes and 

hollow MOFs that had a higher stability and improved the activity of immobilized enzymes, which 

was able to be coated inside hollowing MOFs by freestanding [107]. Besides purifications, the 

resultant MOFs could be applied in photocatalytic systems and ESSs as well. Using PSE 

processing, nanoscale TMOs were coated onto MOFs [108], which could act as photocatalysts 

with enhanced catalytic activity. More significantly, the spray approach was adopted to largely 

develop highly oriented MOF-sealing with several-micrometer thickness [100]. A carbon-based 

material derived from MOF was developed through vacuum sealing heat treatment [109]. The CS 

composites were also synthesized with enhanced electrochemical properties [104]. These materials 

exhibited high energy densities and excellent cyclability when they were employed as anode 

materials for LIBs.  
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2.1.5 Electrochemical & Mechanochemical Synthesis 

To accelerate the process of crystal growth and develop uniform micro/nano MOFs, many 

promising alternatives such as electrochemical [110, 111] and mechanochemical synthesis have 

been explored [112, 113]. The main advantage of these two methods is that the derived MOFs 

showed favorable electrochemical performance and can be used for industrial applications. The 

common routes for electrochemical and mechanochemical synthesis of MOFs are demonstrated in 

Fig. 2.4a and b, respectively. 

 

 

Figure 2.4. (a) Anodic dissolution of nickel foam for the synthesis of Ni3(BTC)2 MOFs via 

electrochemical approach [111] and (b) Fe(NO3)3⸱9H2O and H3BTC as precursors for the synthesis 

of isostructural MIL-100(Fe) through the liquid-assisted mechanochemical synthesis [112]. 
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In terms of the working mechanisms and properties, electrochemical routes are classified into 

galvanic displacement [114], self-templated synthesis [115], anodic dissolution [116] and 

reductive electrosynthesis [117]. In general, electrochemical synthesis is differentiated by direct 

and indirect electrosynthesis. In direct methods, such as anodic dissolution, cathodic and reductive 

electrosynthesis, MOFs are directly developed on the surface of electrode through electrochemical 

reactions, in which the parameters and conditions are tuned during the synthesis process [116, 118]. 

As for the indirect synthesis, the electrochemical reactions are one of the crucial steps to fabricate 

MOFs. The working mechanism of electrochemical route indicates that metal ions would be 

introduced from an electrochemical process instead of being added from the corresponding salts, 

or the product from a chemical reaction between metal and acid. Consequently, it is essential to 

start a continuous electrochemical process. Recently, a thin layer structure of Ni3(BTC)2 MOFs 

was developed on a nickel foam through an electrochemical approach [111]. This synthesis was 

conducted at 25 ℃ in 5 min. The developed material was utilized for hydrogen evolution reaction 

(HER). Interestingly, this material was found to have much lower charge transfer resistance (Rct) 

under both acidic and basic conditions. Besides, its stability was satisfactory as it possessed a 

higher catalytic activity than that of pure Ni foams. Furthermore, a series of characteristic MOFs 

have been developed in a shorter time with high purity via anodic dissolution [110]. Finally, this 

synthetic method demonstrated that all the virtual ligands could be utilized with effective Faraday 

reactions. Moreover, MOFs could also be synthesized with both anode and cathodes. As an 

illustration, zirconium (Zr) was applied for the deposition of UiO-66 [119]. The result illustrated 

that UiO-66 was utilized directly for the analytical sampling. However, it is necessary for anodic 

electrodeposition to occur in a solution, the as-synthesized MOFs must have the same metal as 

electrode substrate as well. Otherwise, it may cause impurities in the as-synthesized MOFs, which 

is not recommended for membrane-based separation and adsorption. Nevertheless, it could provide 

opportunities for MOFs to be used in electrochemical energy storage systems, which allowed 

higher capacitance with enhanced reversibility. 

On the other hand, mechanochemical synthesis has gained popularity due to the ability to form 

MOFs instantly with high yield. More significantly, this synthesis is conducted on a dry basis or 

with a little amount of solvent [113, 120]. This helps to reduce the synthesis time as well as the 

side effect of organic solvents on the environment. Also, the new synthetic route enables screening 

new MOFs in a scalable and efficient manner. Currently, mechanical synthesis requires neat 

grinding (NG) [121], liquid-assisted grinding (LAG) [122], ion- and liquid-assisted grinding 

(ILAG) [112], compression [123] and extrusion [124]. Basically, it is possible to synthesize MOFs 

with little (or without) solvents via NG, LAG and ILAG which are considered to be versatile as 

these processes could be accelerated by the utilization of catalysts. Meanwhile it has the ability to 

bring the production of MOFs to industrial scale through compression and extrusion. According 

to Thorne et al., [120] ZIF-62, a MOF containing binary linkers (imidazolate and benzimidazolate), 

was developed through non-catalyzed route which was considered as a green synthesis. By 

grinding calcium oxide (CaO) and squaric acid in a mortar with a little aqueous liquid, UTSA-280 

(Ca(C4O4)(H2O)) was obtained [113]. The resultant material is one of the super-microporous 

MOFs, demonstrating the capability to separate ethylene from ethane with high efficiency. 

Following the similar approach, H3BTC and Ag6Mo7O24 were ground in ethanol solution to 

produce Ag6Mo7O24@Ag-MOF [125], which was used as a potential electrode material for SC. 

As Ag6Mo7O24@Ag-MOF was utilized as symmetrical SC electrodes, it had excellent capacitive 
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performance by showing the rate capability of approximately 60% and specific capacitance of as 

high as 971 F g-1. Profoundly, it possessed a remarkable cycling stability, with 98% retention after 

charging and discharging for 5000 cycles. LAG is also an effective strategy to synthesize high-

quality MOFs with quantitative yields and low energy consumption. The ball-milled iso-structure 

of MIL-100(Fe) was obtained at room temperature, which exhibited large surface area, excellent 

crystallinity and thermal stability [112]. Since it is beneficial to accelerate the mechanical synthesis 

process, ILAG is formed through adding simple ion/salt into LAG. MOFs could be easily produced 

in 30 min [120, 126], while they might have different structures obtained from different salts. 

Moreover, ZIF-8 could be developed by both single- and twin-screw extrusion with a space-time 

yield (STY) up to 144 x 103 kg m-3 day-1 [127]. 

 

2.1.6 Reactor Method 

Despite a wide range of MOFs with extraordinary performances have been developed, most are 

produced on laboratory scale. To achieve the technical-economic purpose for industrialization, 

reactor synthesis methods such as batch reactors and continuous flow reactors (CSR) have been 

studied intensively [128-130]. Generally, laboratory-scale synthesis of MOFs involves mixing 

metal salt and organic linkers in a sealed reactor, followed by heating for several hours or days. 

This process is time-consuming and not ideal for industrialization. The synthesis by continuous-

flow processing has few obvious advantages, as it is cost-efficient and makes industrial-scale 

production of MOFs-based materials possible. Furthermore, MOFs can be utilized as a reactor to 

develop other types of nanomaterials as well [131]. 

The continuous flow systems are usually classified into three types, which are continuous-flow 

hydro/solvothermal systems (CFHS/CFSS) [132], continuous-stirred tank reactors (CSTR) [84] as 

well as microfluidic systems (MFS) [133]. The experimental layout of these three reactors is shown 

in Fig. 2.5. Initially, the CFHS was utilized to produce fine nano-powders of TMOs. As compared 

to CFSS, CFHS is beneficial for cost saving and environmental protection seeing as the utilization 

of green solvent. Nevertheless, CFSS exhibits a high operation temperature and was combined 

with microwave and mechanochemical syntheses, leading to a shorter process time. CSTR, 

also known as vat- or back-mix reactor, is a traditional reactor consisting of a huge vessel and a 

mechanical stirrer in which the reactants are loaded continuously and mixed well. In contrast, MFS 

has a smaller reactor tank, which has been extensively employed owing to the high degree of 

control [133]. 
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Figure 2.5. (a) Synthesis of ZIF-8 via continuous-flow hydrothermal system (CFHS). [134] - 

Published by The Royal Society of Chemistry. (b) The synthesis of MOF-5 through continuous-

stirred tank reactor (CSTR) [84] and (c) A microfluidic system (MFS) producing dicarboxylate 

based MIL-88B within 20 seconds. Reprinted with permission from Ref. [133]. Copyright 2013, 

American Chemistry Society. (M: metal ions; Og: Organic ligands; Ol: oil) 

A functionalized zirconium-base MOF (Zr-MOF) was developed in a upscaled synthesis using a 

batch reactor and employed for ammonia (NH3) purification [128]. It was entirely a green process, 

since only water was used for washing, and the initializing reagents were non-corrosive and 

environmentally friendly. The daily yield was 350 kg m-3 with an overall efficiency of 89%. 

Recently, ZIF-8 was prepared by a large-scale CFHS with a countercurrent mixing reactor. The 

production rate was slightly low, in which one hour could only fabricate less than one kilogram of 

product [134]. After optimization, the STY of high quality aluminum fumarate MOF (Al-Fum) 

could reach as high as 97159 kg m-3 per day, solely based on an aqueous synthesis [135]. At the 

same time, high temperature water (HTW) was utilized in CFHS process, MIL-53(Al) was largely 

produced within 5-6 min  [132]. It is possible to employ CSTR to synthesize high purity MOF-5 

at ambient pressure with a STY of approximately 1000 kg m-3 per day [84]. This is particularly 

helpful to reduce the cost of industrial production. As the homogeneous and adjustable microwave 

device was equipped, the processing of HKUST-1 could be accelerated in a continuous flow 

oscillatory baffled reactor (CF-OBR) [129]. The yield was 6.32 x 105 kg m-3 per day and the 

corresponding surface area was around 1.12 x 1012 m2. This process indicated that it only requires 

2.2 seconds of the process time, implying the fascinating high-productivity characteristic. Besides 

CFHS/CFSS and CSTR, MFS is another approach to speed up the process. Dicarboxylate based 

MIL-88B with well-defined crystal size was synthesized in 20 seconds [133]. However, only some 

MIL-88B was modified to have long-term porosity such that nitrogen gas (N2) is hence unsuitable 

to be adsorbed. Furthermore, a 2D phosphorus material could be directly fabricated by a MOF-
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based 2D nano-reactor in which a pillar-layer MOF was formed via this approach [131]. This 

method offers the production of multi-dimensional materials. 

Though it is possible to scale up the laboratory synthesis to industrial production, there are some 

limitations of the process that need to be addressed. For example, it is necessary to consider the 

size distribution of the materials with lower specific surface areas. More importantly, there is no 

additional treatment of defects from reactor synthesis, mainly due to the rigid synthesis design. On 

the other hand, the properties should not have too much difference between the MOFs synthesized 

from laboratories and industries. Therefore, a comprehensive understanding on the optimization 

and a systematic investigation is hence crucial. 

 

2.2 Effects of Critical Parameters on the Performance of MOFs  

MOF materials are mainly composed of nodes and linkages. In porous coordination polymers, 

metal ions and organic ligands are commonly viewed as the nodes and bridging linkages, 

respectively. Meanwhile, the network structures of MOFs could be seen as the combination of 

different nodes and bridging linkages with various numbers. Therefore, the coordination tendency 

of metal ions and the geometric configuration of organic ligands play a vital role in the structures 

and performance of MOFs. It is hard to predict the molecular interactions during the synthesis of 

MOFs, it is hence necessary to recognize and amend the synthesis conditions such that metal ions 

and organic linkers could interact in a desired manner. Even small changes in the concentration of 

metal ions and organic ligands, solvent polarity, temperature and pH values could lead to changes 

in the quality, yields, as well as the structures of MOFs, it is hence crucial to control the size and 

morphology of MOFs structures for their applications. The reasons are that: Firstly, the 

coordination configurations of metal centers and the chemical structures of organic ligands play a 

decisive role in the final structures of MOFs. Secondly, different solvents exhibit different 

polarities, solubilities and viscosities, which influence the crystallization of MOFs. Other factors, 

such as the molar ratio and properties of metal ions and organic ligands, could also affect the 

synthesis process of MOF materials. Moreover, appropriate reaction temperature not only can 

provide enough power for the synthesis of MOFs, but also avoid secondary reactions which occur 

at high temperature. Furthermore, a suitable pH condition could deprotonate the organic ligands 

effectively for coordination with metal ions, as protons and hydroxides are likely to compete and 

substitute metal clusters.  

 

2.2.1 The Impact of Metal ions and Organic Linkers 

The attractive properties of MOFs materials, including large surface areas, high porosity and 

controllable pore size, are determined by their structures [136, 137]. In fact, the skeleton structures 

and topologies of MOFs can be regulated by carefully adjusting the metal ions, selecting 

appropriate organic ligands, as well as the solvent condition [138]. MOFs with various 

morphologies can be developed through aforementioned methods like slow solvent evaporation, 

hydro/solvothermal synthesis, microwave-assisted and even reactor methods. However, it is hard 

to control the molecular interactions during the process of synthesis due to the unpredictable 

intermolecular force between metal cations and organic linkers. Therefore, it is crucial to 

understand the impact of various operation parameters on the resultant MOFs. 
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2.2.1.1 Metal ions 

Till date, more than 40 types of pristine MOFs used for SCs have been developed, which are 

composed of mostly transition metal ions, including nickel (Ni2+), cobalt (Co2+), copper (Cu2+), 

zinc (Zn2+), manganese (Mn2+), iron (Fe3+), aluminum (Al3+), chromium (Cr3+), zirconium (Zr4+) 

and etc. An increase in charge could lead to the reduction of lability. Hence, it is better for MOFs 

to possess high-valence metal cations, such as Fe3+, Al3+ and Zr4+ [139]. The reason is that these 

metal ions exhibit high coordination numbers and charge densities, which is favorable for the 

formation of stable coordination bonds between metal ions and organic ligands. This could make 

a rigid structure, in which there is a low possibility for other molecules, like water or other solvent 

molecules, to substitute the organic linkers in MOFs [139]. Meanwhile, divalent metal ions tend 

to form robust MOFs structures with soft nitrogen-containing ligands [140]. Commonly, these 

nitrogen-donor ligands are contained in metal azolate frameworks, such as triazolates, pyrazolates 

and imidazolates. These show how the selection of metal cations determines the morphologies, 

skeleton structures as well as the properties of resulting MOFs. 

Nickel (II) and cobalt (II) are promising metal ions to develop layered MOFs, which are used as 

active electrode materials for SCs with long-term stability and high capacitance. A layered Ni-

TDA (Ni3(OH)2(C2H6O4S2)) was successfully fabricated and firstly employed as a SC electrode, 

in which the electrolyte used was 2M KOH [141]. It was found that the as-fabricated Ni-MOF had 

a high specific capacitance of 1518.8 F g-1 over 1 A g-1. Although the current density rose to 20 A 

g-1, the capacitance could still remain at 483.3 F g-1. This was further signified by the capacitance 

retention which was as high as 95.5% after 10,000 cycles. Following the similar approach, a 

layered Co-MOF was synthesized by an oil-bath route [42]. The as-synthesized Co-MOF was 

utilized as electrode for a SC for the first time and possessed preferable specific capacitance of 

2564 F g-1 and 1164 F g-1 at current densities of 1 A g-1 and 20 A g-1, respectively. Moreover, it 

could retain 95.8% of its initial capacitance after 3000 cycles. Different ion-based MOFs have 

disparate functions, even isostructural MOFs made via the same method. Through solvent 

diffusion method, Co- and Mn-based MOFs were synthesized with 2D network topologies [142]. 

Interestingly, Co-MOF possessed the properties of catalytic oxidation to degrade malachite green 

dye, while Mn-MOF could only function for methylene blue. This is because iminium organic 

dyes contain C=N group, the Co2+ and Mn2+ have different energy to break C=N bond. According 

to the structures of these two different dyes, malachite green exhibits a greater π electronic 

conjugate than that of methylene blue. Meanwhile, the energy of coordinated hexa-coordinate Co 

is higher than that of Mn (Fig. 2.6). ZIF-67 and ZIF-8 with high porosity were prepared for 

uranium U(VI) removal by Liu and his coworkers [140], in which the ZIF-67 and ZIF-8 had the 

same organic linkers but the metal ions were Co2+ and Zn2+, respectively. It was found that ZIF-8 

possessed higher performance than ZIF-67, ZIF-8 had a U(VI) removal capability of 540.4 mg g-

1, whereas one gram of ZIF-67 could only capture 368.2 mg U(VI), and the morphologies are 

revealed in Fig. 2.7. The influence of four different metal cations, including Zn2+, Ca2+, Ba2+ and 

Cd2+, on photoinduced electron-transfer was investigated in another study [143]. The results 

indicate that: Firstly, the yields were different using different metal cations, which ranged from 

31% to 63%. Secondly, the photosensitive properties were tested in terms of electron spin 

resonance, the amount of photogenerated radicals was in the order of Ba < Ca < Cd < Zn. This 

could be determined by the electronegativity values of metal ions, since the result was in 

accordance with the electron withdrawing abilities as Ba2+ < Ca2+ < Cd2+ < Zn2+. Furthermore, the 

selection of metal ions not only affects the morphologies and structures of the resulting MOFs, but 
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also has a crucial role to play in MOF-derived carbon. Six isomorphous MOFs with a 3D structure 

and various metals, including Ni, Co, Zn, Mn, Cd and Cu, were employed as precursors to 

synthesize MOF-derived carbon [144]. It was found that there were three disparate morphologies, 

known as carbon (C), porous carbon (PC) and graphitized carbon (GC). Even only three kinds of 

carbon morphologies emerged, they exhibited totally different properties. To intensively 

investigate these properties, the as-derived materials were fabricated as electrode materials for SCs 

and the respective specific capacitance is shown in Table 2.1. It is obvious that Zn-based MOF-

derived carbon possessed the highest specific capacitance as compared to others. 

 

 

Figure 2.6. The SEM images of microcrystals of Co-MOF (a1-a3) and Mn-MOF (b1-b3) 

developed under various conditions. a1, b1 methanol-water; a2, b2 ethanol-water; a3, b3 n-

propanol. Adapted with permission from Ref. [142]. Copyright 2018, Elsevier. 
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Figure 2.7. The SEM images of (a) ZIF-8 and (b) ZIF-67 with disparate morphologies due to the 

utilization of Zn2+ (ZIF-8) and Co2+ (ZIF-67) metal ions, respectively. Reprinted with permission 

from Ref. [140]. Copyright 2021, Elsevier. 

 

Table 2.1. The specific capacitance of various MOFs-derived carbon at different current densities. 

Adapted with permission from Ref. [144]. Copyright 2018, John Wiley and Sons. 

Current Densities  

(A g-1) 

Specific Capacitance (F g-1) 

Cu-C Mn-GC Co-GC Ni-GC Cd-PC Zn-PC 

0.5 24 50 40 42 126 138 

1 23 40 37 39 120 125 

2 22 31 35 37 114 115 

5 21 20 32 34 106 106 

10 19 12 27 29 95 94 

 

2.2.1.2 Organic ligands 

Besides the precise control of metal cations, the selection of organic linkers is also crucial for the 

synthesis of MOFs with desired functionalities. In general, organic ligands have significant impact 

on the surface areas, volumes, topologies and structures of MOFs [145, 146]. Notably, it is 

necessary for organic linkers to contain a polydentate functional group, such as -COOH, -NO2, -

PO3H and -CS2H. This is owing to the fact that these linkers can assemble supramolecular 

architectures acting as both hydrogen-bond acceptors and donors [147]. As compared to other 

organic linkers, ligands containing carboxyl groups have a large negative charge density, which 

offers a strong coordination with metal ions. In addition, multi-carboxylate ligands have various 

coordination modes to take shape into metal-carboxylate clusters or bridging structures which in 

turn enhance the stability and rigidity of MOFs. Therefore, the appropriate organic linkers help to 

synthesize novel structural MOFs with favorable physical and chemical properties. 
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Generally, chiral ligands are exploited to develop homochiral porous MOFs, in which the 

enantiopurity of a chiral linker controls the chirality and structure of MOFs [148]. In this case, 

(1S,3S,5S)-benzene tricarbonyl tri-(aspartic acid) (S-BTAsp) and (1R,3R,5R)-benzene tricarbonyl 

tri-(aspartic acid) (R-BTAsp) were employed to combine with copper (II) under the same synthesis 

condition to investigate the properties variation [146]. It was found that Cu2+ reacted with S-

BTAsp and R-BTAsp. The two resulting 3D and homochiral MOFs were iso-structures, but with 

disparate optical activity. When Cu2+ was combined with the mixture of S-BTAsp and R-BTAsp, 

the final product was 1D and achiral MOF. Meanwhile, the yields were 35%, 67% and 70% for 

S/R-BTAsp mixture, S-BTAsp and R-BTAsp. Following the similar approach, silver(I)-based 

MOFs were developed with three different carboxylate anions and various architectures [145]. 

(Ag4(bpy)2(bpdc)2)⸱13H2O with a 3D sandwich-like network was formed through connecting the 

neighboring 2D sheets (made by the joint of adjacent strands) with rich hydrogen-bonding 

interactions, while for (Ag2(bpy)(bqdc)(H2O))⸱4.5H2O, the interactions were intermolecular 

hydrogen-bonding and rich π-π stacking. By grouping adjacent anodic and cationic sheets through 

electrostatic interactions, (Ag2(bpy)2(H2O)2)(bpdc)⸱3H2O was produced. The resulting Ag-MOFs 

exhibited different thermal stability as well. The dimensions and functional sites of the organic 

linkers could also have an essential influence on the properties of MOFs. According to Grand 

Canonical Monte Carlo (GCMC) simulation and density functional theory (DFT), a series of open 

Cu(II) site (OCS)-based-MOFs prepared with various ligands for gas separation were investigated 

[149]. The results indicated that the C2H2 separation and storage ability differ from each MOF. 

Particularly, MOF-505 exhibited the highest C2H2 storage capacity and C2H2/CH4 selectivity at 

two bars due to the compact pores. In another study, ZIF-67 and ZIF-9 with identical metal ion 

(Co2+) but different organic linkers were fabricated and utilized for U(VI) removal [140]. It was 

found that ZIF-9 had a higher adsorption capacity than ZIF-67. This was due to ZIF-9 containing 

more oxygen-containing groups. Hence, it is crucial to take various organic linkers into 

consideration when synthesizing MOFs for different applications. Interestingly, nitrogen in the 

function groups was proven to have the capability to improve the wettability of resulting materials, 

specifically for SC, and thus enhanced the ionic transport process between the electrodes and 

electrolyte [150]. In 2014, the electrochemical performance of 23 different MOFs were studied by 

O. M. Yaghi et al. [151] Among MOFs, MOF-867 possessed the highest specific capacitance. 

Even though both MOF-867 and UiO-67 exhibited identical architectures, they were synthesized 

using different organic linkers and the electrochemical performance of MOF-867 was much better 

than that of UiO-67. Specifically, the specific capacitance of MOF-867 could reach 726 F g-1 at 1 

A g-1 and it was able to cycle more than 10,000 time over a large voltage window of 0 - 2.7 V. 

Additionally, the morphology can also be modulated by using more than one organic linker owing 

to the competitive interactions. To improve the charge storage capability by designing unique 

structures of MOF, BTC was introduced to partially replace PTA linkers [152]. As shown in Fig. 

2.8, the aggregated nanosheet morphology was transferred into nanosheets with inserted albizia 

flower-like hierarchical nanostructure when BTC was introduced. Meanwhile, the internal space 

between nanosheets was beneficial to expose more active sites and provide buffer strains during 

the long-term cycling. Nonetheless, nanowires were viewed as the molar ratio between PTA and 

BTC was more than 7 : 3, suggesting the nanosheet structures were destroyed  by adding excess 

BTC. In a three-electrode system (6 M KOH), Ni-MOF synthesized with a mole ratio of 8 : 2 

(PTA : BTC) exhibited a specific capacitance of 920 F g-1 at 1 A g-1. A high-rate capability of 61% 

even at a high current density of 20 A g-1 was achieved, indicating the introduction of BTC could 
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enhance redox reaction kinetics. Moreover, approximately 80% of capacitance retention was 

achieved after 3,000 cycles at 5 A g-1. 

 

Figure 2.8. The FESEM images of Ni-MOFs under different organic ligand ratios: PTA : BTC= 

(a, b) 10 : 0, (c, d) 9 : 1, (e, f) 8 : 2 and (g, h) 7 : 3. Reprinted with permission from Ref. [152]. 

Copyright 2021, Elsevier. 

 

2.2.2 Molar Ratio of Metal Ions and Organic Ligands 

In the synthesis of MOFs, the selection of metal cations or organic ligands can independently 

influence the architectures and properties of the resulting products due to the disparate 

characteristics of different metal clusters and organic linkers. Generally, the molar ratio of metal 

ions to organic ligands ranges from 1 : 10 to 10 : 1 owing to the stoichiometric ratio of chemical 

coordination. As the proportion of metal ions exceeds the stoichiometric ratio of the organic ligand 

coordination, they will sufficiently coordinate as polydentate ligands. In contrast, it may be fully 
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or partially monodentate, such that there is no or only few unsaturated metal cations in the resulting 

MOFs. However, the structures may not be as stable as those containing polydentate ligands.  

The utilization of various amount of ligands and metals could affect the porosities, architectures 

and surface areas of corresponding MOFs. Here, a series of Cu-BTC MOFs were developed by 

employing copper nitrate and BTC at ratios of 1.81 : 1, 1.45 : 1, 1.09 : 1 and 0.72 : 1 [153]. All the 

as-synthesized Cu-BTC MOFs were in accordance with the reference sample with octahedral 

morphologies. This confirmed that the metal-ligand ratio did not have impact on the morphology. 

However, the pore sizes, surface areas, as well as the performance on CO2 absorption of the 

resultant MOFs were different. To study the ratio of metal ion to organic linker on the morphology, 

MIL-125(Ti) was synthesized through a modified solvothermal approach at a molar ratio of 1 : 3, 

2 : 3 and 3 : 3, namely MIL-1, MIL-2 and MIL-3 respectively [136]. Consequently, both the 

adsorption removal and photocatalytic degradation efficiencies were shown in the following order, 

MIL-1 < MIL-3 < MIL-2 (as summarized in Table 2.2). This might be attributed to the excellent 

crystallinity, more electrostatic charges and high surface area of MIL-2 with appropriate ratio of 

Ti4+ and terephthalic acid (PTA) (2 : 3). Similarly, hierarchical porous Ni-MOFs were constructed 

as asymmetrical SC electrode materials with high performance. These uniform layered porous Ni-

MOFs were developed by controlling the molar ratio of nickel cation to trimesic acid ligand [137]. 

During the synthesis, the mole ratio of ligand to metal was set as 1 : 1, 1 : 2, 1 : 4 and 1 : 6, and 

the corresponding MOFs were labeled as: Ni-MOF 1-1, Ni-MOF 1-2, Ni-MOF 1-4 and Ni-MOF 

1-6, respectively. The results from XRD indicated that the crystallinity of resulting Ni-MOF was 

enhanced as the Ni2+ concentration increased. It is noteworthy that the specific capacitance and 

retention capability are in the order of Ni-MOF 1-1 < Ni-MOF 1-2 < Ni-MOF 1-4 < Ni-MOF 1-6, 

as showed in Table 2.3.  

Table 2.2. The physical characteristics of as-developed MILs at different molar ratios. Reproduced 

with permission from Ref. [136]. Copyright 2020, Elsevier. 

Samples 
Ratios 

(Ti:PTA) 

Pore size 

(Å) 

Pore Volume 

(cm3 g-1) 

Surface Area 

(cm2 g-1) 

Efficiency (%) 

@90 min 

MIL-1 1 : 3 24 0.05 49 72 

MIL-2 2 : 3 21 0.41 574 94 

MIL-3 3 : 3 21 0.19 214 75 

 

Table 2.3. The physical and electrochemical properties (over a current density of 1 A g-1) of Ni-

MOFs made at different molar ratio of ligand to metal. Reproduced with permission from Ref. 

[137]. Copyright 2018, Elsevier. 

Samples 
Pore Size 

(nm) 

Surface Area  

(cm2 g-1) 

Specific Capacitance  

(F g-1 at 1 A g-1) 

Retention 

Capability (%) 

Ni-MOF 1-1 5.40 5.24 554.3 61.5 

Ni-MOF 1-2 13.22 23.36 581.2 58.1 

Ni-MOF 1-4 23.62 28.28 828.2 57.4 

Ni-MOF 1-6 19.03 40.36 1057.2 49.1 
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2.2.3 Template Reagent and Solvent 

Most MOFs have been developed with the utilization of solvents, such that the impact of solvent 

is worthwhile to be investigated. Solvents have a great influence on the crystalline process since 

they could affect the solubility of organic linkers which made solvent molecules get involved in 

coordination. As for those ligands like carboxylic acid with low solubility, an alkaline-based 

solvent with the capability to deprotonate should be added. To satisfy the charge conservation of 

resulting products, addition of some ions and even auxiliary molecules becomes necessary [154]. 

In general, solvents function as template reagents and the molecules could be incorporated in the 

resulting products. They can also be utilized as structure directing agents for the crystal growth of 

MOFs. Solvents could affect the assembly of MOFs and are responsible for disparate architectures 

of MOFs. The most commonly used solvents with high boiling point and polar nature are N, N-

dimethylformamide (DMF), N, N-dimethylacetamide (DMA) and N, N-diethylformamide (DEF). 

Meanwhile, some other single solvent (i.e., acetone, methanol, ethanol and water) or solvent 

mixture (i.e., methanol/DMF, ethanol/water/DMF, methanol/water) are frequently employed to 

synthesize MOFs as well, relying on the solubility of the selected metal ions and organic linkers 

[155]. 

The formation of MOF with mesoporous and multi-functional luminescent properties highly relies 

on the type of solvent used in the synthesis. For instance, 3-amino-1, 2, 4-triazole (Hatz) was 

selected as the solvent for the synthesis of Tb(III)-based MOF [156]. It acted as a template reagent 

and directed the formation of Tb-MOF material. The as-developed Tb-MOF had a three-fold 

interpenetrated architecture, in which single-stranded and double-stranded helical chains co-exist 

along the c axis.  This stable MOF material was employed as sensor and showed excellent 

efficiency on detecting aluminum and iron ions in aqueous solvent. Meanwhile, it could 

discriminate p-xylene vapor, as well as sense the presence of nitrobenzene vapor. An auxiliary 

reagent could also be applied to adjust the pore sizes and structures of MOFs. Hierarchically porous 

copper-based MOFs were synthesized through hydrothermal method [157], in which sodium 

dodecylbenzene sulfonate (SDBS), a novel anionic surfactant, was employed as a template reagent. 

In the synthesis process, the ratios of SDBS to Cu2+ were set at 0.08, 0.25, 0.35 and 0.40 and the 

corresponding products were denoted as HP-Cu-BTC_A, HP-Cu-BTC_B. HP-Cu-BTC_C and 

HP-Cu-BTC_D, respectively. Another organic solvent used in the same synthesis was H3BTC. 

Based on the XRD patterns, the crystal structures of as-developed HP-Cu-BTCs were similar, 

which implied that the concentration of template reagent did not affect the architectures of resulting 

materials (the XRD patterns are illustrated in Fig. 2.9). However, it did have influential impact on 

the physical properties such as pore size, surface area and specific volume as compared to 

conventional Cu-BTC (C-Cu-BTC). Moreover, as the synthesized MOFs were utilized as catalyst, 

they showed different performance as well. These related properties are summarized in Table 2.4. 

Besides, the amount of water, which is miscible with solvent, could induce the formation of 

different structures. Through Yue’s research work [158], it was found that when the amount of 

water in the solvent was between 5.5 to 15.5 mL, TbPDBA-9 was formed. By just increasing the 

amount of water to 16.5 mL. TbPDBA-8 was produced in the same study. Interestingly, both 

TbPDBA-8 and TbPDBA-9 were obtained when 10.5 mL water was utilized. The process of 

structural transformation would be achieved by adding sodium formate (NaCOOH). The results 

also indicated that TbPDBA-8 and TbPDBA-9 had distinctive property differences, which might 

be due to the addition of different components. HCOOH and H2O were detected in TbPDBA-9 

and TbPDBA-8, respectively. Specifically, Tb-PDBA-8 possessed high selectivity for H2O in 
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dioxane, while Tb-PDBA-9 was able to detect ascorbic with fluorescence quenching. Furthermore, 

different hydrogen bond donors in the template solvent could influence the assembly process 

resulting MOF materials with various frameworks. This observation is evidenced by another study, 

when similar amount of urea, e-urea and m-urea was employed to produce Zn-, Co- and Mn-based 

MOFs under identical condition, respectively [159]. The resulting MOFs had disparate structures, 

as Zn-MOF and Co-MOF possessed 1D chains but with different directions, while Mn-MOF 

exhibited 3D architecture.  

 

Figure 2.9. The XRD patterns of HP-Cu-BTC_A, HP-Cu-BTC_B. HP-Cu-BTC_C, HP-Cu-

BTC_D and C-Cu-BTC, indicating the structure of Cu-MOFs not being influenced by the template 

concentration. Reproduced from Ref. [157] with permission from The Royal Society of Chemistry. 

 

Table 2.4. The physical and chemical properties of Cu-MOFs developed at various concentrations 

of auxiliary template reagent. Reproduced from Ref. [157] with permission from The Royal 

Society of Chemistry. 

Sample 
C-Cu-

BTC 

HP-Cu-

BTC-A 

HP-Cu-

BTC-B 

HP-Cu-

BTC-C 

HP-Cu-

BTC-D 

Ratio of SDBS to Cu2+ - 0.08 0.25 0.35 0.40 

Specific Surface Area  

(m2 g-1) 
1360 1216 812 659 1218 

Specific Volume  

(cm3 g-1) 
0.63 0.59 0.54 0.55 0.59 

Pore Diameter  

(nm) 
0.85 24 18 12 7 

Conversion rate  

(%) 
17.3 20.2 25.0 25.7 - 
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To study the effect of solvents as well as the volume ratios on the morphologies and size of MOFs, 

Co-MOFs were developed using various mixed solvent systems and their electrochemical 

performance was investigated in a three-electrode system [160]. According to XRD patterns (Fig. 

2.10), all Co-MOFs exhibited excellent crystallinity with high purity. Meanwhile, it could be 

evidently observed that MOF samples synthesized using different mixture solvents exhibited 

significant variations in terms of morphologies and crystal sizes, as indicated in the SEM images. 

Co-MOF synthesized in pure dimethylformamide (DMF) exhibited uneven size of rod architecture 

but with a smooth surface. Nano-needles and rods hybrids were formed as ethanol was mixed with 

DMF, in which the widths of nanoneedles and nanorods were less than 2 micrometers. It clearly 

indicated that the hydrogen bond strength of the solvent was enhanced by ethanol molecules. When 

the water molecules were involved, bulk rods with length about 15 micrometers were viewed, 

which might be attributed to the slow nucleation. Interestingly, nano needles appeared again as 

ethanol was used alone, which illustrated that it was beneficial to employ ethanol as solvent for 

the synthesis of nano-sized MOFs. In addition, the Co-MOF prepared in the mixture of water, 

ethanol and DMF demonstrated a hybrid structure with nanoneedles and rods structures. The 

morphological variation could be further corroborated with the Brunauer-Emmett-Teller (BET) 

surface areas analysis. As summarized in Table 2.5, the specific surface areas for Co-MOF/D-W-

E, Co-MOF/D-W, Co-MOF/D, Co-MOF/E and Co-MOF/D-E were 1.81, 2.27, 3.84, 5.73 and 

31.98 m2 g-1, respectively. The specific capacitances were 393.4, 428.3, 626.9, 654.4 and 958.1 F 

g-1 for Co-MOF/D, Co-MOF/D-W-E. Co-MOF/D-W, Co-MOF/E and Co-MOF/D-E over a 

current density of 2 A g-1, respectively. Co-MOF/D-E sample was found to have the most desirable 

cyclic stability with a capacitance retention of 92.3% over 3000 cycles. It is clearly demonstrated 

that the large surface area and pore size of Co-MOF were responsible for improving the specific 

capacitance, while the solvent used affected the structural stability. Therefore, all these results 

confirmed the significance of solvent by either acting as a template reagent or structure directing 

reagent in the synthesis of MOFs. 

 

 

Figure 2.10. The SEM images of Co-based MOFs prepared with different solvent mixtures: (a, b) 

DMF, (c, d) mixture of DMF and ethanol, (e, f) mixture of DMF and water, (g, h) ethanol and 

mixture of DMF, (i, j) ethanol and water. Reused with permission from Ref. [160]. Copyright 2018, 

Elsevier. 
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Table 2.5. The textural and electrochemical properties of Co-based MOFs prepared utilizing 

different solvent combinations. Reproduced with permission from Ref. [160]. Copyright 2018, 

Elsevier. 

Samples 
BET areas  

(m2 g-1) 

Rct  

(Ω) 

Specific Capacitance  

(F g-1) 

Co-MOF/D-W-E 1.81 10.3 428.3 

Co-MOF/D-W 2.27 7.5 626.9 

Co-MOF/D 3.84 4.7 393.4 

Co-MOF/E 5.73 2.6 654.4 

Co-MOF/D-E 31.98 1.7 958.1 

 

Lately, the impact of the solvent on the crystal architecture and properties of ZIF-8 was 

investigated [155]. The results indicated that MOF synthesized via solvothermal method in DMF 

exhibited relatively high product yield and crystallinity, consequently, a lower pore volume and 

specific surface area was obtained as compared to that in methanol. Nonetheless, these samples 

synthesized by solvothermal were found to possess high stability and less defect due to the high 

crystallinity and more organic linkers, proven by the thermal gravimetric analysis (TGA) as shown 

in Fig. 2.11. These might be ascribed to three reasons. (a) the low interfacial tension of DMF could 

enhance the crystallization of ZIF-8, while water with the highest interfacial tension might create 

a high surface barrier for nuclei and crystallization. (b) the extreme high polarity of water was not 

beneficial for the synthesis of ZIF-8 since the formation of ZIF-8 could be postponed and 

hydrolyzed. DMF exhibited slightly higher dielectric (38) and dipole moment (3.82) than methanol 

(33 & 1.7), which could help to dissolve metal salts in the reactants, subsequently resulted in a 

large number of nuclei and a quicker nucleation process. The reaction schemes are illustrated in 

Fig. 2.12. (c) Methanol with lowest viscosity (0.544 mPa·s) among DMF (0.802 mPa·s) and water 

(0.8949 mPa·s) might allow further mass transfer and lead to a high crystalline rate. Thus, defects 

could be induced by the high crystal growth rate.  

 

Figure 2.11. TGA of ZIF-8 synthesized in various solvents. (a) Mixing method, (b) solvothermal 

method and (c) sonochemical method. Reproduced from Ref. [155] with permission from the 

Royal Society of Chemistry. 
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Figure 2.12. Reaction scheme of (a) the synthesis of ZIF-8 in water, deprotonation of Hmim in (b) 

methanol and (c) DMF. Reproduced from Ref. [155] with permission from the Royal Society of 

Chemistry. 

 

Additionally, the adsorption properties of MOFs synthesized at different solvent systems can also 

be changed by the variation of texture properties. To study the impact of MOFs developed in 

different solvent systems (pure DMF, mixture of ethanol and D.I. water (v/v = 1 : 1) on the 

adsorption of CO2, Zn-based MOFs were fabricated via solvothermal approach [161]. It was found 

that the as-synthesized Zn-BTC had different morphology, thermal stability as well as CO2 

adsorption capability. Firstly, Zn-BTC synthesized in ethanol and D.I. water possessed well-

defined cuboidal morphology, whereas it expressed random architecture in DMF. Secondly, the 

sample developed using DMF exhibited higher thermal stability but with lower capability to absorb 

CO2, which might be caused by the strong bond between Zn2+ and carboxylate groups, leading to 

densified layers on the surface and lower the adsorption of CO2. This was further confirmed by 

the BET surface area where a high specific surface area (272.64 m2 g-1) was acquired for the 

samples synthesized in the mixture of ethanol and D.I. water, which was much higher than that 

developed in DMF (137.4 m2 g-1). As a result, Zn-MOF developed in DMF had a lower ability to 

absorb CO2 as it exhibited a lower specific surface area as compared to that developed in the 

mixture of D.I. water and ethanol. 
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2.2.4 Temperature 

Different synthesis temperatures could offer different energy for the formation of coordination 

bonds, it is hence able to influence the interactions between metal cations and organic linkers. 

When an identical solvent was employed, different MOFs could be formed at different 

temperatures [162, 163]. The reaction temperature can affect the solubility of organic linkers, 

especially in hydro/solvothermal synthesis [164]. Hydrothermal synthesized materials usually 

exhibit favorable morphologies and crystalline sizes since the synthesis is carried out in a sealed 

container at high temperature and pressure (T > 100 ℃ and P > 1 atm), at which the reagents, such 

as 3,3′,4,4′-biphenyltetracarboxylic acid (H4bptc) [165], Thiophene‐2, 5‐dicarboxylic acid [166], 

are found to have high solubility. The desired MOFs materials cannot be formed when the 

temperature is too low, whereas the formed MOFs were possible to be destroyed at a high 

temperature [167]. As a consequence, it is possible to adjust the morphologies and architectures of 

MOFs through controlling the reaction temperatures.  

The effect of synthesis temperature on the morphology of MOF is more dominant than on the 

formation of crystal. The impact of temperature on the synthesis of Co-MOF-74 via hydrothermal 

route was investigated by Jiang and coworkers [168]. The PXRD patterns indicated that Co-MOF-

74-100, 120, 135 and 150 exhibited an identical architecture (the postfix number, such as 100, 120 

and 150, means the synthesis temperature, the same as following). However, the Co-MOFs 

obtained at different temperatures showed different shapes. Co-MOF-74-100 exhibited flower-like 

shape, which was attributed to the aggregation of small polyhedral crystals, while the rest had bar-

like morphologies with different sizes. The corresponding lengths were approximately 25, 35 and 

40 µm, and diameters were 5, 8 and 6.5 µm for Co-MOF-74-120, 135 and 150 (Fig. 2.13). Similar 

results were demonstrated in another study involving the fabrication of Co-MOFs [163]. Similarly, 

Co-MOFs with different morphologies and sizes were developed at different temperatures in a 

solvothermal synthesis. Temperature change did not have an apparent effect on the crystallinity, 

but on the textural characteristics and electrochemical performance of the resultant MOFs. The 

specific surface areas of the as-developed Co-MOFs were in an order of Co-MOF-150 > Co-MOF-

210 > Co-MOF-180 > Co-MOF-120, while the micropore areas were in the sequence of Co-MOF-

150 > Co-MOF-120 > Co-MOF-180 > Co-MOF-210. As for the electrochemical performance, 

however, showed a different order as follows: Co-MOF-150 > Co-MOF-120 > Co-MOF-210 > 

Co-MOF-180. The outstanding charge storage performance of Co-MOF-150 was attributed to the 

large specific surface area and specific pore area, beneficial for enhancing the ionic transport 

efficiency boosting the Faradaic redox reactions [169]. Furthermore, the control of activation 

temperature determines the removal of solvent reagent in pores and coordination. Four different 

temperatures were applied on three types of iron-based MOFs for activation purposes [170]. The 

activation temperature (below the decomposition point) did not have too much impact on the 

crystallinity of iron-based MOFs (MIL-88B and MIL-101), but greatly influenced the shapes and 

textural properties of MOFs. These results implied that even though the synthesis temperature has 

lower impact on the structures of as-developed MOFs, the variation of temperature does have 

crucial influence on the textural and chemical characteristics. 
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Figure 2.13. The SEM images of Co-MOF-74 with different morphologies synthesized at (a) 

100 ℃, (b) 120 ℃, (c) 135 ℃ and (d) 150 ℃, insert: the cross section of Co-MOF-74. Reused 

with permission from Ref. [168]. Copyright 2016, Elsevier.  

Metal-organic frameworks assembled at different temperatures could have disparate morphologies 

and architectures. A porous Nickel(II) Dihydroterephthalate MOF was developed at 90 ℃, 110 ℃ 

and 130 ℃ with the assistance of microwave [162]. The corresponding MOF materials were 

denoted as MW-90, MW-110 and MW-130, accordingly. It was found that MW-90 was well 

crystallized and exhibited slightly smaller particle size compared to the other two samples, mainly 

due to the higher synthesis temperature. This might be caused by the quick nucleation and 

crystallization of precursors at higher temperatures. Similarly, MW-130 exhibited a lower BET 

surface area of 913 m2 g-1 and followed by MW-100 of 1050 m2 g-1 and MW-90 of 1148 m2 g-1. 

According to Yu’s study [171], they demonstrated that the reaction temperature had influential 

impact on the architecture formation of MOFs. Specifically, polymer (Co(imta)2)n was developed 

as the synthesis temperature was between 95 - 120 ℃, and a 3-D architecture was observed around 

105 ℃. Nevertheless, polymer (Co(imta)2)n was transferred into complex 

(Co(imta)2(H2O)4)⸱2H2O as the temperature was in a range of 130 – 160 ℃. In another study, a 

series of MIL-53(Fe) were obtained at different temperatures [167]. The resulting MOF materials 

were found to exhibit great variation in both physical and chemical properties. When the 

temperature was lower than certain critical value, such as 150 ℃ for MIL-53(Fe), metal clusters 

and organic linkers were found not able to coordinate successfully, leading to poor product 

formation. On the contrary, when the synthesis temperature was too high (higher than 170 ℃), the 

structure of the samples could be destroyed. The as-obtained MOFs were employed as catalyst and 

the corresponding performance was illustrated by decolorization of Orange G (OG) as shown in 

Fig. 2.14. The removal efficiencies of MIL-53(Fe)-150 and MIL-53(Fe)-170 were similar, and 
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followed by MIL-53(Fe)-200 and MIL-53(Fe)-220. The results indicated that the synthesis of 

MOFs had an optimum temperature range. If the temperature is higher than the critical temperature 

or lower than the formation temperature, the corresponding MOFs cannot be assembled 

successfully. 

 

Figure 2.14. The OG degradation curves by different MIL-53(Fe), developed at different synthesis 

temperatures utilized in activated persulfate systems. Reproduced with permission from Ref. [167]. 

Copyright 2018, Elsevier. 

 

2.2.5 pH 

Besides aforementioned parameters, pH also has a remarkable impact on morphologies and 

structures of MOFs. It not only plays a crucial role in determining the coordination mode of 

carboxylic ligands, but also controls the architectures of the resulting MOF materials [172]. A 

slightly lower pH value resulted in MOFs of higher purity, while a higher pH value could lead to 

a higher dimensionality [173, 174]. When pH value is low (< 2), the hydrogen and covalent bonds 

could be coordinated to form compounds. On the other hand, small solvent molecules are not able 

to occupy the coordinative metal centers at high pH, leading to the formation of multi-dimensional 

framework structures linked by covalent bonds. In addition, it is noteworthy that the functional 

groups in organic ligands could be reversibly deprotonated or protonated through tuning the pH 

values of the reaction systems. Therefore, it is possible that there is a reversible transformation of 

the resulting MOF architectures. However, MOFs could not be formed in strongly basic solution 

[173]. Additionally, through altering the pH value, the resulting materials could exhibit various 

colors as well [175]. Fig. 2.15 shows that Zn-based MOFs with various morphologies were 

developed at different pH values.  
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Figure 2.15. Zn-MOFs synthesized under various pH conditions, in which the ionic components 

in the solvent with corresponding pH values are labelled. This illustrates that the synthesis 

environment at different pH has a crucial role in the morphologies of resulting MOFs. Reproduced 

with permission from Ref. [173]. Copyright 2018, American Chemical Society. 

 

The metal clusters and organic ligands could connect in different ways under different pH 

environments. For instance, aluminum ions and pyromellitic acid combined via μ2-hydroxo corner 

of AlO6 octahedra at pH values of 2.0 and 1.4 to form MIL-118 and MIL-121, respectively. 

However, two μ2-hydroxo groups would be linked to develop MIL-120 at pH 12.2 [176]. As the 

pH values rose from 1.4, 2.0 to 12.2, the number of carboxyl oxygen-atoms coordinated with Al3+ 

increased from 4, 6 to 8 as well. The corresponding MOFs were MIL-121, MIL-118 and MIL-120. 

When the pH value was changed from 5 to neutral (pH 7), the structure of Mg-based MOF was 

changed from a 1D zigzag chain to a 3D architecture, in which the yields increased from 35% to 

45% [174]. Moreover, Zn-based MOFs followed a similar trend under different pH conditions. 

The well-defined octahedra crystals were under acidic environment with high purity, while thin 

and long microrods were obtained under alkaline condition [173]. It was found that 3D MOF bis(5-

(3-pyridyl)tetrazolato)zinc(II) was formed at pH 4.1 due to the large amount of octahedral Zn2+ 

ion existing in strong Lewis acid. As the pH of solvent was slightly below 7, a mixture of 3D MOF 

and Zn(H2O)4(3-ptz)2·4H2O was obtained. Under nonacidic conditions, another mixture of 

Zn(H2O)4(3-ptz)2·4H2O and 2D MOF Zn(OH)(3-ptz) was generated. When the pH value was 

between 10 and 12, the formation of 2D MOF microrods was reported in the same study. However, 

metal oxide (ZnO) was synthesized as the pH higher than 12 (the SEM images of products at 

different pH are illustrated in Fig. 2.16) The reason behind could be the change of ionic 

components with increasing pH values as follows: Zn2+ (pH 4.1) → Zn(OH)+
aq (pH 6.5) → 

Zn(OH)2 aq (pH 7.0) → Zn(OH)-
3 aq (pH 7.6) → Zn(OH)2-

4 aq (pH 10.3) (Fig. 13). 
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Figure 2.16. The SEM images of zinc-based samples obtained at (a1, a2) pH 4.1, (b1, b2) pH 6.5, 

(c1, c2) pH 7.6 and (d1, d2) pH 10.3, respectively. Reused with permission from Ref. [173]. 

Copyright 2018, American Chemical Society. 

Different pH conditions could result in disparate framework architectures due to the change in the 

coordination modes of carboxylic organic linkers. The resulting samples were found to exhibit 

different properties, particularly in luminescent and thermal stability. Approximately 0.1 mmol 

CdCl2⸱2.5H2O, 0.1 mmol Hctpy (4’-carboxy-4,2’:6’,4’’-terpyridine) and the same amount of 

oxalic acid were employed to develop Cd-MOFs by heating to 160 ℃ for three days and cooling 

down at a rate of 5 ℃ h-1 except varying pH values [172]. It was found that the resultant products 

were totally different, (Cd2(ctpy)2(ox))n and (Cd2(ctpy)4)n⸱2nH2O were obtained at pH values of 

5.5 and 7.5, respectively. The results also indicated that the decomposition temperature of resultant 

(Cd2(ctpy)4)n⸱2nH2O was 400 ℃, while (Cd2(ctpy)2(ox))n as another MOF material decomposed 

at 420 ℃. To further investigate the impact of pH, Seoane and coworkers [177] changed the pH 

from 2.1 to 2.7 in their study. When starting pH of 2.1 was utilized, MIL-110 was developed with 

elongated hexagonal crystals, but with impurities. MIL-100 was dominant with a well-defined 

octahedral shape in the pH range of 2.3 – 2.5, whereas a mixture of MIL-96 and MIL-100 with 

small octahedra and hexagonal crystals was generated at a pH higher than 2.5. This is demonstrated 

by the SEM images of various samples developed over different pH values, as shown in Fig. 2.17. 

It illustrates that higher starting pH would lead to the formation of hierarchical MOF materials 

owing to the small aggregation and quick ligand deprotonation. The BET surface areas of these 

MOFs were reported to be 1365 m2 g-1, 1970 m2 g-1 and 990 m2 g-1 at pH values of 2.1, 2.4 and 

2.7, respectively.  Three complexes, namely (Co2(L)(HBTC)2(µ2-H2O)(H2O)2)·3H2O (1), 

(Co3(L)2(BTC)2)·4H2O (2) and (Co2(L)(BTC)(µ2-OH)(H2O)2)·2H2O (3) were synthesized in 

another study via hydrothermal method at pH 5, pH 7 and pH 9, respectively [175]. Specifically, 

complexes 1 and 2 exhibited the same monoclinic structures, whereas 1 had a space group of P2/c 

and C2/c for 2. However, 3 was found to possess a crystal system of orthorhombic and a space 

group of Pccn, which was entirely different from complexes 1 and 2. According to UV-visible 

spectra, the reflection of 1 and 2 was 506 and 550 nm, respectively. The crystal and structural 

refinements of these three complexes are summarized in Table 2.6. Therefore, it is evidenced that 

pH could affect the architectures and morphologies of MOF materials, leading to the alteration of 

either physical (such as surface areas, pore sizes, colors) or chemical properties (like luminescent 

and thermal stabilities). 
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Figure 2.17. The SEM images of MIL-110 (pH 2.1), MIL-100 (pH 2.2 and pH 2.4) the mixtures 

of MIL-96 and MIL-100 (pH 2.7). Reproduced with permission from Ref. [177] – Published by 

The Royal Society of Chemistry. 

Table 2.6. The crystallinity of MOF samples synthesized at different pH. Reproduced from Ref. 

[175] with permission from The Royal Society of Chemistry. 

Sample 1 2 3 

pH 5 7 9 

Crystal System Monoclinic Monoclinic Orthorhombic 

Space Group P2/c C2/c Pccn 

a(Å) 15.9990(15) 27.882(3) 20.0960(10) 

b(Å) 10.6917(14) 13.2793(16) 23.0880(10) 

c(Å) 14.4959(19) 18.463(2) 14.6160(10) 

β (°) 116.938(8) 107.198(2) 90.00 

V (Å3) 2210.6(5) 6530.2(14) 6781.5(6) 

Z 2 4 8 

Color Pink Purple Brown 
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2.3 The Application of MOF Materials in SCs 

To date, a large number of MOF-based materials have been synthesized and applied across a wide 

array of fields. For instance, they can be utilized for separation and adsorption processes, serve as 

photocatalysts in chemical applications, and play a crucial role in drug delivery [25, 108, 119, 140, 

178]. Nevertheless, most of them are limited to low-valence transition metal ions. While MOFs 

comprising high-valence transition metal ions are generally believed to exhibit enhanced 

electrochemical performance, only limited literatures proved this feature. Typically, the 

electrochemical performance of MOF-based SCs is dominated by the selection of electrode active 

materials, in which these active materials should exhibit attractive properties such as large specific 

surface areas, high porosity and excellent electric conductivity. In general, MOF-based materials 

are classified into three categories in the practical applications: (a) Pristine MOFs which are 

directly exploited after being synthesized through various approaches. (b) Corresponding TMOs 

are obtained by calcination of MOF materials. (c) Pyrolysis of MOFs to nano-carbon materials 

where these carbon materials employ favorable conductivity and stability [45, 179, 180]. 

 

2.3.1 The Electrochemical Performance of Pristine MOFs 

High-valence metal ions such as Zr4+, Cr3+, Fe3+ are usually viewed as favorable cations to form 

stable coordination bonds among the resulting MOF materials since they possess high coordination 

numbers and charge densities. The problem faced is that only limited studies have been done on 

these materials. Various studies have been proceeded on low valence-based MOFs, such as Mn2+, 

Cu2+, Zn2+, Co2+ and Ni2+. Nonetheless, the majority of pristine MOF materials exhibit low 

electrical conductivities and unstable structures during the long-term charging and discharging 

cycles.  

 

2.3.1.1 Zr-based MOFs 

UiO-66 as a Zr-based MOF has been studied recently as electrode material for electrochemical 

capacitors, owing to its unique stability feature in aqueous environment [181]. Nonetheless, the 

potential of the Zr-based MOFs as effective electrode material is greatly hampered by its low 

electrical conductivity and microporous structure with limited ions mobility [182, 183]. Hence, to 

tackle these shortcomings, UiO-66 material with hierarchical porous structure was prepared 

through solvothermal method at atmospheric pressure (Fig. 2.18)  [184]. The electrochemical 

behavior was tested in a three-electrode system in 6 M KOH. The specific capacitance of the as-

synthesized material was 849 F g-1 at a current density of 0.2 A g-1, significantly higher than the 

bare UiO-66 material (101.5 F g-1) with microporous structure. This clearly indicates that the 

hierarchical porous structure was beneficial to greatly improve the electrochemical performance 

of UiO-66. The unique architecture was not only able to enhance the specific surface area and 

volumes, but it has also shortened the ionic migration distance and decreased the diffusion 

resistance between the electrolyte and reactive sites of the electrode material. It is essential to 

ensure unimpeded channels for charge transfer process to take place and speed up the redox 

process. The recorded energy density and power density of this material was 32 Wh kg-1 and 240 

W kg-1, respectively. 
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Figure 2.18. Schematic illustration of the synthesis of UiO-66. Reprinted with permission from 

Ref. [184]. Copyright 2017, American Chemical Society. 

 

Another similar study was conducted with improved properties, while Zr-MOFs were synthesized 

without the addition of Zn(NO3)2 [185]. It delivered an electrochemical capacitance of 1144 F g-1 

at a scan rate of 5 mV s-1, which was much higher than that of UiO-66. This is ascribed to two 

main reasons: Firstly, the homogeneous Zr-MOFs with small particle sizes of 100 nm could be 

beneficial to enhance the BET surface area, which was 1047 m2 g-1. Such a high surface area could 

efficiently store large number of charges and eventually improve the capacitive performance. 

Secondly, the 3D structure of Zr-MOFs could reduce the diffusion resistance of the electrolyte and 

provide smooth channels for ion transport, since the Rs was only 0.42 Ω. More importantly, it 

could maintain 57.2% of its initial capacitance after 2000 cycles at 10 mV s-1 in alkaline 

environment, suggesting the high stability of the electrode active materials. In addition, the 

stability of Zr-based MOFs materials for SCs electrodes can be further enhanced through a careful 

selection of organic functionality and control of the nanocrystals. For instance, Zr6O4(OH)4-

(BPYDC)6 (MOF-867) has been successfully synthesized and was employed as SCs electrodes 

materials [151]. It was found that the areal capacitance was 5.085 mF cm-2, which is 10 times that 

of graphene (0.515 mF cm-2). Meanwhile, the structure of the active material is fairly stable, 

approximately 90% of the capacitance could be retained after 10,000 charge/discharge cycles at a 

current density of 12.7 mA cm-2 within the working voltage window of 0 – 2.7 V. This could be 

attributed to the existence of sp2 nitrogen atoms, which are capable of significantly enhancing the 

ionic interactions and ameliorate the electrochemical property. 

 

2.3.1.2 Iron-based MOFs and the related nanocomposites 

In general, iron-based MOFs exhibit low conductivity and these materials are seldom to be studied 

for electrochemical applications, particularly for SC electrode materials. Nonetheless, the 

relatively low cost of the material has still attracted a number of studies in this area. For example, 

MIL-88(Fe) on graphene aerogels (GAs) has been developed through in situ growth method [186]. 

The electrode was able to deliver a high capacitance of 389 F g-1 at 1 A g-1 in 1 M H2SO4 aqueous 

electrolyte solution, and the rate capability was as high as 90.7% (353 F g-1) at a current density 

of 20 A g-1. This indicated that the architecture of GA with high porosity and the directed 

orientation of MOF on graphene sheets could enhance the capacitive performance. MOF-88(Fe) 

with micropores evidently showed to store electrolyte, while the GA with both meso- and macro-

pores improved the efficiency of ion transfer [187]. In addition, the homogeneous distributed rod-

like MOFs could provide a large surface area (414 m2 g-1) and eventually boost the electrochemical 

capacitance. More significantly, it could maintain 74.4% of its starting capacitance over 10,000 

cycles at a current density of 1 A g-1 in aqueous-based electrolyte, indicating the superior stability 
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of the active electrode materials. The direction-oriented architecture of MOFs and the strong 

interface force were responsible for the excellent stability. Besides, the energy storage property of 

the as-obtained active material was investigated in sulfuric acid (H2SO4) and organic 

(tetraethylammonium tetrafluoroboratein/propylene carbonate (TEA-BF4/PC)) electrolytes within 

a potential window of 0 – 1 V. In 1 M H2SO4, the recorded energy density and power density were 

36 Wh kg-1 and 588 W kg-1, respectively. While in 1 M TEA-BF4/PC, a much higher power density 

of 4300 W kg-1 was achieved at a high energy density of 27 Wh kg-1. 

 

2.3.1.3 Cu-based MOFs  

The Cu-MOFs normally exhibit low electrochemical performance due to the small pore sizes and 

surface areas. Hence, the studies on MOFs that directly utilized as electrode active materials for 

SCs are rarely explored. Nonetheless, novel Cu-MOFs with pseudo-capacitive redox metal centers 

and sufficient interspace for storage and diffusion of electrolyte were investigated. For example, 

2D copper-based layered MOFs (Cu-LCP) were synthesized by a slow evaporation approach [188]. 

The as-obtained Cu-LCP delivered a specific capacitance of 1274 F g-1 at 1 A g-1, and a capacitance 

of 568 F g-1 could be achieved when the current density was increased to 20 A g-1, indicating the 

high capacitance and rate capability of Cu-LCP electrode. The high current capacitive behavior 

was mainly attributed to the special 2D layered structure with nanorods ranging from 100 nm to 

700 nm, which is beneficial to provide large surface area, and hence enhanced the electrochemical 

performance of Cu-LCP. Moreover, the layered structure not only could provide large surface area 

with plenty Cu(II) active sites, but also offers sufficient interspace for electrolyte storage and 

diffusion. The discharge profile was shown in Fig. 2.19a, the high electrochemical capacitance 

was contributed by both electrical double-layer capacitance and pseudo-capacitance. There are two 

distinctive stages which were observed during the process of discharge: Firstly, a quick voltage 

drop was observed between 0.5 and 0.35 V, which was caused by the EDLC behavior from the 

charge separation on the interface of electrode and electrolyte. Secondly, a slow potential decline 

appeared from 0.35 to 0 V due to the redox activities (pseudo-capacitance) of Cu(II) ions on the 

large surface area. Moreover, the Rs and Rct were recorded as 0.13 Ω and 1.7 Ω, respectively. The 

phase angle of the Nyquist plot was larger than 45o, indicating an excellent accessibility of 

electrolyte as Cu-LCP offered enough interlayer space. Most importantly, approximately 88% of 

its starting capacitance could be retained after cycling for 2000 circles over a current density of 2 

A g-1 (Fig. 2.19b), reflecting the excellent stability of Cu-LCP active material. This high stability 

might be owing to the ferromagnetic interaction between metal centers and bridging tfbdc, hmt 

molecules, originating from the mixed bridging linkers of hexamethylenetetramine (hmt) and 

tetrafluoroterephthalic acid (H2tfbdc). Consequently, the structural stability was strengthened.  

In another study, halogen-bridged 3D Cu-MOFs (((Cu2Cl(OH)(L)2)⸱(CH3OH)4)n) with high 

stability were developed through a solvothermal route, in which the selected organic ligand was a 

bifunctional ligand, HL: 4,2′:6′,4″-terpyridine-4′-carboxylic acid [189]. The reported specific 

capacitance of the Cu-MOF electrode was 1148 F g-1 at a low current density of 0.5 A g-1, and it 

still could maintain 886 F g-1 at a high current density of 20 A g-1. Such high performance was 

likely attributed to two main reasons: (a) The 3D porous architecture provided appropriate surface 

area (302 m2 g-1) and pore volume (80 cm3 g-1), which was not only helpful to form an electrostatic 

charge separation layer and enhanced the facile intercalation/deintercalation of OH- ions, it has 

also offered more active sites with redox activities for pseudo-capacitance enhancement. (b) The 
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existence of oxygen and halogen polar sites on the surface was beneficial to ameliorate the surface 

properties and enhance electron transfer resulting in a lower electron-transfer resistance. 

Meanwhile, the decrease of capacitance at a high current density should be ascribed to the low 

availability of active materials at fast charging cycle. As for the cycling stability, around 90 % of 

the initial capacitance was retained after 2000 cycles at a high current density of 10 A g-1, as 

illustrated in Fig. 2.19c, suggesting the excellent cyclic stability over continuous charging and 

discharging. 

Moreover, the ohmic electrical resistance of MOF thin-film electrodes can be tuned by the doping 

strategy on utilizing the electron acceptor molecules. He et al. [190] found the electrical 

conductivity of Cu-MOF thin film could be improved up to over 40 times by doping with 7,7,8,8-

tetracyanoquinododimethane, in which the attained maximum electrical conductivity was 0.463 

mS m-1. Owing to the large specific surface area, rich redox-active sites and improved conductivity 

of the doped Cu-MOF thin films, a remarkable areal capacitance of 95.1 mF cm-2 was achieved at 

a rate of 5 mV s-1 for the as-fabricated flexible asymmetric micro-supercapacitors. At the meantime, 

it delivered a good long-term cycling stability where the capacitance retention was 94.1% after 

5,000 cycles at 10 mA cm-2. 

 

Figure 2.19. (a) The galvanostatic charge-discharge curves of Cu-LCP at various current densities, 

(b) Cu-LCP in 1 M LiOH and (c) ((Cu2Cl(OH)(L)2) ⸱ (CH3OH)4)n at 6 M KOH. It demonstrates 

the high stability of Cu-MOF materials as SC electrode materials in different alkaline environment. 

Reproduced from Ref. [188, 189] with permission from The Royal Society of Chemistry. 

 

2.3.1.4 Mn-based MOFs 

Based on the energy storage mechanism of SCs, metal-based nanomaterials are viewed to exhibit 

higher performance, especially those which possess tunable pose sizes and large surface areas, 

since it is favorable for quick charge transfer and electrolyte diffusion. Among them, Mn-based 

MOFs with carboxylic acids linkers are the most promising materials due to the low cost, wide 

operating potential window and low toxicity  [191]. A 3D Mn-MOF was reported by Feng and 

coworkers in 2020 [192]. The electrochemical performance of the as-developed Mn-MOF 

electrode material was tested in a three-electrode system in 6 M KOH, it could deliver a maximum 

capacitance of 433 F g-1 at 1 A g-1.  The enhanced electrochemical performance was caused by the 

3D architectures of Mn-MOFs bridged by carboxylic functional group, which could provide 

appropriate carriers for charge transfer and conductive channels for electrolyte. In addition, it 

exhibited good stability and was able to retain 86% of its initial capacitance after 1000 cycle at a 

current density of 5 A g-1. The capacity was found to decline during the galvanostatic 
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charge/discharge (GCD) cycles, owing to the shedding or dissolution of active materials in alkaline 

solution. In another study, a layered and colorless Mn-based MOF (Mn-LMOF: Mn(tfbdc)(4,4’-

bpy)(H2O)2, 4,4’-bpy = 4,4’-bipyridine) was synthesized through a slow volatilization method, and 

fabricated as electrodes for SCs using different electrolytes [193]. After cycling for 2000 cycles, 

approximately 92.6% (2 A g-1, 1 M KOH) and 94.6% (2 A g-1, 1 M LiOH) of the initial 

electrochemical capacitance could be retained, respectively (Fig. 2.20). Such excellent cycling 

stability could be ascribed to the existence of hydrogen bonds, which act as linkers to bond those 

2D layers, formed by Mn(II) bridging with tfbdc2- and 4,4’-bpy molecules, into 3D supramolecular 

structure. 

 

Figure 2.20. The specific capacitance of Mn-LMOF at a current density of 2 A g-1 in 1 M KOH 

and 1 M LiOH, respectively [193]. – Published by The Royal Society of Chemistry. 

 

Pristine Mn-based coordination polymers have attracted lots of attention due to their controllable 

pore size and high porosity. Nonetheless, their performance in practical application has been 

limited by the low specific energy density. Hence, HCs with enhanced performance in energy 

density have been investigated. Through hydrothermal technique, Shinde and co-workers [194] 

successfully synthesized layered (Mn(BDC)⸱nDMF)n with high stability. Meanwhile, the 

electrochemical performance was tested using a three-electrode system in 2 M KOH, and the 

electrochemical performance of the nanocomposite is depicted in Fig. 2.21. It was found that Mn-
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MOF delivered an areal capacitance of 10.22 F cm-2 at 1 A g-1 within a wide voltage window of 

1.2 V (vs. Hg/HgO), and could maintain 5.72 F cm-2 as the current density rose to 12 A g-1, 

indicating high rate capability of Mn-MOF electrode. This could be ascribed to two main reasons: 

Firstly, the ultrathin nanosheets with a 2D layered architecture of Mn-MOF would ameliorate the 

accessibility and storage of electrolyte. Secondly, the large surface area (202 m2 g-1) and high 

porosity nature of the as-obtained Mn-MOFs effectively provided more active sites and speed up 

the surface redox reactions. Meanwhile, a low Rs value of 1.11 Ω was obtained. This clearly 

indicates the low resistance and good conductivity of active materials. It could be attributed to 

three aspects: (a) The mesoporous nature was helpful for ion diffusion. (b) The large surface area 

to volume ratio enhanced the interactions between electrode active materials and electrolyte, hence 

the diffusion distance could be reduced. (c) The mesh-like cavities provided enough interspace for 

ion diffusion during GCD process. More significantly, Mn-MOF could maintain 92.3% of its 

initial capacitance over 5000 charging and discharging cycles at 10 A g-1 (Fig. 2.21d, inset). It was 

due to hydrogen bonding, which not only ensures the consistency of frameworks, but also 

significantly contribute to cyclic stability.  

On the other hand, the as-synthesized Mn-MOF and reduced graphene oxide (rGO) were employed 

to assemble HC (Mn-MOF//rGO) with a mass ratio of 1 : 0.92 in 2 M KOH solution. Mn-MOF 

functioned as the cathode while rGO served as the anode. The as-assembled HC possessed a 

capacitance of 211.4 F g-1 at a current density of 5 A g-1 within a wide voltage window of 1.5 V, 

and was able to retain 62% of its starting capacitance when the scanning rate was increased to 40 

A g-1, suggesting a superior rate capability. The high-rate capability was contributed by the special 

2D layered architecture that facilitates better charge transfer, while the overall conductivity of the 

device was enhanced by rGO. The HC maintained 81.18% of its initial capacitance after 10,000 

cycles at a large current density of 10 A g-1, indicating the long lifespan of this electrode (Fig. 

2.21d, blue line). The superior performance was attributed to the integration of various 

characteristics of both 2D layered MOF with mesh-like cavities and rGO. The recorded energy 

density and power density of this material were 66 Wh kg-1 and 441 W kg-1, respectively.  

In a similar study, the Mn-MOF-based HC was found to have a longer cycle life when graphene 

was employed as anode [195]. The BET surface area of the mesoporous material was 102.6 m2 g-

1 and the pore volume was 0.78 cm3 g-1. The high surface area was attributed to the ordered 

nanorods structure with uniform size. The delivered electrochemical capacitance of the Mn-MOFs 

microrod electrode was 371 F g-1 at a current density of 0.5 A g-1 in 6 M KOH. The high 

capacitance and excellent rate capability were mainly contributed by the high specific surface area 

and pore volume. The large surface area of Mn-MOFs offered sufficient active sites for 

electroactive redox activities. The high pore volume provided enough interspace for electrolyte 

storage and diffusion. Meanwhile, the internal resistance and Rct were 3.112 Ω and 0.367 Ω, 

respectively, indicating the relatively high conductivity and quick charge transport. The 

mesoporous structure with nanorods of the electrode offered more contact areas, while the 

electrolyte ions diffusion is ameliorated. The Mn-MOF active materials were employed to 

assemble HC and the performance was tested in 6 M KOH electrolyte solution within a potential 

window of 1.6 V. The superior stability of Mn-MOF electrode was evidently demonstrated by 

showing 91.8% of its initial capacitance after 10,000 GCD cycles. 
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Figure 2.21. (a) The CV diagrams of Mn-MOF with a potential window of 1.5 V over various 

scan rates. (b) Charging and discharging performance of Mn-MOF electrode under different 

current densities. (c) The impedance diagram before and after cycling and (d) Plot of capacity 

retention versus cycle number for Mn-MOF electrode over 5000 cycles (inset) and Mn-MOF//rGO 

HC over 10,000 cycles (blue line), the corresponding efficiencies are 92.3% and 81.18% for Mn-

MOF electrode and HC, respectively. Reproduced with permission from Ref. [194]. Copyright 

2020, Elsevier. 

 

Furthermore, Mn-based MOF can also be fabricated into SCs in solid state with a wide potential 

window, which is potential to be employed in wearable devices. Manganese-1,4-

Benzenedicarboxylate MOF (Mn-BDC MOF) was prepared via hydrothermal approach and the 

as-fabricated electrode possessed a specific capacitance of 177.9 F g-1 at 0.5 A g-1 in three-

electrode system, using 1 M Na2SO4 as the electrolyte [196]. During the assembling of SC, 

polyvinyl alcohol (PVA) - 1 M Na2SO4 polymer gel was chosen as the electrolyte instead. In this 

particular study, the polymer gel served as the separator and electrolyte simultaneously, to ensure 

the overall cell was in solid state without any leakage. Nonetheless, the as-assembled device could 

only deliver a capacitance of 64.5 F g-1 at the same current density, which is much lower than that 

in a three-electrode system. The deteriorated capacitive performance was due to the utilization of 

less active materials and electrolyte in the fabricated cell design. This was still subjected for further 

optimization and improvement. However, it exhibited a very high-capacity retention percentage 

(about 98%) over 2000 cycles at a current density of 0.25 A g-1, suggesting a long-term cycling 

stability. The extraordinary performance of Mn-based MOFs dictates their potential to be applied 
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as an effective electrode material for SCs, and offers a promising route for the development of 

future electrochemical energy storage systems. 

 

2.3.1.5 Zn-based MOFs 

Aqueous Zn-based batteries and SCs have been recognized as promising candidates for 

electrochemical energy storage systems due to the low cost, high capacity and environmental 

friendliness. Nonetheless, the practical applications of Zn-based anodes in aqueous-based 

electrolyte are limited by the low stability. The undesired dendrite growth during plating and 

stripping process, unwanted hydrogen evolution and the formation of Zn(OH)x on the surface are 

the main shortcomings of Zn-based materials as anodes. This urged the synthesis of Zn@ZIF-8-

500 with porous structure through electrochemical depositing with 10.0 mAh cm-2 Zn [197]. The 

HC (Zn@ZIF-8-500//AC) was assembled by employing Zn@ZIF-8-500 as anode and commercial 

AC as cathode in 2 M ZnSO4. The as-fabricated HC delivered an energy density of 140.8 Wh kg-

1 at 70 W kg-1 and could reach 46.6 Wh kg-1 when the power density was increased up to 2850 W 

kg-1. This high performance was attributed to the device that integrated various characteristics of 

Zn, ZIF-8-500 and AC. Meanwhile, the as-assembled HC possessed an excellent cyclic stability 

of 72% after 20,000 cycles at a current density of 4.0 A g-1. This superior stability was owing to 

the porous ZIF-8-500 that exhibited large surface area (750 m2 g-1) and pore volume (0.443 cm3 g-

1), which was beneficial to be the host for Zn plating and stripping. It also possessed a small amount 

of Zn0 (converted from Zn2+ during heat treatment), providing nuclei for the plating of Zn and the 

high over-potential to reduce hydrogen evolution. Additionally, Zn-8-500 uniformly coated with 

Zn, which was plated at the first cycle, could function as a substrate for further Zn plating, avoiding 

the formation of dendrite.  

In another study, 2D multi-layered Zn-p-phenylenediamine (Zn-pPDA) MOFs, namely Zn-pPDA 

MOF-5, Zn-pPDA MOF-8 and Zn-pPDA MOF-12, were synthesized using a facile and green 

method [198]. These three materials possessed good conductivities, which were 1.05 S cm-1 for 

Zn-pPDA MOF-5, 0.7 S cm-1 for Zn-pPDA MOF-8 and 0.3 S cm-1 for Zn-pPDA MOF-12. 

Meanwhile, Rs and Rct values were 4.03 Ω and 0.43 Ω for Zn-pPDA MOF-5, 4.15 Ω and 0.54 Ω 

for Zn-pPDA MOF-8, 4.36 Ω and 0.6 Ω for Zn-pPDA MOF-12, respectively. Both the Rs and Rct 

values increased as the concentration of Zn(acac)2 raised, suggesting that the electrical 

conductivity of Zn-pPDA MOFs was diminished by the Zn(acac)2 residues. The possible factors 

are: (a) Fourier transform infrared spectroscopy (FTIR) demonstrated that the amount of unreacted 

acetylacetonate/triad salt negative ions went up as the concentration of Zn triad salt rose, while 

there was no excess of Zn(asas)2 in Zn-pPDA MOF-5. (b) Zn-pPDA MOF-5 exhibited a 2D layered 

morphology, the compact layered structure prohibited the infiltration of Zn(asas)2. 

These three active materials were employed as positive electrodes and GC was used as negative 

electrodes. The electrochemical performance was tested in 1 M KOH with a potential gap of 1.5 

V (0 – 1.5 V). The delivered energy densities were 62.75 Wh kg-1 for Zn-pPDA MOF-5, 57.52 

Wh kg-1 for Zn-pPDA MOF-8, and 52.25 Wh kg-1 for Zn-pPDA MOF-12, respectively. In addition, 

the Zn-pPDA MOF-5//GC, Zn-pPDA MOF-8//GC and Zn-pPDA MOF-12//GC devices retained 

96.2%, 96.81% and 96.79% of their initial capacitances after 2000 cycles at 1 A g-1, respectively. 

These results indicated the high energy density and stability of Zn-pPDA MOF-5 were actually 

caused by the 2D multi-layered structure, which enhanced the surface area and eventually 

ameliorated the capacitance and stability. All of these results confirmed that Zn-MOFs can be 
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potential active materials for the application in electrochemical energy storage. The dendrite 

formation of zinc in batteries can be avoided through careful design of the stable 3D porous 

skeleton architecture with large cages, which is advantageous to be a host material for Zn plating 

and stripping in aqueous Zn-based electrolyte. 

 

2.3.1.6 Co-based MOFs 

Cobalt offers redox-active sites and is readily to be employed for developing MOFs with good 

electrochemical performance. Hence Co-based MOFs have been widely investigated. The 

capacitive performance can be further enhanced by Co-MOF-based materials with layered 

structures as it not only possesses wide and stable interlayers, but also exhibits conductive 

networks, which is favorable to accelerate the pseudocapacitive process with fast electron transfer 

and facile electrolyte diffusion. For example, Zhu and his colleagues [199] successfully 

synthesized a 3D hierarchically structured Co-MOF on nickel foam (Co-MOF/NF) using a one-

step solvothermal approach. The electrochemical behavior was tested in a three-electrode system 

in 2 M KOH. The areal capacitance of the as-synthesized material was 13.6 F cm-2 at a current 

density of 2 mA cm-2, significantly higher than the Co-MOF powder material (1.2 F cm-2). 

Meanwhile, it also maintained 10.8 F cm-2 (79.4%) at 20 mA cm-2, suggesting the high-rate 

capability of Co-MOF/NF. Such high performance was ascribed to three main reasons: Firstly, no 

binder was utilized in the self-supported Co-MOF ensuring the maximum utilization of the active 

material. Secondly, the in-situ crystal growth of Co-MOF/NF could enhance the excellent 

mechanical adhesion and electrical conductivity, since Co-MOF/NF exhibited a smaller radius at 

the high-frequency semicircle than Co-MOF powder. Lastly, the 3D hierarchical nanosheets 

facilitated large accessible surface area with much more electroactive sites. Nonetheless, the 

recorded cyclic stability was unfavorable, which could only retain 47% over 10,000 continuous 

charge/discharge cycles. This was owing to the transformation of Co-MOF to MO and hydroxide 

during continuous charging and discharging.  

Moreover, the performance of Co-based MOFs materials for SCs electrodes can be further 

enhanced through precise control of the architecture and nanocrystals. In another study, 

hierarchical hollow microsphere were formed by 1D nanorods with an average size of 20 nm and 

were characterized with a surface area of 93.6 m2 g-1 [163]. Besides, mesoporous voids between 

the nanorods in the same Co-based MOF materials were discovered. These two key features 

ensured high availability of active sites and diffusion of electrolyte. As a result, the electrochemical 

capacitance of 952.5 F g-1 was reported at a current density of 0.25 A g-1 in 3 M KOH. A minor Rs 

was viewed and the phase angle is in the range of 50° - 70°. In addition, it could maintain 85% of 

its initial capacitance after 2000 cycles at 5 A g-1, suggesting a good electrochemical reversibility 

of the as developed Co-MOF. Nevertheless, this was then followed by the decline in the charge 

storage efficiency due to the aggregation of the microspheres of Co-MOF over continuous cycles. 

Apart from single nanosheet and nanorod morphology, a hybrid structure with both nanorods and 

nanoneedles is also a promising material which further ameliorates the electrochemical 

performance. Hence, Co-MOFs with a hybrid architecture and a large number of nanorods and 

nanoneedles were developed via a normal hydrothermal approach, in which the solvent was a 

mixture of DMF and ethanol (v : v = 1 : 1) [160]. It exhibited a specific capacitance of 958.1 F g-

1 at 2 A g-1 in 3M KOH, which is much higher than Co-MOF/D (393.4 F g-1, developed in single 

DMF) and Co-MOF/E (654.4 F g-1, developed in single ethanol). The BET surface area of the 
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nanosized needles on the 1D nanorods was reported to be 31.98 m2 g-1 which was much higher 

than Co-MOF/D (3.84 m2 g-1) and Co-MOF/E (5.73 m2 g-1). The high surface area of the electrode 

material greatly reduced the diffusion path of electrolyte ions offering more contact between 

electrode active material and electrolyte. The microporous architecture of Co-MOF further 

improved its supercapacitive performance resulting in an ionic resistance of approximately 0.5 – 

0.6 Ω. Notably, the as-generated Co-MOF possessed an ultrahigh cycling stability under a current 

density of 10 A g-1. The retained specific capacitance was approximately 92.3% after 3000 cycles. 

The acquired energy density and power density of this material was 24.4 Wh kg-1 and 429 W kg-

1, respectively. Additionally, another coordination polymer with outstanding performance was 

synthesized through a facile synthesis route [42]. A maximum electrochemical capacitance of 2564 

F g-1 over 1 A g-1 in 5 M KOH was reported, and it could still achieve 1164 F g-1 at a current 

density of 20 A g-1, indicating the excellent rate capability of the MOF materials. There are three 

rationalizations which lead to high electrochemical performance. First and foremost, a large 

number of nanosheet agglomerations contributed to large surface area which are not only feasible 

to offer sufficient contact between electrode active materials and electrolyte, it has also shortened 

the migration distance of OH-. Besides that, the as-synthesized Co-MOFs with a high conductivity 

of 3.75 x 10-3 S cm-1 could speed up the electron transfer at the interface of electrode and electrolyte, 

eventually enhanced the specific capacitance. Furthermore, the large volume between interlayers, 

which were formed on the bc plane through the interaction of Co-O-Co chain and the double chains 

of CoO6, were capable to store electrolyte and improve the intercalation and de-intercalation 

efficiency of OH-. In addition, it exhibited a desired cyclic stability with a retention capacitance of 

95.8% over 3000 continuous charging and discharging cycles at a current density of 2 A g-1. The 

extraordinary cycling stability could be ascribed to the unique layered structure with conductive 

network frames, in which the existence of terephthalate groups between the layers could serve as 

supportive pillars to avoid the collapse of the architecture. 

 

2.3.1.7 Ni-based MOFs 

The application of the majority of MOFs, including Fe-MOFs, Cu-MOFs, and Mn-MOFs, as SCs 

electrode active materials is largely hampered by their poor electrical conductivity and low 

chemical stability. Hence, to tackle these weaknesses, nickel-based MOFs with good electrolyte 

compatibility and high electrochemical performance have been widely explored. This is because 

Ni-MOFs exhibit ultrahigh conductivity of up to 800 S m-1 [200],  high capacitive performance 

and extremely long-term cycling stability, and the retention capability is approximately 84% over 

100,000 cycles [46].  

Du and his co-workers successfully synthesized hierarchical porous Ni-MOFs and utilized them 

as electrode active material for SC [137]. These Ni-MOFs were characterized with hierarchical 

porous structure and specific surface area as high as 40.36 m2 g-1 and their electrochemical 

behavior was tested in a three-electrode cell in 3 M KOH electrolyte solution. A specific 

capacitance of 1057.2 F g-1 at a current density of 1 A g-1 and a rate capability of 61.5% at 30 A g-

1 were reported, revealing the good rate capability. Meanwhile, the electrical conductivity was 

further improved by the addition of 20% conductive additive (acetylene black) [201]. As a result, 

the Rs and Rct were recorded at 1.141 Ω and 1.371 Ω, respectively indicative of a good conductivity. 

In addition, it delivered a fascinating cyclic stability, in which the capacitance retention was 70% 

after 2500 cycles at 10 A g-1.  
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Another study involved the synthesis of pristine nickel hexaaminobenzene (Ni3(HAB)2) via 

electrophoretic deposition (EPD) and this pristine MOF exhibited an enhanced electrochemical 

performance in 0.5 M Na2SO4 [202]. The delivered areal capacitance was 13.65 F cm-2 at a rate of 

0.1 mA cm-2 within a voltage window of 0 – 1 V. It was noteworthy that a good rate capability of 

76.5% at 1 mA cm-2 was acquired. Such high electrochemical capacitance and rate capability could 

be owing to the large number of in-plane pores and extraordinary conductivity of Ni3(HAB)2, 

which ameliorated the accessibility of electrolyte to active sites and accelarated the charge transfer. 

More significantly, the capacitance retention was as high as 81.2% after 50,000 cycles, indicating 

its superior cyclic stability. The capacitance fading (~ 19%) was resulted from the loss of active 

material through either detachment or dissolution during continuous cycling. In addition, the 

equivalent series resistance (ESR) was 2.96 Ω, owing to the low contact resistance. This was due 

to the utilization of zero binder during the assembly of Ni3(HAB)2 sheets on current collector 

(nickel foam) through EPD, as well as the low diffusion resistance resulting from the decreased 

ion diffusion distance. Nonetheless, the ESR was further reduced to 2.41 Ω after long-term GCD 

cycles, which could be elucidated by the activation of Ni3(HAB)2 electrode active material.  

Through the similar approach, ultrathin 2D Ni3(2,3,6,7,10,11-hexaaminotriphenelene)2 

(Ni3(HITP)2) was synthesized via the reaction between nickel chloride hexahydrate (NiCl2⸱6H2O) 

and 2,3,6,7,10,11-hexaaminotriphenylene hexahydrochloride (HATP⸱6HCl) [46]. The relevant 

synthesis process and electrochemical properties are illustrated in Fig. 2.22. The specific areal 

capacitance of the as-obtained MOF material was 15.69 F cm-2 at 0.1 mA cm-2 in 0.5 M Na2SO4. 

This is attributed to the 3D porous Ni3(HITP)2 with micrometer-large pores, in which the large 

pore sizes could offer enough interspace to store electrolyte and boost ion transport. Moreover, the 

electrode active material showed an excellent capacitive behavior with high electrical conductivity, 

since the cyclic voltammetry (CV) curve with closely quasi-rectangular shape was maintained 

even at a very high scan rate of 4000 mV s-1. More crucially, the structure of the active material is 

ultra-stable, approximately 84.14% of the initial capacitance was retained after 100,000 

charge/discharge cycles at a low current density of 1 mA cm-2. This was attributed to the layer-by-

layer nanosheet structures, contributing towards the electrical double-layer capacitive behavior. 

Meanwhile, a low ESR of 1.47 Ω was gained, which might be elucidated by two factors: (a) The 

layer-by-layer nanosheets of Ni3(HITP)2 without any addition of binder. (b) Nanopores on the 

structure shortened electrolyte diffusion distance. It is the highest cycle life among the recent 

reports on MOF-based SCs.  
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Figure 2.22. (a) The schematic illustration of synthesis Ni3(HITP)2 and the EPD process for 

synthesizing Ni3(HITP)2 SC electrodes, the SEM images of Ni3(HITP)2 film which was formed 

through EPD on Ni foam (10 um) in (b) before cycling and (c) after 100,000 cycles. (d) The CVs 

after different cycles at a scan rate of 600 mV s-1. (e) Nyquist plot and (f) cycling stability until 

100,000 cycles at 1 mA cm-2 of Ni3(HITP)2. Reproduced with permission from Ref. [46]. 

Copyright 2019, Elsevier. 



50 

 

It is also possible to employ Ni-MOFs as all-solid-state SCs since wearable devices are another 

attraction in the application of electrochemical energy storage systems. Generally, all-solid-state 

SCs exhibit a relatively lower electrochemical performance and stability due to the utilization of 

limited electrolyte as compared to normal SCs [203]. Recently, a layered nanosheet Ni-MOF was 

developed, and being utilized for flexible solid-state SC [45]. The electrode material showed a 

high electrochemical capacitance of 1518.8 F g-1 at 1 A g-1, and a good rate capability of 483.3 F 

g-1 at 20 A g-1. Meanwhile, an outstanding capacitance retention of 95.5% over 10,000 cycles at a 

current density of 20 A g-1 was reported. As the HC was assembled by employing the as-obtained 

material as cathode and AC as anode, this device delivered an areal capacitance of 244 mF cm-2 at 

0.5 mA cm-2 and reasonably good cycling stability (97.2% was retained over 2000 cycles) in a 

potential range of 0 - 1.5 V. These ultra-high electrochemical performances could be resulted from 

the following factors: (a) The stable structure of Ni-MOFs in alkaline environment. (b) The large 

space offered between layers is beneficial to store electrolyte and enhance the facile intercalation 

and de-intercalation of OH-. (c) Unit cells were formed along bc plane, which improved the 

transport of electron and diffusion of electrolyte. 

Hence, the architectures of the synthesized MOFs have a crucial role to play in the electrochemical 

related properties, it is necessary to understand the interactions between the active materials and 

electrolyte. Meanwhile, the other factors, including morphologies and pore sizes, also need to be 

taken into consideration. These factors could affect the diffusion rate of electrolyte and therefore 

affect the lifespan of the device. As compared to other MOF electrode active materials (i.e., Co2+, 

Fe2+, Zn2+ and Al3+), Ni-based MOFs have attracted tremendous attention in the field of high-

performance electrochemical capacitors. This can be ascribed to four reasons: (i) the economic 

cost results from an abundant reserve of nickel. (ii) The ultrahigh conductivity of Ni-MOFs could 

enhance the capacitive performance. (iii) The extremely high cyclability could extend their further 

application. (iv) They not only possess tunable architectures and large specific surface areas, but 

also are easy to form 2D mesoporous structures, which is beneficial to promote the diffusion of 

ions and electrolyte for enhancing the electrochemical performance. Consequently, nickel is 

selected as precursor to synthesize Ni-MOF nanomaterials. 
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Table 2.7. Summary of the electrochemical performance of pristine MOFs materials utilized as SCs electrode materials. 

Material 
Specific 

Capacitance 
Electrolyte 

Current 

Density 

Potential 

Window 

(V) 

Reference 

Electrode 
Cycle  

Efficiency (%) 

/Current 

Density 

Reference 

SC         

UiO-66(Zr) 101.5 F g-1 6 M KOH 0.2 A g-1 0.6 Hg/HgO - - [184] 

UiO-66(Zr) 1144 F g-1 6 M KOH 5 mV s-1 0.75 SCE 2000 57.2/10 mV s-1 [185] 

MOF-867 5.085 mF cm-2 - 5 mV s-1 2.7 - 10,000 
92/12.7  

mA cm-2 
[151] 

Cu-LCP 
1274 F g-1 

1 M LiOH 
1 A g-1 

0.5 SCE 
2000 88/2 A g-1 

[188] 
568 F g-1 20 A g-1 - - 

Cu-MOF 1148 F g-1 6 M KOH 0.5 A g-1 0.5 SCE 2000 90/10 A g-1 [189] 

Mn-MOF 443 F g-1 6 M KOH 1 A g-1 0.5 SCE 1000 86/5 A g-1 [192] 

Mn-LMOF 

1098 F g-1 
1 M KOH 

1 A g-1 
0.45 SCE 

2000 92.6/2 A g-1 

[193] 
396 F g-1 20 A g-1 - - 

1178 F g-1 
1 M LiOH 

1 A g-1 
0.5 SCE 

2000 94.6/2 A g-1 

425.26 F g-1 20 A g-1 - - 

Mn-MOF 
10.25 F cm-2 

2 M KOH 
2 A g-1 

0.6 Hg/HgO 
5000 92.6/2 A g-1 

[194] 
5.72 F cm-2 12 A g-1 - - 

Mn-MOF 
371 F g-1 

6 M KOH 
0.5 A g-1 

0.6 Hg/HgO - - [195] 
248 F g-1 10 A g-1 

Mn-BDC MOF 64.5 F g-1 
PVA-1 M 

Na2SO4 

0.25  

A g-1 
1.5 Ag/AgCl 2000 98/0.25 A g-1 [196] 
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Co-MOF/NF 13.6 F cm-2 2 M KOH 
2  

mA cm-2 
0.8 Hg/HgO 10,000 47/50 mA cm-2 [199] 

Co-MOF 952.5 F g-1 3 M KOH 
0.25  

A g-1 
0.5 Ag/AgCl 2000 85/5 A g-1 [163] 

Co-MOF 958.1 F g-1 3 M KOH 2 A g-1 0.5 Ag/AgCl 3000 92.3/2 A g-1 [160] 

Co-MOF 
2564 F g-1 

5 M KOH 
1 A g-1 

0.35 SCE 
3000 95.8/1 A g-1 

[42] 
1164 F g-1 20 A g-1 - - 

Ni-MOF 
1057.2 F g-1 

3 M KOH 
1 A g-1 

0.4 SCE 
2500 75/10 A g-1 

[137] 
649 F g-1 30 A g-1 - - 

Ni3(HAB)2 13.65 F cm-2 
0.5 M 

Na2SO4 

0.1  

mA cm-2 
1 - 50,000 

81.2/0.1  

mA cm-2 
[202] 

Ni3(HITP)2 15.69 F cm-2 
0.5 M 

Na2SO4 

0.1  

mA cm-2 
1 - 

100,00

0 

84.14/0.1  

mA cm-2 
[46] 

Ni-MOF 
1518.8 F g-1 

2 M KOH 
1 A g-1 

0.5 - 
10,000 95.5/20 A g-1 

[45] 
483.3 F g-1 20 A g-1 - - 

Mn-BGPD 832.6 F g-1 1 M KOH 1 A g-1 0.8 SCE 2,000 41.2/2 A g-1 [204] 

Co-BTC 657 F g-1 1 M NaOH 0.5 A g-1 0.5 SCE 3,000 81.4/10 A g-1 [205] 

Co-MOF 75.7 F g-1 3 M KOH 0.5 A g-1 0.4 SCE 3,000 94/1 A g-1 [206] 

Ni-MOF 1361 F g-1 2 M KOH 0.5 A g-1 0.6 SCE 4,000 94/0.1 V s-1 [207] 

Ni-MOF 2.38 C cm-2 2 M KOH 
1  

mA cm-2 
0.5 Hg/HgO 10,000 88/40 mA cm-2 [208] 

HC         

Mn-MOF//rGO 
211.4 F g-1 

2 M KOH 
5 A g-1 

1.5 Hg/HgO 
10,000 81.18/10 A g-1 

[194] 
131.07 F g-1 40 A g-1 - - 
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Mn-MOF 

//graphene 
89 F g-1 6 M KOH 1 A g-1 1.6 Hg/HgO 10,000 91.8/1 A g-1 [195] 

Ni-MOF//AC 85.5 F g-1 6 M KOH 0.5 A g-1 1.6 Hg/HgO 1,000 58/5 A g-1 [209] 

Mn-BGPD//rGO 100 F g-1 1 M KOH 1 A g-1 1.6 SCE 4,000 46.7/1 A g-1 [204] 

Zn-MOF//AC 

140.8 Wh kg-1 

2 M ZnSO4 

70.0  

W kg-1 
1.6 - 

20,000 72/4 A g-1 

[197] 

46.6 Wh kg-1 
2850  

W kg-1 
- - 

Zn-pPDA  

MOF-5//GC 
62.75 Wh kg-1 

1 M KOH 

4501.1  

W kg-1 

1.5 Ag/AgCl 

2,000 96.2/1 A g-1 

[198] 
Zn-pPDA  

MOF-8//GC 
57.52 Wh kg-1 

4499.03 

W kg-1 
- 96.81/1 A g-1 

Zn-pPDA  

MOF-12//GC 
52.25 Wh kg-1 

4498.92 

W kg-1 
- 96.79/1 A g-1 

Ni-MOF//AC 244 mF cm-2 KOH-PVA 
0.5  

mA cm-2 
1.5 - 2,000 

97.2/10  

mA cm-2 
[45] 
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2.3.2 Derivations of MOFs for SCs 

Apart from the direct utilization of pristine MOFs for electrochemical applications, MOF-based 

materials have been employed as precursors to derive various materials such as TMOs and carbon 

materials. Generally, TMOs can be obtained through either thermal or chemical treatment of MOFs, 

and the derived TMOs usually exhibit the same architectures as their precursors. Hence, TMOs 

with high porosity and large surface areas could be synthesized. Meanwhile, carbons with large 

surface areas are often viewed as high-conductive materials, which are promising for the 

development of high-performance SC electrodes. The TMOs derived from MOFs are usually 

applied in alkaline based electrolyte, while MOF-derived carbon could operate in both acidic and 

basic electrolyte solutions. These compounds derived from MOFs have expanded their potential 

applications in electrochemical ESSs. 

 

2.3.2.1 Bimetallic and ternary MO nanoporous materials 

It is challenging to directly use most of the pristine MOFs due to the low electrical conductivity 

and unstable structures, the as-fabricated energy storage devices cannot achieve a desired 

performance. Hence, MOFs are employed as precursors to derive various nanomaterials (including 

TMOs and porous carbon) with high porosity and specific surface areas instead of direct utilization. 

In fact, TMOs derived from MOFs usually exhibit high storage capacity and low cost, which is 

appropriate for the application in electrochemical energy storage systems [210]. Nevertheless, a 

recent study showed that the performance of single TMO was limited by the low conductivity and 

large volume expansion during charge and discharge process over a constant current density [211], 

eventually the architecture broke and consequently shortened the device lifespan. Hence, this part 

mainly concentrates on bimetallic and ternary TMOs, which exhibit excellent electrochemical 

properties due to higher electrical conductivity and multiple redox sites.  

Bimetallic composites usually exhibit higher electrochemical activity and stability than its single 

TMO. As an illustration, NiO/Ni6MnO8 composite with a 3D mesoporous and flower-like structure 

was prepared by Zhang’s team [212]. The as-fabricated electrode exhibited a specific capacitance 

of 433 F g-1 and an excellent cyclic stability (91.9% retained after 1000 cycles) at a current density 

of 1 A g-1 in 6 M KOH, which was much higher than that of single component (193 F g-1 for NiO 

and 201 F g-1 for Ni6MnO8). Meanwhile, both ESR and Rct values of the electrode of 0.3 Ω were 

recorded. These results indicated that the integration of mesoporous (NiO) and flower-like 

structure (Ni6MnO8) not only shortened the charge diffusion path, but also provided more 

electrochemically active sites with a high surface area of 74 m2 g-1. In another study, a 2D binary 

TMO nanosheet (ZnCoO-G) derived from Co-ZIF with GO was synthesized (Fig. 2.23), in which 

nanoparticles ZnO and Co3O4 were well distributed on the surface of the GO  [213]. As the active 

material was fabricated as a SC electrode, it delivered a capacitance of 711.6 F g-1 at 1 A g-1 in 2 

M KOH, the rate capability was 64.4% as the current density increased from 1 to 10 A g-1. The 

high capacitance and rate capability were ascribed to the incorporation of zinc and GO, which 

leads to the uniform distribution of Co3O4, larger surface area and good electrical conductivity. 

After 1000 continuous charging and discharging cycles over a current density of 5 A g-1, a 

capacitance retention of 63.6% was obtained, suggesting the remarkable stability of ZnCoO-G. 

The incorporation of GO was found to restrict the agglomeration of TMOs, and hence enhanced 

the specific surface area (67.85 m2 g-1) and electrical conductivity (Rs = 0.76 Ω) of the electrode. 

In another study, mesoporous ZnCo2O4 was obtained by annealing mixed metal MOF at a 
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temperature of 400 ℃ for 2 h [214]. The electrode active material exhibited a specific capacitance 

of 457 F g-1 at 1 A g-1 in 6 M KOH. Even though the current density rose to 20 A g-1, it still 

delivered a capacitance of 368 F g-1, in which the rate capability was as high as 80.5%. Meanwhile, 

the capacitance loss was only 2.1% after 1500 cycles at 2 A g-1, which revealed the long-term 

stability of the binary TMOs (ZnCo2O4). Such electrochemical performance enhancement could 

be attributed to the porous structure that facilitates charge transport and electrolyte diffusion. 

Nonetheless, the operating potential window was as low as 0.35 V (0.05 – 0.4 V vs. Ag/AgCl), 

and the as-derived TMOs exhibited a fairly low surface area of 55 cm2 g-1.  

 

Figure 2.23. Schematic diagram showing the process to develop ZnCoO-G. Reprinted with 

permission from Ref. [213]. Copyright 2020, Elsevier. 

Apart from symmetrical SCs, HCs with improved energy density without fading their power 

density have been widely explored. Huang et al., [180] has prepared ternary ZnO/ZnCo2O4/NiO 

(ZZN) nanosheets, which were derived from ZIF-8 (Fig. 2.24). By virtue of the unique structure, 

the as-fabricated electrode exhibited high electrochemical capacitance and rate capability with 

specific capacitance of 1136.4 F g-1 and 354 F g-1 at current densities of 1 A g-1 and 30 A g-1, 

respectively. Moreover, a low Rs of 0.92 Ω, a Warburg impedance (W) of 2.13 and an excellent 

capacitance retention of 86.54% over 5000 cycles at a high current density of 10 A g-1 were 

obtained. The enhanced electrochemical properties are due to the following two factors: (a) The 

ultrathin nanosheet-based hollow microspheres could ameliorate the accessibility of electrolyte, 

which was not only beneficial to enhance contact between electrode and electrolyte, but also 

speeded up the diffusion rate and improve the electrochemical property. (b) A large number of tiny 

holes on the nanosheets increased the surface area and volume during the charging and discharging 

process. 

 

Figure 2.24. A schematic illustration of the synthesis process of ZnO/ZnCo2O4/NiO. Adapted 

from Ref. [180] with permission from The Royal Society of Chemistry. 
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Besides, HC with remarkable performance can also be assembled through “all in one” strategy 

where two different derivatives were obtained from the same precursor (Fig. 2.25) [215]. Zn/Co-

MOF, synthesized through dissolving Zn(NO3)2⸱6H2O, Co(NO3)2⸱6H2O and methylimidazole 

(MIM) precursors into methanol, was prepared from both nanoporous carbons (NPC) and 

bimetallic oxides (ZnCo2O4). The as-synthesized samples were analyzed in terms of pore size 

distributions (PSDs). In the analysis, both TMO (ZnCo2O4) and NPC exhibited hierarchical porous 

architectures with micro-, meso- and even macro-pores. Hence, the BET surface area of ZnCo2O4 

and NPC were 440 m2 g-1 and 1137m2 g-1, respectively, confirming that nanoporous TMOs and 

NPC could be obtained from a single MOF precursor. Meanwhile, ZnCo2O4 and NPC were 

recorded with high specific capacitance of 420 F g-1 and 270 F g-1, respectively. The enhanced 

electrochemical performances could be attributed to the hierarchically porous architectures where 

micropores were to accumulate ions while mesopore structures could improve the transfer of the 

ions. When HC (NPC//ZnCo2O4) was assembled by employing binary TMOs as cathode and NPC 

as anode, it delivered a maximum energy density of 28.6 Wh kg-1 at 100 W kg-1 within a wide 

voltage window of 0 – 1.45 V (vs. Hg/HgO) in 6 M KOH. An energy density of 18 Wh kg-1 was 

achieved when the power density was increased up to 2.5 kW kg-1. As compared to symmetrical 

SCs consisting of both ZnCo2O4 and NPC electrodes under the same condition, the energy density 

was only approximately 8 Wh kg-1, mainly due to the low operating potential window of 0.45 V. 

Additionally, the HC device possessed a superior cyclic stability of 87.2% over 5000 charging and 

discharging cycles at 1 A g-1. The excellent electrochemical performance was ascribed to the 

porous architectures that derived from the same precursor with large surface areas offering large 

number of active sites. Meanwhile, the micro- and mesoporous structure in the composite was 

capable of shortening the charge transfer distance and wide operating potential window can be 

achieved, resulting from both anodic and cathodic materials.  

 

Figure 2.25. A schematic diagram showing the fabrication process of ZnCo2O4 and NPC via “all 

in one” strategy. Reused with permission from Ref. [215]. Copyright © 2020 He, Gao, Yao, Wu, 

Zhang, Huang and Wang. 
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In summary, binary and ternary TMOs exhibit good electrical conductivity and favorable 

electrochemical performance. The resulting morphologies of the active materials play a significant 

role in the electrochemical properties. Particularly, the mesoporous structures could help to store 

more electrolyte and shorten the charge transport path, and hence to enhance the capacitance and 

reversibility. Meanwhile, bimetallic oxides and ternary TMOs could offer more charge states, 

which significantly improve the specific capacitance. However, the specific surface areas of TMOs 

are not preferable, which might limit the electrochemical property. Another problem encountered 

is that most MOF-derived bimetallic oxides and ternary TMOs as SC electrode generally suffered 

from the low cyclic stability as compared to pristine MOFs materials. Usually, TMOs suffer from 

low operating potential window, while it can be efficiently solved by assembling the electrodes in 

HC configuration with highly conductive materials, such as NPC. Therefore, the interaction 

mechanism between TMOs and highly conductive materials still needs to be further explored.  

 

2.3.2.2 MOF-derived carbon nanoporous composites 

Currently, carbonaceous materials, developed through direct carbonizing from organic materials, 

have been widely investigated in electrochemical energy storage devices such as fuel cells [216], 

batteries [217] and SCs [218] due to their nontoxicity and excellent electrical conductivity. 

However, their potential applications are greatly limited by the low surface areas, non-uniform 

particle sizes and chaotic structures [219]. To tackle these shortcomings, MOF-derived NPC with 

nanoporous architectures and ultra-large ionic accessible surface areas have been synthesized 

[220]. Micro and mesoporous carbon-based materials such as graphene, activated carbon, carbon 

nanotubes and etc. possess a significant role to play in SCs, since they offer enough interspace to 

store electrolyte and shorten the path for ionic transportation [221]. As MOF materials have a wide 

range of applications owing to their unique structures, MOF-derived carbon is another attraction 

in the application of SCs.  

Carbons can be obtained from MOFs through a simple heat-treatment, and these active materials 

often exhibit micro/mesoporous architectures and large specific surface areas, which are crucial 

characteristics to optimize the electrochemical performance of SCs electrodes. Thus, the as-

derived carbon materials could have good electrochemical performance. NPC with interconnected 

hierarchical meso- and micro-porous architecture was synthesized by Chang et al. [218] A specific 

capacitance of 425 F g-1 was acquired at a current density of 2 A g-1 within an operating voltage 

window of 1 V (vs. Ag/AgCl) in 1 M H2SO4, which is almost twice that of MOF-derived TMOs 

[188, 193]. The capacitance was recorded as 244 F g-1 (57.4%) when the current density was 

increased up to 10 A g-1, which clearly indicated the good rate capability of MOF-525-derived 

NPC. The high capacitance could be caused by the pseudo-capacitance of functional groups and 

unique structure. Firstly, oxygen-containing groups, forming during the process of pyrolysis, were 

not only beneficial to generate pseudo-capacitance, but also enhanced the wettability of active 

materials. Nitrogen-containing functional groups could be responsible for the redox pseudo-

capacitance due to the existence of pyridinic and pyrrolic groups. Secondly, the hierarchical micro- 

and meso-porous architecture with a large number of sp2 bonded carbon accelerated the diffusion 

of ions and eventually enhanced the capacitive performance. Lastly, it possessed a large surface 

area of 786 m2 g-1, which was able to provide more active sites for electrochemical reactions.  

NPC could be also obtained from Zn-MOF at 800 ℃ (Fig. 2.26), and the performance was tested 

under the same condition, while it was mixed with 20% PVDF in N-Methyl-2-Pyrrolidone (NMP) 
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[222]. As the obtained material was fabricated into electrode for SCs, it delivered an 

electrochemical capacitance of 251 F g-1 at a scan rate of 5 mV s-1. Meanwhile, there was a 

capacitance retention of approximately 50% at a high scan rate of 1000 mV s-1, which revealed the 

excellent transport and conductive properties.  This was ascribed to the high content of nitrogen 

(15%) and ultra-large surface area of 1523 m2 g-1. The large surface area is owing to the special 

microporous architecture, in which NPC exhibited uniform and symmetric geometry with 

polyhedral morphology. Additionally, it could maintain 92% of its initial capacitance after 2000 

cycles at 7.5 A g-1, indicating its good cyclic stability. The acquired energy density and power 

density of the as-obtained active electrode material was 10.86 Wh kg-1 at 225 W kg-1, respectively. 

 

Figure 2.26. Schematic diagram illustrating (a) the synthesis process of NPC and (b) the SC 

construction made of MOF-derived NPC. Adapted from Ref. [222] with permission from The 

Royal Society of Chemistry. 

The electrochemical property of MOF-derived carbon can be improved by the addition of 

heteroatoms that are derived from organic ligands. These heteroatoms are able to strengthen the 

interactions between ions and surfaces, which is beneficial to stabilize the structures. For instance, 

NC900, nanoporous nitrogen-doped carbon, was developed by heating its precursor, Cd-MOF 

(Cd(NIPA)(CH3CH2OH)3, NIPA = 5-nitroisophthalic acid), at 900 ℃ [223]. The as-obtained 

electrode possessed a specific capacitance of 367 F g-1 at 1 A g-1 and retained 95% capacitance 

after 3000 cycles in a three-electrode system, revealing a good stability of the nanoporous structure. 

Meanwhile, low Rs of 0.43 Ω and Rct of 4.57 Ω were recorded in the same study. This was 

attributed to nanostructure with an average pore size of 800 nm, which increased the diffusion rate 

of electrolyte and offered a higher number of active sites. In addition, when NC900 was employed 

to assemble SC cell, it exhibited a specific capacitance of 46 F g-1 at 0.5 A g-1 over a potential 

window of 1.6 V, while the energy and power densities were 6.3 Wh kg-1 and 246.9 W kg-1, 

respectively. After cycling for 1000 cycles at 0.5 A g-1, the capacitance retention was 96%.  

In another study, waffle-like nanoporous carbons (WNPC) were synthesized (Fig. 2.27) with high 

contents of nitrogen (7.5 wt%) and oxygen (9.1 wt%) and the electrochemical property of this 

material was tested in a three-electrode system in 1 M H2SO4 [224]. During the electrochemical 

test, the CV curves of WNPC delivered a pair of redox peaks, owing to the pseudo-capacitance of 

doped nitrogen and oxygen. At the same time, this electrode displayed a capacitance of 300.7 F g-

1 at 1 A g-1 and retained 72% of its initial capacitance at 20 A g-1, which was higher than that of 

NPC, suggesting the fast electrode kinetics. Moreover, the efficiency loss was only 13% after 

cycling for 10,000 cycles at a current density of 4 A g-1 within 0 – 1 V (vs. Ag/AgCl), which 

indicated excellent cycling stability. Such outstanding performance was attributed to the existence 

of micro- and meso-pores, in which the mesopores are able to accelerate ionic diffusion, 

micropores offer a large BET surface area of 594 m2 g-1. As WNPC was fabricated into SC 
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electrode in 1 M organic electrolyte (TEABF4), the working potential was changed to 1.5 – 2.5 V. 

It was found that this device possessed an energy density and power density of 27 Wh kg-1 and 

500 W kg-1 at 0.5 A g-1. Even though the current density was increased up to 4 A g-1, it was capable 

of maintaining an energy density of 19.7 Wh kg-1 and a power density of 4000 W kg-1. Moreover, 

the capacitance retention was just 2% lower than that in aqueous electrolyte over the identical 

current density, showing the favorable stability of WNPC.  

 

Figure 2.27. A schematic illustration of the fabrication of sandwiched-like MOFs via in-situ 

growth and the WNPC [224]. Copyright © 2020 Wu, Chang, Chou, Huang, Liu and Peng. 

Additionally, the stability of carbon derived from MOFs materials for SCs electrodes can be further 

enhanced through precise control of the structural pore size. For example, Liu and his co-workers 

[225] have synthesized ultra-microporous carbon nanoparticles (UCNs) from UiO-67 at a slightly 

low carbonization temperature (750 ℃). The as-derived carbon was characterized with a BET 

surface area of 843 m2 g-1 and a pore size of 0.53 nm. Meanwhile, a specific electrochemical 

capacitance of 256 F g-1 at 1 A g-1 in 6 M KOH was obtained, and the-fabricated electrode could 

retain 91% of its starting value over 10,000 cycles at a current density of 2 A g-1. The attractive 

electrochemical performance of the electrode could be due to the diffusion channel within the 

ultra-micropores and packing mesopores, leading to fast ion transfer and reduction of diffusion 

path.  

Through rational design, 3D hybrid-hierarchical porous carbon with high ionic accessible surface 

area and long-term cyclic stability was obtained from ZIF-8 [179]. The electrochemical property 

of this nanomaterial was shown in Fig. 2.28.  The derived hybrid-porous carbon displayed a high 

surface area of 1056.8 m2 g-1 and a pore volume of 0.693 cm3 g-1 resulting from both micro- and 

meso-pores. Meanwhile, the electrochemical behavior was tested in a three-electrode 

configuration with 6 M KOH electrolyte. It exhibited a specific capacitance of 215 F g-1 at 5 A g-

1. More importantly, this value was maintained at 100% even over 10,000 cycles under the same 

current density. This extraordinary stability was attributed to the micropore structures that ensure 
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the short distance between the surface of electrode and center of ions, which boosted both charges 

and electrolyte transfer. Simultaneously, macropores also offer a channel for ions to access the 

double-layer capacitive carbon materials. 

 

Figure 2.28. (a) The Nyquist plot of the 1st cycle and last cycle. (b) The cyclic stability of 3D 

hybrid-hierarchical porous carbon derived from ZIF-8 over 10,000 cycles in 1 M KOH. Reused 

with permission from Ref. [179]. Copyright 2016, Elsevier. 

 

It is also possible to employ MOF-derived carbon for flexible SCs. For example, N-doped carbon 

nanostructures were developed (Fig. 2.29) with a BET surface area of 905 m2 g-1 by Tang et al. 

[226] The large surface area was attributed to the co-existence of micro- and meso-pores. The 

acquired electrochemical capacitance were 244 F g-1 at 0.67 A g-1 and 139 F g-1 (56.97%) at an 

ultra-high current of 134 A g-1 within 0 – 1 V (vs. Hg/Hg2SO4). Additionally, the capacitance 

retention was as high as 98.5% over 10,000 cycles at 20 mA cm-2, suggesting the preferable cycling 

stability of N-doped MOF-derived carbon. These excellent capacitive performances were ascribed 

to three factors: (a) The binder-free carbon electrode reduced the interfacial resistance. (b) 

Micropores could provide large surface area and mesopores facilitate low-resistant ion transport 

channels for electrolyte. (c) The doped nitrogen atoms not only accelerated the kinetics of ion 

diffusion and transport of charges, but also enhanced the wettability and conductivity of the as-

developed carbon materials. 

 

Figure 2.29. A schematic diagram showing the synthesis of (a) ZnO nanorods, (b) ZnO@ZIF-8 

via ion exchange, (c) ZnO@C@ZIF-8 via in situ ethanol decomposition, (d) N-doped carbon 

bubbles on carbon tubes via reduction-evaporation. Reproduced with permission from Ref. 

[226]. Copyright 2017, Elsevier
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Table 2.8. Summary of the electrochemical performance of bimetallic oxides derived from MOF materials utilized as SCs electrode 

materials. 

Samples 

Specific 

Capacitance 

(F g-1) 

Electrolyte 
Current 

Density 

Potential 

Window 

(V) 

Cycle 
Reference 

Electrode 

Efficiency/ 

Current 

Density 

Reference 

SC 

NiO/Ni6MnO8 433 6 M KOH 1 A g-1 0.6 1000 SCE 91.9/1 A g-1 [212] 

ZnCoO-G 711.6 2 M KOH 1 A g-1 0.6 1000 Hg/HgO 63.6/5 A g-1 [213] 

NiMn2O4 356 1 M Na2SO4 0.5 A g-1 2.0 5000 AgCl/Ag 86/10 A g-1 [227] 

NiCo2O4 1191.2 2 M KOH 1 A g-1 0.6 1500 Hg/HgO 78.4/2 A g-1 [228] 

65Ni-MDH 875 C g-1 2 M KOH 1 A g-1 0.5 5000 AgCl/Ag 90.1/20 A g-1 [229] 

MnCo2O4 1763 2 M KOH 1 A g-1 0.6 4500 Hg/HgO 95/1 A g-1 [230] 

ZnCo2O4 
457 

6 M KOH 
1 A g-1 

0.35 
1500 

Ag/AgCl 
97.9/2 A g-1 

[214] 
368 20 A g-1 - - 

ZZN 
1136.4 

2 M KOH 
1 A g-1 

0.5 
5000 

SCE 
85.64/10 A g-1 

[180] 
354 30 A g-1 - - 

Co3O4/ZnFe2O4 326.7 6 M KOH 1 A g-1 1.35 1000 Hg/HgO 80.7/10 A g-1 [231] 

HC 

ZZN - - - 1.6 5000 SCE 104.17/10 A g-1 [180] 

ZnCo2O4 420 6 M KOH 0.5 A g-1 1.45 5000 Hg/HgO 87.2/1 A g-1 [215] 

65Ni-MDH 215 2 M KOH 2 A g-1 1.7 10,000 AgCl/Ag 91.3/13.5 A g-1 [229] 

Co-Ni-CuOx 188 2M NaOH 0.03 A g-1 1.6 5000 - 98/0.03  [232] 

ZNC 247 6 M KOH 0.1 A g-1 1.5 5000 Hg/Hg2Cl2 99/0.3 A g-1 [233] 
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Table 2.9. Summary of the electrochemical performance of MOF-derived carbon materials utilized as SCs electrode materials. 

 

Samples 

Specific 

Capacitance 

(F g-1) 

Electrolyte 

Current 

Density  

 

Potential 

Window 

(V) 

Cycle 
Reference 

Electrode 

Efficiency/ 

Current 

Density 

Reference 

NPC 
425 

1 M H2SO4 
2 A g-1 

1 - Ag/AgCl - [218] 
244 10 A g-1 

NPC 
98 

1 M H2SO4 
0.5 A g-1 

0.9 
2000 

Ag/AgCl 
92/7.5 A g-1 

[222] 
62 5 A g-1 - - 

NC900 
367 

6 M KOH 
1 A g-1 1 3000 Hg/HgO 95/1 A g-1 [223] 

46 F 0.5 A g-1 1.6 1000 - 96/0.5 A g-1  

WNPC 
300.7 

1 M H2SO4 
1 A g-1 

1 
10,000 

Ag/AgCl 
87/4 A g-1 

[224] 
216.5 20 A g-1 - - 

UCNs 256 6 M KOH 1 A g-1 1 10,000 Hg/HgO 91/2 A g-1 [225] 

Hybrid-

porous C 
215 6 M KOH 5 A g-1 1 10,000 SCE 100/5 A g-1 [179] 

N-doped C 
244 

1 M H2SO4 
0.67 A g-1 

1 
10,000 

Hg/Hg2SO4 

98.5/20  

mA cm-2 [226] 

139 134 A g-1 - - 

PC-Zn 138 6 M KOH 0.5 A g-1 1 5000 SCE 91.8/1 A g-1 [234] 

c-CN 333.8 1 M LiTFSI 5 mV s-1 1.2 12,000 Ag/AgCl 88.1/8 A g-1 [235] 
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2.4 Summary 

In summary, this chapter provides an overview of the development of highly stable MOF materials 

with micro- and meso-porous structures for the application of electrochemical energy storage 

systems, particularly for SCs in the recent decade. The synthesis approaches to achieve either 

highly stable architectures or industrial production were introduced. A series of significant 

parameters that play a crucial role in the process of MOFs synthesis were included. Lastly, the 

application of the pristine MOFs materials and their derivatives, such as binary/ternary metal 

oxides and carbon materials derived from MOFs, have been presented as well. Even though it is 

obvious that MOF-based materials exhibit many positive aspects, including large surface areas, 

high porosity, tunable sizes and structures, the application of MOFs in SC still faces a lot of 

challenges. For instance, most of the pristine MOFs possess low conductivities and cycling 

stabilities, rare studies of high-valence metal ions-based MOFs are found in the application of SCs, 

derivatives like binary TMOs and carbons have a low electrochemical capacitance.  

Firstly, a wide range of synthesizing approaches towards stable MOFs were introduced, including 

conventional routes such as slow solvent evaporation and hydro/solvothermal synthesis. These are 

the most versatile and facile methods, in which the synthesis conditions (temperature, solvents, 

metal and organic precursors, as well as pH) can be fully controlled and eventually results in the 

production of MOF materials of high purity. Microwave-assisted methods, electrochemical and 

mechanical syntheses, on the one hand, are employed to speed up the synthesis process. Besides, 

they are employed to produce micro- and meso-porous MOFs with high yields. In general, these 

micro- and meso-porous architectures help to increase the surface areas and offer large ion-

assessable volume such that more electrolyte is stored and the electrochemical performance would 

be enhanced. Meanwhile, sealing method is utilized to integrate other functional materials with 

MOFs for extending their applications. For practical applications of the porous materials and 

technique-economic purpose, a continuous-flow process was roughly discussed.  

Secondly, the electrochemical properties of MOFs could be enhanced through a rational design of 

the skeleton structures and topologies. To provide proper crystalline structures for targeting 

applications, it is necessary to precisely control the synthesis environment. For instance, different 

metal clusters and organic ligands would result in disparate architectures, synthesis temperature 

could affect the crystal sizes of resulting MOFs and solvent template could function as an 

architecture directing agent and etc. As a result, all the impact factors should be taken into 

consideration during the synthesis of MOF materials to reach a desired performance.  

Lastly, the performance of pristine MOFs and their derivatives (TMOs and NPC) as electrode 

materials were summarized. In general, the majority of pristine MOF materials possessed low 

conductivity, poor specific capacitance in aqueous-based electrolyte and working in low operating 

voltage windows. Meanwhile, bimetallic oxides derived from MOFs had an improved conductivity 

and specific capacitance. Nonetheless, they possessed unstable structures. Although MOF-derived 

carbon delivered a low capacitance of approximately 300 F g-1, the cycling stability was improved. 

When TMOs and carbon derived from the same MOF precursor are assembled into electrodes for 

HCs, it is helpful to enhance both the electrochemical capacitance and cyclic stability. 

As illustrated by many previous studies, MOF materials with meso-porous (2 nm – 50 nm) 

structures displayed favorable performance in both specific capacitance and cyclic stability, owing 

to the enhanced ionic transport and highly accessible areas active sites. It offers a promising route 

that the future design of MOFs architectures for SCs should be mesoporous, while most of studies 
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concentrate on low-valence-based MOFs. Thus, it is necessary to explore the pristine MOFs with 

high-valence coordination such as Cr3+ and Zr4+ for SCs. Meanwhile, the interaction mechanism 

among metal cations and organic linkers with various molar ratios remains unclear in the process 

of synthesis. As for nanocomposites derived from MOFs, “all in one” strategy is an efficient 

approach to cope with low working voltage window and performance. Most importantly, cyclic 

stability has become a main challenge for practical applications of MOF materials. Though some 

efforts have been put on and an increasing number of stable MOFs are reported, MOFs with 

various metal precursors have not achieved the same electrochemical performance. Hence, it is 

still crucial to further investigate the associated major impact factors, and thus to investigate new 

MOF materials for SCs with both high electrochemical performance and long-term lifespan. 

Consequently, the utilization of room-temperature aqueous-based electrolyte could tremendously 

enhance the energy and power density for SCs. It is rational as aqueous electrolyte exhibits high 

thermal stability, environmental-friendly character, wide working temperature range and potential 

window. It is not only beneficial to improve the electrochemical performance, but also 

advantageous to sustain the safe operation of the device. Here, Na2SO4 aqueous electrolyte will be 

applied as electrolyte for fabricating SC devices. Meanwhile, Ni-MOF-based electrode active 

materials have been viewed as promising candidates for high-performance SCs by virtue of their 

appealing physiochemical properties (i.e., good thermal stability, controllable and diverse 

structures). Meanwhile, nickel is not only naturally abundant, but also it exhibits high coordination 

number, which could result in excellent electrochemical performance. In addition to metal ions, 

the selection of organic ligand is vital as well. Among a wide variety of ligands, terephthalic acid 

as a polycarboxylate ligand has received great attention by reason of its various coordination 

modes, good thermal and chemical stability. For the same reason, carboxylate linkers have been 

widely utilized as bridging linkers for fabricating mesoporous MOFs. Besides, MOFs assembled 

by carboxylate ligands normally exhibit neutral skeletons, in which the possibility of the 

framework collapse is greatly reduced during activation. Thus, Ni-MOFs will be synthesized based 

on Ni2+ and carboxylate linkers in this project. Besides, most MOFs were found to be fabricated 

via a solvothermal approach using pure DMF or mixing with water, in which very few studies 

reported the synthesis of MOFs by adopting two organic solvents (DMF & ethylene glycol). 

Therefore, the electrochemical performance of Ni-MOFs synthesized via this method as SC 

electrode active materials will be extensively explored. 

In addition, graphene can be incorporated to enhance the electric conductivity of Ni-MOFs as it is 

a single-layer carbonaceous nanomaterial with the properties of relatively low electric resistivity, 

high chemical and thermal stability, large surface area and superb mechanical flexibility. 

Furthermore, due to the high porosity, structural tunability and capability to encapsulate guest 

nanostructures, other functional components, such as charge carriers (like sodium ions) and 

pseudocapacitance-rich materials (i.e., molybdenum disulfide and MOF-derived transition metal 

oxides), could be incorporated onto Ni-MOFs and their derivatives via post-synthetic 

modifications for promoting energy density as well as cyclic durability of the electrode materials. 
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Chapter 3: Chemicals and Characterizations 

 

3.1 Chemicals 

Nickel nitrate hexahydrate (Ni(NO3)·6H2O), N, N-Dimethylformamide (DMF, C3H7NO), ethylene 

glycol (EG, C2H6O2), sodium chloride (NaCl), potassium hydroxide (KOH) and sodium sulfate 

(Na2SO4) were received from R&M chemicals. P-benzenedicarboxylic acid (BDC, C8H6O4), 

polyvinylidene fluoride (PVDF) and N-methyl-2-pyrrolidone (NMP), sodium molybdate 

(Na2MoO4) and thioacetamide (CH3CSNH2) were purchased from Sigma-Aldrich. Acetylene 

black (C) was acquired from Alfa Aesar. High pyrolytic graphite flakes (HOPG) were obtained 

from Bay Carbon, USA and all the materials were purchased and utilized without further 

purification. Highly pure water (~18.2 MΩ cm) from Millipore system was employed throughout 

this study.  

 

3.2 Synthesis of Graphene Nanosheets 

Graphene nanosheets were fabricated through a modified sonochemical-assisted solvent 

exfoliation method, as illustrated in Fig. 3.1 [236]. Typically, 10 mg of HOPG was dissolved in 

100 mL solution composed of deionized water and ethanol (v : v = 3 : 2). This mixture was then 

sonicated for 4 hours via ultrasonic bath under ambient condition. The resultant graphene solution 

was centrifuged at 1000 rpm for half an hour and dried at 80 °C overnight. 

 

 

Figure 3.1. Schematic illustration for the synthesis of graphene via solvent exfoliation method. 

 

3.3 Material Characterizations 

The crystalline structures of the as-synthesized nanostructures were analyzed using power X-ray 

diffraction (XRD) with Cu-Kα radiation (λ=1.5406 Å) from 10 to 80°. Field Emission Scanning 

Electron Microscopy (FESEM, Quanta 400 F) and Transmission Electron Microscopy (TEM, 
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JEOL 2100 F, USA) were utilized to examine the surface morphology and internal structure of 

nanocomposites at 20 kV and 200 kV, respectively. An elemental study and mapping were 

conducted by using energy-dispersive X-ray spectroscopy (EDX). Moreover, elemental 

composition and chemical states of the nanocomposites were also examined by X-ray 

photoelectron spectroscopy (XPS, Axis Ultra DLD, UK). The Fourier transform infrared (FT-IR, 

Perkin Elmer Instrument) of these samples were obtained at wavenumber of 4000 to 400 cm-1 on 

a Universal Sampling Accessory. Additionally, thermogravimetry/derivative thermogravimetry 

was evaluated by using a thermogravimetry analyzer (TG-DTG, ‘STA 409’ NETZSCH) from 30 

to 800 ℃ at a ramping rate of 10 ℃ min-1 and nitrogen (N2) flow (10 mL min-1).  

 

3.3.1 X-ray Powder Diffraction (XRD) 

XRD is a rapid and non-destructive analytical technique for the identification of atomic spacing 

and crystal structures, in which the dimensional information on a unit cell can be provided through 

x-ray irradiation and measurement of intensity and scattering angle. It has a wide application in 

identifying crystalline phase, determining atomic arrangement as well as textural characteristics, 

such as phase composition, lattice space, growth orientation and grain size. Basically, the incident 

x-ray could be scattered by crystals, a periodic array of atoms, via interactions with electrons (also 

known as scatterers) of atoms. A constant array of orbicular waves is produced by a regular array 

of scatterers. These waves are able to eliminate each other through destructive interference in the 

main directions, whereas they constructively combine in a few explicit directions as determined 

by Bragg’s law: 

nλ = 2dsinθ (1) 

 

where n is a constant, λ is the wavelength, d is the lattice spacing and θ is the incident angle. 

All possible diffraction patterns could be detected by scanning a sample within a range of 2θ angles. 

These attained diffraction directions can then be converted to d spacing, which allows the 

identification of the crystal material as each material possesses a set of unique d spacing. Hence, 

the crystalline material can be identified by comparison of d-spacing with standard reference. 

 

3.3.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a surface sensitive technique utilized to identify the chemical composition of material 

surfaces (10 nm). Meanwhile, it can also be employed to analyze the chemical state of polyvalent 

ions through measuring the binding energies of these elements. This instrumental analysis is based 

on photoelectric effect, in which electrons are subsequently emitted from atoms when it is under 

impingement of electromagnetic radiation. Specifically, photoelectrons can be produced when the 

energy of impinging photons is higher than the binding energy of electrons, and the energy is 

directly proportional to the frequency. As a result, XPS spectrum is generated as the kinetic energy 

of the emitted electron is related to the binding energy as represented by Eq. (2). 

KE = hυ – BE - φ (2) 
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where KE represents kinetic energy of the ejected photoelectron, hυ is the energy of the incident 

photon, BE is the binding energy of the emitted electron and φ stands for spectrometer work 

function, which is normally stated as the energy between the vacuum energy level and Fermi level. 

 

3.3.3 Fourier Transform Infrared Spectroscopy (FT-IR) 

FT-IR is a versatile technique for surface characterization of materials. Basically, it is a 

mathematical process where infrared spectrum of transmission/absorption of a sample material is 

obtained by translating interferogram into actual spectrum. Chemical functional groups tend to 

adsorb infrared radiation with certain intensity and chemical bonds between atoms will bend, 

stretch and contract when the energy of infrared radiation is adsorbed by sample materials. These 

vibrations of chemical functional groups can be detected by infrared spectroscopy. Hence, it is 

beneficial to gain information about the intensity and wavelength of the adsorption, and hence the 

existing functional groups can be investigated. 

To eliminate the impact of environments as well as the instrument, a background spectrum, a 

spectrum measured without any sample, must be obtained before analyzing samples. A 

transmittance spectrum is derived (Eq. (3)) by normalizing the FT-IR spectrum of sample. 

%T = I/Io (3) 

 

where %T stands for the transmittance, I and Io are the intensity obtained from sample materials 

and background spectrum. 

Besides, the absorbance spectrum (A) can also be obtained from the calculated transmittance by 

following formula: 

A = -log10 T (4) 

 

3.3.4 Field Emission Scanning Electron Microscopy (FESEM)/Transmission Electron 

Microscopy (TEM) 

FESEM/TEM are utilized for observing the surface of a material, in which morphology, topology 

and metallographic details can be investigated. During the measurement, the surface of the 

specimen is scanned by electrons with negative charges, which are liberated from a field emission 

source. Electrons are scattered and the secondary electrons can be collected by a detector, in which 

the speed of secondary electrons are reduced due to hitting the surface. Subsequently, a magnified 

image will be created by these secondary electrons. As a result, the topology as well as morphology 

of the sample can be illustrated. Meanwhile, the electron, which is backscattered, from the surface 

is beneficial to differentiate the composition of the sample.  

The core difference between these two instruments is that FESEM focuses on the surface of a 

sample while TEM is able to analyze the internal structure. In fact, the image created by FESEM 

is through detecting the reflected electrons on the surface. The electron from TEM, on the other 

hand, can penetrate through the sample material and the emitted electron can be captured. 

Consequently, TEM normally exhibits a higher resolution (~0.5 Å) as compared to FESEM (0.4 

nm). 
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3.3.5 Thermogravimetry Analysis (TGA) 

The changes in physiochemical properties can be analyzed by TGA. Specifically, the physical 

properties, such as vaporization, desorption and the second-order phase transition can be 

investigated by performing TGA. Moreover, dehydration, oxidation and decomposition of a 

sample can be easily determined by thermal analysis. In general, there are two kinds of thermal 

analysis: (i) The temperature increases continuously while the heating rate is a constant, which is 

favorable for ensuring the temperature where the gas is removed and identifying the amount of 

removed gas. (ii) The temperature is fixed and the mass against time is being measured, which 

offers information on the temperature where a decomposition occurs.  

 

3.4 Electrochemical Measurement 

The working electrode was fabricated by mixing active materials (70%), acetylene black (10%) 

and PVDF binder (20%), with the assistance of 0.2 mL of NMP. The active material, Ni-MOFs 

and Ni-MOFs/graphene nanocomposites, were mixed with AC at a mass ratio of 80 : 20 (w/w) to 

further enhance the surface area. Subsequently, the homogeneously mixed black slurry was then 

coated on a clean piece of glass substrate and heated at 60 ℃ overnight. When the electrode 

material was completely dried, it was then soaked in D.I. water for around 10 min and the glass 

substrate was removed. Finally, the as-obtained electrode was dried in oven at 70 ℃ for 5 hours 

to remove the residue water molecules.  

The electrochemical measurement was carried out in a sodium chloride/sulfate (NaCl/Na2SO4, 2M) 

aqueous electrolyte on a PGSTAT302F Metrohm Autolab workstation, in which two-electrode 

configuration was adopted due to its resemblances to real application. For comparison purpose, 

2M KOH electrolyte was used in a similar setup. During the fabrication of cell, the as-fabricated 

electrode was tightly contacted on stainless steel (current collector) by mechanical force and a 

nylon membrane (Sigma-Aldrich) was used as separator. The electrochemical properties of the as-

synthesized MOF-based nanomaterials were investigated using Cyclic Voltammetry (CV) at 

various sweeping rates ranging from 50 to 500 mV s-1 within a potential window of 2.0 V (-1.0 – 

1.0 V), Electrochemical Impedance Spectroscopy (EIS) was carried out in a frequency range of 

0.01 – 105 Hz with an AC signal of 10 mV amplitude, while the Galvanostatic Charge-Discharge 

(GCD) analysis was conducted at different current densities (i.e., 0.3 – 3.0 A g-1). 

The specific capacitance for symmetrical capacitors is calculated from Eq. (5 – 7), and the 

corresponding energy density (E, Wh kg-1) and power density (P, W kg-1) of electrodes are 

calculated from Eq. (8) and (9) [237, 238]. Additionally, the energy deliverable efficiency (η), also 

known as coulombic efficiency, was acquired from Eq. (10) as follows: 

 

𝐶𝑠𝑝 =
𝐶𝑡
2𝑀

=
𝐶𝐸
4𝑀

 (5) 

𝐶𝐸 =
𝐼∆𝑡

∆𝑉
 (6) 
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𝐶𝑡 =
𝐶𝐸
2

 (7) 

𝐸 =
1

2
𝐶𝑠𝑝𝑉

2 (8) 

𝑃 =
𝐸

∆𝑡
 (9) 

η =
𝑡𝑑
𝑡𝑐
× 100% (10) 

 

where Csp is the specific capacitance of the cell (F g-1); Ct, with a unit of F, stands for the 

capacitance of the electrodes; M (g) denotes the average loading mass of active materials by 

assuming the mass loading on each electrode is identical; CE (F) is the electrochemical capacitance 

of one single electrode. Meanwhile, I, with a unit of A, is the discharge current and Δt (s) is the 

discharging duration, in which the time period for internal resistance drop is excluded. ΔV (V) 

represents the potential difference between the end of IR drop and fully discharge. Lastly, η is the 

coulombic efficiency (%), td and tc are the charging and discharging time, respectively. 

 

3.4.1 Cyclic Voltammetry (CV) 

CV is common employed for evaluating the electrochemical behavior of an electrochemical 

system, which is a kind of potentiodynamic electrochemical measurement measuring the 

developed current in an electrochemical system when the applied potential is higher than that 

predicted by the Nernst equation. Generally, ramp signal is provided during CV measurement, and 

a current-voltage profile consisting of two branches is obtained. If a negative ramp signal is applied 

for the forward scan, a reduction wave could be detected due to the reduction of active materials 

on the electrode. The applied voltage is switched after completing the first half-cycle and a positive 

ramp signal is offered for the second half-cycle, in which the reduced electrode active materials 

are oxidized and oxidation wave is recorded. The signal will come back to the same position where 

it started as the system is going to achieve the equilibrium state. Hence, the information on the 

potential range and the electrochemical reaction parameters, such as reversibility and electron 

transfer kinetics, can be observed and estimated by applying CV analysis. 

 

3.4.2 Electrochemical Impedance Spectroscopy (EIS) 

EIS is helpful to revolutionize research in the area of electrochemistry, and it is considered as one 

of the crucial techniques to characterize electrochemical reaction mechanisms. The 

electrochemical impedance is analyzed through applying an oscillating (alternating current) 

electric signal to an electrochemical cell to investigate the interfacial effects between electrode and 

electrolyte. Commonly, a sinusoidal current with a relatively small amplitude is utilized as the 

disturbance signal owing to two reasons: (i) A significant impact on the electrochemical system 

can be avoided. (ii) An approximately linear relationship between the corresponding response and 

disturbance can be acquired, which is beneficial to simplify the mathematical process of the 

resultant signals. As a result, the electrochemical system can be studied by an equivalent circuit.  
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3.4.3 Galvanostatic Charge and Discharge (GCD) 

Galvanostatic charge and discharge analysis, also known as constant current charge and discharge, 

is usually utilized to examine the electrochemical energy storage properties of electrode active 

materials and energy storage systems, such as irreversibility, capacitive response, energy and 

power density. The utilization of this technique involves applying a constant current (both positive 

and negative) to charge and discharge the material or system under certain potential range.  

Typically, the potential of a working electrode is recorded by applying a constant current between 

working and counter electrodes. To maintain the balance of the system, redox active species start 

to diffuse to the surface on the working electrode until the diffusion-limited concentration of the 

redox species is depleted. Meanwhile, the potential of the working electrode would switch to 

characteristic value based on Nernstian fashion, and followed by a dramatic change to a more 

negative value until a second reduction taking place. The shift is called the transition time. Hence, 

the potential of the cell, including both anode and cathode, can be measured accurately.  

Additionally, the cycling performance of a given cell can be studied as well. 
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Chapter 4: Solvothermal Synthesis of Nanostructured Nickel-based Metal-

Organic Frameworks (Ni-MOFs) With Enhanced Electrochemical 

Performance for Symmetric Supercapacitors  

 

4.1 Introduction 

Wearable and portable gadgets have been emerging as a new trend for electronic devices nowadays 

for efficient and convenient human life, as the interactions between human and computer have 

become a potential prospect. The availability of energy storage with light weight, high power and 

energy density is the most challenging issue to drive intelligent devices. Among a wide range of 

energy storage systems, SCs are emerging as one of the potential solutions on the strength of 

superior charging and discharging rate performance, excellent power density and long-term 

cycling life [239, 240]. Despite the appealing high-power density and rate performance of MOF-

based SCs, the relatively low cyclability and energy density have greatly hampered their real 

applications. As a result, the investigation and development of promising electrode active materials 

with large surface areas and high porosity are still crucial for high-performance SCs.  

Among a variety of reported porous MOF materials, Ni-MOF nanostructures s are found to possess 

excellent electrochemical performance owing to the high electrical conductivity and excellent 

cyclability [245]. Nevertheless, it is hard to predict the bulk architectures, morphologies and 

porosities as there are numerous bonding interactions between metal sites and organic ligands. 

Moreover, only a few studies were carried out to systematically investigate the impact of reaction 

duration and processing temperature on the supercapacitive property of the electrode material. 

Besides, in our previous study [241], it was found that binary solvent with high viscosity and 

dielectric constant was favorable for size reduction of the Ni-MOFs from micrometers to 

nanomaterials. The micro-structures have been reported to provide large surface areas and 

effective channels for the storage and diffusion of electrolyte ions. Therefore, it is crucial to 

explore synthetic methods and conditions that yield MOFs with desirable structures and 

morphologies for high-performance SCs. 

Herein, the impact of two crucial processing parameters including the temperature and duration of 

solvothermal reaction, on the electrochemical performance of benzene dicarboxylic acid-based 

MOFs were systematically studied.  Ni-MOFs were first prepared at different temperatures ranging 

from 100 to 200 ℃ and with different reaction duration (8 – 32 h), while the corresponding 

electrochemical performance was studied accordingly. It was found that negligible amount of 

product was produced when the isothermal temperature was low (100 ℃), mainly due to the high 

energy barrier. In contrast, the decomposition of MOFs to corresponding metal oxides were 

observed at a high reaction temperature of 200℃. Meanwhile, the average sizes of Ni-MOF 

nanosheets tended to decrease with increasing reaction temperatures, and the crystallinity of these 

nanostructures was enhanced as reaction time was prolonged. The Ni-MOF nanomaterials 

synthesized at an optimum solvothermal temperature of 160 ℃ exhibited excellent 

electrochemical properties. In particular, a superior cycling durability (118% after 10,000 cycles) 

was achieved in an aqueous electrolyte. Additionally, the maximum delivered energy density of 

the electrode was recorded at 22.44 Wh kg-1. 
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4.1.1 Synthesis of Ni-MOF Nanomaterials 

The Ni-MOF nanomaterials were synthesized via a facile and low-cost solvothermal method, as 

reported elsewhere [241]. Meanwhile, in our previous study, it was found that the optimum 

coordination ratio between nickel (Ni) and oxygen (O) atoms was 1:6. Hence, a similar molar ratio 

between metal precursors and organic ligands was adopted in the current study. In a typical 

synthesis, 0.314 g of Ni(NO3)2·6H2O and 0.030 g of H2BDC were dissolved in a binary solvent (5 

mL EG + 8 mL DMF) under ambient conditions. After stirring for 60 min, the green mixture was 

subsequently transferred into a Teflon-lined stainless-steel autoclave, which was then heated at 

160 ℃ for 32 h. When it was cooled down to room temperature, the light green precipitates were 

centrifuged and washed with DMF and ethanol several times. The obtained green products were 

then subjected to solvent exchange for 96 h at a temperature of 60 ℃. Lastly, the resultant products 

were centrifuged and dried in vacuum oven overnight. 

Similarly, other Ni-MOF samples were synthesized via this synthetic procedure by adjusting 

different solvothermal time and temperatures, respectively. The corresponding nanomaterials were 

denoted as FG12032, FG14032, FG18032 and FG20032 for Ni-MOFs synthesized at 120, 140, 180 and 

200 ℃ for 32 h, respectively. Besides, FG16008, FG16016, FG16024 and FG16032 were synthesized at 

an optimum temperature of 160 ℃ for 8, 16, 24 and 32 h, respectively. 

 

4.2 Results and Discussion 

4.2.1 Material Characterizations 

X-ray single-crystal diffraction patterns were obtained for Ni-MOF samples synthesized at 

different solvothermal temperatures and times, as shown in Fig. 4.1a and b. Two distinct broad 

peaks at 8.93° and 15.75° were observed, which could be related to the (100) and (1̅01) planes of 

Ni-MOF, respectively. A relatively weak peak at 11.93°, 31.73° and 40.29° were noticed as well, 

corresponding to the (010), (31̅1) and (41̅1) planes respectively. All these peaks were similar to 

the XRD patterns of Ni-MOFs reported in the literatures [242-244]. Meanwhile, the (100) plane 

was identified as the largest exposed facet besides the one synthesized at a high solvothermal 

temperature of 200 ℃. Besides, the diffraction planes (111) and (200) of NiO (JCPDS. 89-3080) 

were detected at 37.39° and 43.44°, respectively [245]. This finding indicated that the Ni-MOF 

nanostructures partially decomposed at such high temperature, leading to the formation of NiO. 

Additionally, these XRD patterns of Ni-MOFs synthesized at 120 and 140 ℃for 8 h exhibited 

weak crystalline nature. The crystalline intensity gradually increased with both reaction 

temperature and time (Fig. 4.1a and b).  

The formation of Ni-MOFs was also confirmed by using FT-IR spectra, as depicted in Fig. 4.1c 

and d. The wide bands at approximately 3426, 3364 and 3088 cm-1 were ascribed to the existence 

of coordinated H2O molecules within these nanomaterials [246]. Meanwhile, the stretching 

vibrations of OH- could be observed at around 3612 cm-1. Two strong peaks at 1576 and 1382 cm-

1 were attributed to the asymmetric and symmetric stretching vibrations of the coordinated –COO- 

groups, respectively. The separation between these two peaks evidently indicated that the 

coordination between organic ligands (H2BDC) and metal cations (Ni2+) was in a bidentate mode 
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[246]. The bands in the range of 1006 – 1120 cm-1 in the IR spectra were assigned to the bending 

vibrations of C-O groups and the stretching O-Ni-O could be observed from 435 to 545 cm-1. The 

presence of C-N stretching, resulting from the stretching vibration of aromatic amines, was 

detected in the range of 1290 – 1310 cm-1 for Ni-MOFs synthesized at different reaction times, 

which indicated that DMF molecules were incorporated during the formation of Ni-MOF crystals 

[247]. However, the C-N stretching peaks were shifted from 1290 to 1324 cm-1 when the 

solvothermal temperature was increased from 120 to 200 ℃, suggesting a weakening of the bond 

between metal precursors and DMF solvent, and less amount of DMF molecules were coordinated 

into the Ni-MOF crystals which synthesized at a high solvothermal reaction temperature. 

 

Figure 4.1. The XRD patterns (a, b) and FT-IR spectra (c, d) of Ni-MOFs synthesized at different 

solvothermal temperatures and times. 

 

FESEM was carried out to investigate the morphologies and nanostructures of as-synthesized Ni-

MOF nanomaterials. Fig. 4.2 illustrates the FESEM images of Ni-MOFs prepared at different 

reaction temperatures. Ni-MOFs possessed hierarchical hollow microstructures owing to the 

aggregation of Ni-MOF nanosheets. Meanwhile, it was observed the sizes of holes within the 

hierarchical nanostructures decreased with increasing solvothermal temperatures from 120 to 
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200 ℃. Particularly, randomly distributed and small-sized nanosheets were seen in FG18032 (Fig. 

4.2e), and the hierarchical structure was slightly changed to hierarchical microsphere morphology 

with diameters in the range of 0.92 – 1.26 μm. More significantly, the nanosheet-like structure 

disappeared when the Ni-MOFs were synthesized at 200 ℃ (Fig. 4.2g and h), which could be 

attributed to the high nucleation rate at a high solvothermal temperature. Hence, it evidently 

revealed the reaction temperature was responsible for the change in the structure and morphology 

of Ni-MOFs owing to the different nucleation rates.  

Fig. 4.3 shows the FESEM images for Ni-MOF nanomaterials synthesized at 160 ℃ for different 

solvothermal reaction times. All the nanomaterials exhibited hierarchical hollow microstructures, 

in which Ni-MOFs were formed by the densely stacked two-dimensional nanosheets, even though 

the solvothermal reaction time was prolonged from 8 to 32 h. This could be explained by 

crystalized-dissolved equilibrium as proposed by Seo et al. [248] Once the reaction reaches 

equilibrium, the crystallization rate and dissolution rate are the same. As a result, the extension of 

the reaction time only increased the product yields from 62.74% (FG16008), 63.71% (FG16016), 67.06% 

(FG16024) to 73.04% (FG16032), but did not cause any significant impact on the changes of the 

structure and morphology of the products. Moreover, N2 adsorption/desorption isotherm was 

conducted to investigate the surface area and porosity as demonstrated in Fig. 4.4.  The estimated 

BET surface area and pore volume of FG16032 were 3.48 m2 g-1 and 0.038 m3 g-1, respectively. 

Additionally, the obtained mean pore size was 25.8 nm. 

Besides, Energy-dispersive X-ray spectroscopy and elemental mapping analysis were conducted 

to examine the elemental compositions of the Ni-MOFs. As depicted in Fig. 4.5 and 4.6, a uniform 

distribution of Ni, C, O and N was clearly observed. The appearance of small amount of N could 

be derived from DMF solvent, manifesting DMF molecules were incorporated into the as-

synthesized Ni-MOFs. As illustrated in Fig. 4.5, it was worth noting that the N content decreased 

when the solvothermal reaction temperatures were increased, revealing a high solvothermal 

temperature was unfavorable for the coordination of DMF solvent molecules. These results are in 

consistent with FT-IR finding and confirmed that solvothermal treatment temperature not only had 

a crucial role to play in the structures and morphologies of Ni-MOFs, but also had an important 

impact on the content of coordinated solvent molecules. 
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Figure 4.2. FESEM for Ni-MOF nanomaterials synthesized at different solvothermal temperatures 

of (a, b)120 ℃, (c, d) 140 ℃, (e, f) 180 ℃ and (g, h) 200 ℃. 
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Figure 4.3. FESEM images for Ni-MOFs synthesized at 160 ℃ for (a, b) 8h, (c, d) 16h, (e, f) 24h 

and (g, h) 32h. 
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Figure 4.4. N2 adsorption and desorption isotherms and pore size distribution (inset) of FG16032.  

 

The Ni-MOF nanostructures synthesized at 160 for 32h were further characterized by transmission 

electron microscopy (TEM). The typical low magnification TEM images were depicted in Fig. 4.7, 

which illustrated the aggregated nanosheet structures. To observe the lattice compression of as-

synthesized Ni-MOFs, fast Fourier transform (FFT) analysis was performed at a selected area 

indicated in Fig. 4.7a, and the corresponding results were displayed in Fig. 4.7b and c. The 

calculated d spacing was 5.26 Å, corresponding to the plane of (1̅12). The obtained result was in 

good agreement with the selected area electron diffraction (SAED) pattern as shown in Fig. 4.7d, 

confirming the excellent crystallinity of FG16032 nanostructures. Additionally, high-resolution 

TEM (HRTEM) was carried out to evaluate the lattice fringes of FG16032 (Fig. 4.7e). The detected 

diffraction planes matched well with diffraction data from CCDC 638866. 
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Figure 4.5. Elemental mapping and EDX images for Ni-MOF nanomaterials synthesized at 

different solvothermal temperatures of (a)120 ℃, (b) 140 ℃, (c) 180 ℃ and (d) 200 ℃. 
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Figure 4.6. Elemental mapping and EDX images for Ni-MOFs synthesized at 160 ℃ for (a) 8h, 

(b) 16h, (c) 24h and (d) 32h. 
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Figure 4.7. (a) TEM images of FG16032 nanomaterials, the corresponding (b) FFT pattern and (c) 

lattice spacing. (d, e) SAED patterns. 

 

To evaluate the thermal stability of Ni-MOFs prepared at different solvothermal times and 

temperatures, TG-DTA analysis was performed and the finding was shown in Fig. 4.8 and 4.9. It 

could be clearly seen that Ni-MOFs synthesized at different solvothermal temperatures had 

different thermographic profiles. It was obvious that FG12032 possessed a very unstable structure, 

and the structure collapsed at temperature over 200 ℃. Meanwhile, FG14032 had a similar thermal 

degradation trend as those obtained at 160 ℃, while the main difference was the weight loss in the 

range of 170 – 250 ℃. This suggested the number of solvent molecules adsorbed in the pores were 

reduced when the solvothermal temperature was increased. Besides, for samples synthesized  

above 160 ℃, a  gradual weight loss was observed between 30 and 350 ℃ because of the removal 

of physically and chemically adsorbed water and organic solvent molecules on the surface [249]. 

A rapid weight loss was identified when the temperature was higher than 350 ℃ owing to the 

conversion of Ni-MOF to its metal oxide (NiO). In addition, all samples (FG16008 – FG16032) 

prepared at 160 ℃ showed similar TGA profiles, indicating these samples exhibited similar 

chemical composition and architectures. 
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Figure 4.8. Thermogravimetric analysis for Ni-MOF nanomaterials synthesized at different 

solvothermal temperatures (a) and times (b).  

 

Figure 4.9. Derivative thermogravimetric curves for Ni-MOF nanomaterials synthesized at 

different temperatures. 

 

In the current study, it was found that DMF molecules could react and coordinate with metal 

precursors at the ratio of 6 : 1 (Ni2+ : H2BDC), although the reaction temperature was as low as 

120 ℃. To further prove this finding, Ni-MOFs were prepared at 160 ℃ for 6 h at molar ratios of 

Ni2+ to H2BDC ranging from 1:1 to 5:1. The EDX and elemental mapping of the resultant Ni-
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MOFs were demonstrated in Fig. 4.10 and 4.11. It was found that element N started to appear 

when the ratio exceeded 4:1. Hence, we could conclude that solvent molecules (DMF) could 

coordinate with metal ions during the synthesis when the metal cations were in excess. When only 

a few numbers of metal precursors appeared in a system, the main coordination occurred between 

Ni2+ and H2BDC. DMF could interact with Ni2+ as organic ligand was completely consumed. As 

a result, the variation could be observed in terms of topology, morphology and electrochemical 

property of the as-synthesized Ni-MOF nanomaterials. Besides, it was worth noting that the 

coordination of DMF molecules did not alter the crystallinity but changed the porous structures 

and morphologies of Ni-MOFs, as a result of coordination complex formation [250, 251]. 

 

Figure 4.10. EDX and elemental mapping images for Ni-MOFs synthesized with a molar ratio 

between Ni2+ and H2BDC of (a, b) 2 : 1 and (c, d) 3 :1. 



83 

 

 

Figure 4.11. EDX and elemental mapping images for Ni-MOFs synthesized with a molar ratio 

between Ni2+ and H2BDC of (a, b) 4 : 1 and (c, d) 5 :1. 

 

4.2.2 The Impact of Reaction Temperature 

In the current study, it was found that only negligible number of Ni-MOF precipitates were 

obtained, when the isothermal temperature was 100 ℃. This could be attributed to the high Gibbs 

free energy barriers for the coordination of Ni2+ and H2BDC at this temperature. Moreover, this 

could be interpreted by the fundamental mechanisms of crystal growth as well [252]. Initially, 

crystal nucleus starts to form once the surface energy is overcome, and the generation of crystal 

nuclei can only take place when the solution reaches supersaturation [253]. In a saturated solution, 
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a dynamic equilibrium is reached where the solvation and reformulation rates are the same. Hence, 

a stable existence of nuclei only occurs in supersaturated solution. Besides, these nuclei start to 

concurrently or sequentially grow to large-sized units with different structures and morphologies. 

As a result, the formation of MOF crystals with desired morphology and structures greatly relies 

on supersaturation [254]. Additionally, it is known that solubility of organic ligands would increase 

with the solvothermal temperature due to the increase in pressure. It is also found the solubility of 

H2BDC was quite low at a lower temperature [255], as shown in Fig. 4.12a. In this case, the 

supersaturation could not be reached at such reaction temperature (Fig. 4.12b, green trace), the 

coordination between metal precursors (Ni2+) and organic ligands (BDC2-) was hence hindered.  

The average dimensions of these Ni-MOF nanosheets decreased with increasing reaction 

temperatures from 120 to 200 ℃. Similar result was observed in Tsai’ s study as well [256], in 

which the average particle sizes of nZIF-8 nanoparticles declined from 78 nm to 27 nm as the 

reaction temperature raised from -15 to 60 ℃. This could be due to the fact that the formation of 

Ni-MOF nuclei was limited at a lower synthesis temperature, and majority of precursors was able 

to access a small number of nuclei and grow into larger sheets. Nonetheless, the nucleation rate 

was further enhanced when the treatment temperature was increased, leading to a higher 

concentration of nuclei. Consequently, the average sizes were further reduced. It can be concluded 

that the nucleation rate of Ni-MOFs was mainly dependent on the solvothermal temperature.  

Based on the classic Lamer nucleation and growth model [257, 258], the nucleation and crystal 

growth of MOF nanostructures go through three stages, as demonstrated in Fig. 4.12b. (i) The 

concentration of reactive monomers increases rapidly when metal precursors and organic ligands 

are well mixed (stage I). (ii) Subsequently, MOF nuclei are formed quickly as the concentration 

of reactive monomers reaches supersaturation concentration (Css), which is also known as critical 

nucleation concentration (stage II). Meanwhile, the concentration of monomers decreases 

drastically since nucleation can take place immediately. (iii) Lastly, generated nuclei start to grow 

when the concentration returns back to saturation (stage III), in which solvation rate is the same as 

crystal growth rate. When Ni-MOFs were synthesized at slightly low solvothermal temperatures, 

such as 120 and 140 ℃ (Fig. 4.12b, blue trace), majority of precursors (Ni2+ and BDC2-) were able 

to react with very few nuclei due to the slow nucleation rate. Consequently, large pieces of 

nanosheets could be produced. Additionally, these nuclei start to aggregate due to van der Waals 

forces [259]. Nonetheless, nucleation rate could be fastened with increasing reaction temperature 

[260], a large number of nuclei could be generated quickly (Fig. 4.12b, red trace). Only a small 

number of precursors could react with generated nuclei owing to the rapid consumption of metal 

precursors and organic ligands. Moreover, high supersaturation could be achieved at high pressure 

and elevated temperature (i.e., 180 and 200 ℃), which was also favorable for the generation of 

small-sized crystals [261]. Consequently, the resultant average sizes of the Ni-MOF particles were 

reduced. These generated stable Ni-MOF nanoparticles would contact with each other to form 

clusters with different morphologies by taking advantage of the high surface energy [262] and 

inevitable  random coagulations.  
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Figure 4.12. Solubility of p-benzenedicarboxylic acid in DMF solution (a) and the classic Lamer 

nucleation and growth model (b). 

 

4.2.3 Electrochemical Analysis 

4.2.3.1 Cyclic voltammetry (CV) 

To examine the electrochemical performance of these electrode materials, CV analysis was 

performed at various scan rates ranging from 50 to 500 mV s-1 in 2M NaCl aqueous electrolyte. 

The operating potential window of the as-fabricated SC device was analyzed at a sweeping rate of 

50 mV s-1 (Fig. 4.13a). It was obvious that the CV profiles presented quasi-rectangular shapes 

without any Faradaic redox peaks within the potential windows from -1.0 to 1.0 V, suggesting the 

electrode could operate stably within this operating electrochemical window range. Fig. 4.13b and 

c show the cyclic voltammograms of Ni-MOF nanomaterials synthesized at different solvothermal 

times and temperatures at a scan rate of 50 mV s-1 within -1.0 – 1.0 V potential range. The existence 

of any oxidation and reduction peaks were not observed within the scanning range, suggesting 

these electrode active materials possessed electric double-layer capacitive (EDLC) behavior. 

Meanwhile, similar CV curves with approximately same encircled areas were found for Ni-MOFs 

synthesized at various solvothermal times. However, an obvious variation in the CVs was observed 

for Ni-MOFs synthesized at different solvothermal temperatures. Specifically, the enclosed areas 

as well as peak current densities gradually increased from 120 ℃ to 160 ℃ but then started to 

decrease until 200 ℃. The amorphous structure of Ni-MOFs obtained at a low temperature was 

unfavorable for the fast diffusion of ions due to the tightly contacted layers. Moreover, the partially 

broken structure was not able to store enough electrolyte, leading to the reduction in capacitance. 

On the other hand, the small-sized 2D nanosheets could enlarge the area for charge storage and 

hence improved the capacitive performance, and the electrolyte ion transport could be significantly 

hampered by the narrowed hollow structures resulting from a higher reaction temperature. For 

comparison, the CV of FG16032 was also evaluated in a three-electrode system using 2M KOH 

aqueous electrolyte. The appearance of a pair of redox peaks (Fig. 4.14a) indicated the 

predominance of pseudocapacitance in the charge storage. Furthermore, the delivered maximum 

specific capacitance was 619.62 F g-1 and 73.7% (Fig. 4.14b & c) of its initial capacitance could 

be retained when the current density was increased by 10 folds, indicating the outstanding 

electrochemical property of FG16032 nanomaterials. Hence, the solvothermal temperature at 160 ℃ 
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was identified as the optimum temperature for the synthesis of Ni-MOF nanomaterials in the 

current study. 

 

Figure 4.13. Optimization of potential window of Ni-MOF SC electrode in 2M NaCl (a). Cyclic 

voltammetry for Ni-MOF nanomaterials synthesized at different reaction temperatures (b) and 

times (c). 

 

 

Figure 4.14. The (a) CV, (b) GCD profiles and (c) specific capacitance calculated from GCDs of 

FG16032 nanomaterials in 2M KOH electrolyte. 

 

The CV profiles of Ni-MOF nanomaterials synthesized at different solvothermal times at scan 

rates between 50 and 500 mV s-1 were shown in Fig. 4.15. Clearly, quasi-rectangular shapes were 

retained by all samples, annotating the sodium storage was controlled by EDLC behavior.  

Meanwhile, the corresponding current density rose with increasing scan rates, and the quasi-

rectangular shape could be maintained by these nanomaterials even though the scan rate reached 

up to 500 mV s-1. This was a good indication of the excellent charge/ionic kinetics of the as-

synthesized electrode active materials [263]. The deviation from fairly rectangular shape at high 

scan rates could be ascribed to the diffusion-limited process, in which electrolyte ions (Na+/Cl-) 

did not have sufficient time to completely access the internal pores of the fabricated electrode at a 

high scan rate [264]. The lack of smooth inner-pore transfer channels could eventually result in a 

higher internal resistance (IR) drop at a high current density. Besides, a higher specific capacitance 

was acquired at a lower scan rate, suggesting the crucial role of micro- and meso-pore structures 

in the ion transfer and charge storage, respectively [265]. 
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Figure 4.15. Cyclic voltammetry profiles for Ni-MOFs synthesized at 160 ℃ for 8 (a), 16 (b), 

24 (c) and 32 hours (d) with different scan rates ranging from 50 to 500 mV s-1. 

 

To further investigate the charge and energy storage mechanisms of Ni-MOF nanomaterials 

synthesized at 160 ℃, the relationship between peak current and scan rate/square root of scan rate 

was studied ranging from 50 to 500 mV s-1 (Fig. 4.16a and b). According to the linear fitting, it 

was obvious that both plots (i vs. υ and i vs. υ1/2) presented a linear trend, whereas the R2 values 

were found to be slightly higher for i vs. υ1/2 plots, indicating the dominance of diffusion-controlled 

process in energy storage, in which the insertion and deinsertion of electrolyte ions showed great 

influence on the charge storage. Hence, it could be interpreted that diffusion-limited process was 

the favorable fit mechanism for Ni-MOFs synthesized from different solvothermal times at 160 ℃ 

in neutral aqueous electrolyte. 

Dunn’s power-law method was employed  to better understand the charge storage mechanism in 

the electrode active materials [266], as given in Eq. (11): 

𝑖 = 𝑎𝑣𝑏 (11) 
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where a and b are two constants, i is the potential-dependent current and υ denotes the scan rate. 

To obtain the value of b, ln(i) vs. ln(v) (𝑙𝑛(𝑖) = 𝑏𝑙𝑛(𝑣) + 𝑙𝑛⁡(𝑎)) was plotted in Fig. 4.16c and 

the value of b could be obtained from the slope of the plot.  In general, nondiffusion-limited process 

is responsible for charge storage if b is close to 1.0, while diffusion-limited process is dominant if 

b is approximately 0.5. According to the linear plots of ln(i) vs. ln(v), the values were found to be 

in the range of 0.44 < b < 0.61 at 1.0 V, manifesting the diffusion-limited process was the 

dominance in charge storage for Ni-MOF nanomaterials synthesized at 160 ℃. The linear 

relationship of Ni-MOF16032 at different potentials (from 0.5 to 1.0 V) was shown in Fig. 4.16d. 

The b-value was found to rise gradually with an increasing potential but not more than 0.6, which 

were 0.525, 0.544, 0.559, 0.573, 0.582 and 0.597 at 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 V, respectively. 

It evidently annotated the energy and charge storage were mainly dominated by diffusion-limited 

process for these Ni-MOFs synthesized at 160 ℃. 

 

Figure 4.16. The relationship between peak current and scan rate (a) square root of scan rate (b). 

The power-law relationship of Ni-MOFs obtained at 160 ℃ for different times (c) and FG16032 at 

different potentials (d). 
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The quantitative contribution of capacitive and diffusion-limited processes could be further 

evaluated by a modified power-law. Typically, the current at a particular voltage could be 

subdivided into capacitive current (icap) and diffusion-limited current (idiff) as given in Eq. (12): 

𝑖 = 𝑖𝑐𝑎𝑝 + 𝑖𝑑𝑖𝑓𝑓 = 𝑘1𝑣 + 𝑘2𝑣
0.5 (12) 

where k1 and k2 are constants for capacitive and diffusion-limited processes, respectively. 

Fig. 4.17(a – d) displays the proportion of current contributions from both capacitive and 

diffusion-limited processes at a scan rate of 50 mV s-1. The contribution from capacitive process 

was less than one quarter of the total current contribution, demonstrating the dominance of 

diffusion-limited process. It could be observed that the closed capacitive contributions lied beyond 

the primary CV curves, mainly owing to the electrode polarization [267, 268]. Moreover, the 

calculated percentage contribution of capacitive and diffusion-limited processes was depicted in 

Fig. 4.17(e – h) for Ni-MOFs synthesized for different solvothermal durations. The current 

contribution from diffusion-limited behavior was dominant in all Ni-MOF nanomaterials at low 

scan rates (<200 mV s-1). However, at a high scan rate, the charge contribution was mainly from 

capacitive process due to the slow diffusion in bulk materials.  

 

Figure 4.17. Capacitive and diffusion-limited capacitance contribution at 50 mV s-1 for (a) FG16008, 

(b) FG16016, (c) FG16024 and (d) FG16032, respectively and the proportion of EDLC and diffusion-

limited capacitance contribution at different scan rates for Ni-MOFs synthesized at different 

hydrothermal times: (e) FG16008, (f) FG16016, (g) FG16024 and (h) FG16032. 

 

4.2.3.2 Galvanostatic charge-discharge (GCD) 

The electrochemical performance of Ni-MOF nanostructures synthesized at different solvothermal 

temperatures and times in 2M NaCl electrolyte was quantitatively evaluated by employing GCD 

technique within 0 – 1.0 V. The GCD measurement was performed to investigate the rate capability 

of the as-fabricated electrode at various current densities of 0.3, 0.6, 0.9, 1.2, 1.5 and 3.0 A g-1. As 

depicted in Fig. 4.18, all the GCD curves showed feckly symmetrical triangular shapes, indicating 
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the charge storage mechanism was based on electrostatic ion adsorption/desorption at the electrode 

and electrolyte interface [269]. A slight potential drop (also known as IR drop) was observed at 

the beginning of discharging. The small IR drop might be caused by the Ni-MOFs with cross-

linked structures. All the obtained results are in accordance with the behavior shown on the CV 

profiles.  

The charging and discharging profiles of Ni-MOF nanomaterials synthesized at different 

solvothermal temperatures were demonstrated in Fig. 4.18a at a current density of 0.3 A g-1.  

FG16032 possessed the longest discharge time among other samples, indicating the outstanding 

electrochemical capacitance. The calculated specific capacitances of the different samples were 

found to follow the order of FG20032 (63.19 F g-1) < FG12032 (105.56 F g-1) < FG18032 (108.21 F g-1) 

< FG14032 (116.31 F g-1) < FG16032 (167.49 F g-1). The least electrochemical capacitance of FG20032 

could be caused by the broken structure over high-temperature solvothermal process, in which the 

porosity and surface area were greatly reduced. Even though Ni-MOF12032 was synthesized at 120 ℃ 

(low isothermal temperature), a relatively low specific capacitance was obtained. Such low 

temperature was found to be unfavorable to form a stable structure. The loosely aggregated Ni-

MOF nanosheets could not tolerate the stress during charging/discharging process [270], which 

was confirmed by XRD and TGA analysis. Another reason could be that the large-sized nanosheets 

were not able to provide large accessible surface area for electrolyte ions buffering [271]. 

Noteworthily, both Ni-MOFs synthesized at 140 and 160 ℃ exhibited a higher capacitive 

performance than that synthesized at 180 ℃, which could be ascribed to two reasons: (i) The 

existence of crystalline water in the Ni-MOF nanomaterials was beneficial to enhance the 

electrochemical property, since the protonic conduction could be significantly strengthened in the 

hydrous regions of a material [272]. Hence, it was an advantage for the enhancement of electrical 

conductivity where the charge transfer could be facilitated. (ii) The highly hierarchical hollow Ni-

MOFs with large specific surface areas provide more active surface sites, offering more electrolyte 

ion diffusion channels to promote the electrochemical performance [273]. 

Besides, the GCD profiles of Ni-MOFs synthesized at various solvothermal times (8 h, 16 h, 24 h 

and 32 h) at 0.3 A g-1 were presented in Fig. 4.18b. Similar isosceles triangular shapes without any 

distortion were observed, suggesting the ideal reversible capacitive behavior. Moreover, it was 

noted that these electrode active materials possessed similar discharge time, indicating these 

materials had a comparable specific capacitance. The acquired specific capacitances of 167.54, 

165.52, 165.77 and 167.49 F g-1 were observed for FG16008, FG16016, FG16024 and FG16032, 

respectively. These high capacitances could be contributed by the hierarchical architectures with 

abundant micro- and meso-pores, which could store large amount of electrolyte ions [264, 274]. 

The existence of micropores could be thoroughly saturated with the electrolyte ions (Na+/Cl-) 

during charging process, while mesopores could facilitate charge/ion transfer. Hence, the co-

existence of micro- and meso-pores crucially enhanced the electrochemical performance.  

In addition, the specific capacitances obtained at multiple current densities were displayed in Fig. 

4.19. Notably, FG16032 possessed a slightly higher rate capability than other nanomaterials obtained 

at both low (<160 ℃) and high (>160 ℃) solvothermal temperatures. The reason could 
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Figure 4.18. The GCD profiles of Ni-MOFs synthesized at various solvothermal temperatures (a) 

and times (b). Cycling performance of FG16032 at a current density of 1.5 A g-1 (c) and Nyquist 

plots before and after cyclic measurement (d) with fitting data (inset). Nyquist plots of electrode 

active materials synthesized at different solvothermal temperatures (e) and times (f). 
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be that a stable structure with large surface area could not be formed at  temperature below 160°C 

[275]. On the other hand, a well-constructed MOF structure was thermally decomposed at the 

reaction temperature above 160 °C [276]. Interestingly, it was noted that the rate performance (Fig. 

4.20) was reduced as the solvothermal time increased, which followed the order when the applied 

current density was increased by 10 folds: FG16008 (76.74%) > FG16016 (72.85%) > FG16024 

(68.46%) > FG16032 (48.19%). This was because the prolonged solvothermal time could lead to the 

decrease in porosity as well as mesopore/micropore ratio in Ni-MOFs. This was also followed by 

the declined rate performance, when treatment duration was increased in a solvothermal process 

[277].  Nonetheless, such excellent rate performance could be ascribed to the hierarchically porous 

structure, which was favorable for boosting the fast transport of electrolyte ions and enlarging the 

specific surface area for energy storage [278]. More significantly, the delivered specific energies 

were as high as 22.44 Wh kg-1 at 294.6 W kg-1, 21.23 Wh kg-1 at 288.3 W kg-1, 22.02 Wh kg-1 at 

293.4 W kg-1, 19.52 Wh kg-1 at 274.8 W kg-1 for Ni-MOFs synthesized for 8 h, 16 h, 24 h and 32 

h at 160 ℃, respectively. These values are comparable to those reported elsewhere utilizing MOF 

nanomaterials as SC electrodes [279-283], confirming the excellent energy storage performance 

and its potential applications in energy storage systems. 

 

Figure 4.19. Galvanostatic charge/discharge profiles of Ni-MOFs synthesized at different 

solvothermal times (a, 8h; b, 16h; c, 24h and d, 32h) with different current densities ranging from 

0.3 to 3.0 A g-1. 
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Figure 4.20. Rate performance of Ni-MOFs synthesized at different solvothermal temperatures 

(a) and times (b). 

 

4.2.3.3 Cyclic stability 

The cyclic stability of FG16032 was examined at a current density of 1.5 A g-1 in 2M NaCl aqueous 

electrolyte. As demonstrated in Fig. 4.18c, the capacitance retention as a function of cycles was 

plotted. Surprisingly, the as-fabricated electrode was able to retain 117.78% of its initial 

capacitance (108.17 F g-1) after 10,000 cycles, which evidently annotated the extraordinary long-

term electrochemical stability of the as-fabricated Ni-MOF SC electrode. Meanwhile, it was worth 

noting that the capacitance retention started to raise after 3,000th cycle, which could be caused by 

the gradual activation of the Ni-MOF crystalline materials on the electrode surface [284]. During 

the activation process, more channels were opened and the accessibility of electrolyte ions to 

micropores was further enhanced.  

Besides, coulombic efficiency is also an important parameter evaluating the stability of electrode 

active materials through the constant current charging and discharging process. The retained 

coulombic efficiency was 76.79% over 10,000 cycles at a rate of 1.5 A g-1. The gradual reduction 

in the coulombic efficiency could be due to the evolution of oxygen (O2) and hydrogen (H2) gases 

of the aqueous electrolyte. Some defect sites could be produced on the electrode surface during 

long-term cycling, which might function as the source points to evolve O2 and H2 [285]. Moreover, 

it was found that there was a faint rise in the charging time after 3200th cycle, which further 

confirmed the decrease in coulombic efficiency.  

To better understand the ionic conductivity and electrochemical resistance of the as-fabricated Ni-

MOF16032 electrode, EIS measurement was carried out before and after performing the cyclic 

stability measurement at 1.5 A g-1 (Fig. 4.18d). Meanwhile, the corresponding fitted equivalent 

circuit was recorded in the inset of Fig. 4.18d. A shift of Rs from 0.53 to 1.64 Ω was observed 

owing to the slight change of the material structure during the repetitive charging and discharging 

[286].  Nevertheless, a significant decrease of Rct from initial 16.13 Ω to 6.05 Ω after 10,000 cycles 

was viewed, manifesting the remarkable electrochemical performance and faster charge transport. 

The obtained lower charge transfer resistance was in good agreement with the GCD cycling 
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measurement, which could be contributed by the cycling-induced enhancement in wettability as 

well as the gradual activation of the porous electrodes, leading to an improved accessibility of 

electrolyte ions [287, 288]. 

 

4.2.3.4 Electrochemical impedance spectroscopy (EIS) 

Apart from CV and GCD, EIS was carried out to evaluate the electrochemical properties such as 

ionic conductivity and charge transfer resistance of Ni-MOF nanomaterials synthesized at different 

solvothermal temperatures and times. Fig. 4.18 demonstrates the Nyquist plots of Ni-MOF 

electrode active materials in neutral electrolyte (2M NaCl). Noteworthily, all the EIS plots mainly 

contained three parts: (i) An intercept at high-frequency regions, correlating to the series resistance 

(Rs) resulting from the contact resistance, electrolyte resistance and intrinsic resistance of the 

active materials [289]. (ii) Quasi-semicircles were located in the intermediate frequency regions, 

which represented charge transfer resistance (Rct) at the interface between electrode and electrolyte. 

(iii) A linear line at low frequencies with an angle of approximately 45°, also known as Warburg 

resistance (W), indicating the existence of ideal capacitive characteristics [290].  

Fig. 4.18e and f depict the Nyquist plots of electrode active materials synthesized at different 

solvothermal temperatures and times. In general, the obtained Ni-MOFs at different solvothermal 

time possessed similar Rs and Rct values, and all the samples displayed a straight line with an 

approximately 60° slope, indicating the excellent capacitive performance and the facile 

accessibility of electrolyte ions to electrode active materials. Meanwhile, a slightly larger Rct 

(16.13 Ω) was acquired for Ni-MOFs synthesized for 32 h at 160 ℃, which could be caused by 

the narrowed hollow architectures. Such structure was unfavorable for the fast diffusion of 

electrolyte ions and led to an inferior rate performance. Nevertheless, these parameters varied 

significantly for Ni-MOF nanomaterials synthesized at different temperatures. In particular, series 

resistance showed a growing trend with increasing temperature (from 0.42 to 1.92 Ω), while the 

charge transfer resistance decreased gradually until 160 ℃ and then increased again as the 

solvothermal temperature reached 200 ℃. The variation in electrochemical impedance could be 

associated with the change in hierarchical hollow structures and surface areas of Ni-MOFs and the 

electrode/electrolyte interface. All the results were consistent with both CV and GCD analysis.  

Time constant (τ) also quoted as dielectric relaxation time is another crucial characteristic to 

determine the fast-charging function for SC electrodes. To ensure the quick charging and 

discharging behavior, a low time constant is preferable for electrochemical SCs. The time constant 

of a SC device can be obtained by Eq. (13): 

𝜏 =
1

2𝜋𝑓
 (13) 

where f is the frequency corresponding to the maximum imaginary impedance of the semicircle in 

the Nyquist plot. 

The calculated values of τ were in the range of 0.255 – 0.593 ms for Ni-MOFs synthesized at 160 ℃ 

for various solvothermal duration times (Table 4.1), which was a good indication that fast 
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electrolyte ions transfer can be achieved. Nonetheless, a slightly larger time constant was obtained 

when Ni-MOF nanomaterials were treated at different solvothermal temperatures. Evidently, the 

nanomaterials synthesized at 160 ℃ possessed the lowest time constant (0.448 ms) as compared 

to those synthesized at different solvothermal temperatures. The low relaxation time constants 

evidently manifested the fast charging behavior of Ni-MOFs synthesized at a solvothermal 

temperature of 160 ℃, owing to the large surface area and quick electrolyte ion transfer at the 

interface between electrolyte and electrode [291]. In contrast, MOFs developed at 200 ℃ exhibited 

the highest τ (3.221 ms) due to the broken skeleton structures. Additionally, it was worth noting 

that the τ significantly decreased from 0.448 ms at initial cycle to 0.0622 ms after 10,000 cycles, 

which evidently indicated the transport of ions was further enhanced because of the gradual 

activation of the porous electrode in the repeated GCD cycling. All the results are in accordance 

with both CVs and GCDs analysis. 

Table 4.1. EIS parameters for Ni-MOFs synthesized at 160°C for 8, 16, 24 and 32 h after 1 and 

10,000 cycles.  

Samples 
Rs 

(Ω) 
Rct (Ω) 

τ 

(ms) 
Samples 

Rs 

(Ω) 
Rct (Ω) 

τ 

(ms) 

FG16008 0.52 15.01 0.255 FG12032 0.58 21.63 1.382 

FG16016 0.74 15.72 0.593 FG14032 0.42 18.55 2.429 

FG16024 0.75 15.53 0.448 FG18032 0.60 20.01 1.382 

FG16032 
1st 0.53 16.13 0.448 

FG20032 1.92 50.61 3.221 
10,000th 1.64 6.05 0.062 

 

4.3 Summary 

In the present study, the impact of solvothermal reaction temperatures and times on the Ni-MOF 

nanomaterials synthesized in a solvent mixture (DMF + EG) with high polarity and viscosity was 

systematically studied. It was found that Ni-MOFs obtained at a high solvothermal temperature (≥ 

180 ℃) exhibited small-sized nanosheets, while a relative low isothermal temperature (≤ 120 ℃) 

was unfavorable for the formation of stable structure. The amount of coordinated DMF solvent 

molecules tended to decrease with an increasing treatment temperature. In contrast, solvothermal 

duration had a negligible impact on the overall structures and morphologies of Ni-MOFs. 

Meanwhile, the electrochemical properties of these Ni-MOF nanomaterials were evaluated in 2M 

NaCl aqueous electrolyte. It was found that Ni-MOF nanomaterials synthesized at an optimum 

temperature (160 ℃) possessed excellent electrochemical performance. The delivered specific 

energy densities of 22.44, 21.23, 22.02 and 19.52 Wh kg-1 were observed for FG16008, FG16016, 

FG16024 and FG16032, respectively. Additionally, an extraordinary capacitance retention of 117.78% 

was recorded after 10,000 cycles. Such excellent electrochemical performance evidently shows its 

great potential to be applied in electrochemical energy storage systems. 
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Chapter 5: Probing the Effect of Solvents on the Electrochemical Performance 

of Graphene Incorporated Nickel-based Metal-Organic Frameworks  

 

5.1 Introduction 

In general, MOFs are employed as templates to derive nanomaterials such as TMOs, metal 

hydroxide, carbonaceous and composite materials. However, it is usually an energy consuming 

process as elevated treatment temperature is required, and the high treatment temperature is always 

associated with the structure damage, resulting in the morphology change and decline in the 

functionality of MOFs. To tackle this issue, various strategies have been employed to synthesize 

MOFs with high porosity and excellent kinetic performance. Hence, a wide range of MOFs have 

been synthesized via various approaches (such as solvents conventional solution method, 

hydro/solvothermal, microwave-assisted and electrochemical synthesis), while the impact of 

solvent on the electrochemical performance of MOFs was only reported in a few studies. The 

variation of intrinsic properties of solvents such as polarity, viscosity and solubility for organic 

ligands could lead to the formation of MOFs with various phases, crystallinities, morphologies and 

surface areas. Additionally, it is extremely significant to reduce the size of MOFs from 

micrometers to nanometers for the applications of electrochemical energy storage systems due to 

two rationalizations: (i) It is beneficial to shorten the diffusion path of molecules and ions. (ii) An 

electrode with higher surface area will further enhance the charge storage capacity. 

In the present study, a systematic study was carried out to investigate the correlation between 

morphology and electrochemical performance of Ni-MOFs, which were synthesized in various 

solvent systems via a facile solvothermal method. It was found that Ni-MOFs developed in a binary 

solvent mixture of DMF and ethylene glycol (EG) exhibited a 3D flower-like morphology, which 

was formed during the self-assembly of 2D nanosheets. Notably, it possessed the most superior 

charge storage performance if compared to the electrode materials synthesized in other solvent 

systems. This was because the unique architecture could facilitate ion transfer and provide 

abundant exposed surface for the storage of large number of charges. Besides, the unique structure 

was also beneficial to enhance the capacitive performance by alleviating the intrinsic 

electrochemical resistance. To further optimize the electrochemical performance of the 

nanomaterial, graphene nanosheets were incorporated into Ni-MOFs. As a result, a high specific 

capacitance of 126.21 F g-1 was attained in 2M KOH electrolyte, while a remarkable cycling 

stability over 10,000 cycles without notable capacitance loss was achieved in 2M NaCl neutral 

electrolyte.  

 

5.2 Experimental 

 

5.2.1 Synthesis of Ni-MOF Nanomaterials 

Ni-MOF was synthesized via a solvothermal method reported with a slight modification [292]. In 

a typical synthesis, 0.030 g of H2BDC (0.180 mmol) and 0.052 g of Ni(NO3)2·6H2O (0.180 mmol) 

were dissolved in a mixture of 8 mL of DMF and 5 mL of EG under magnetic stirring at room 
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temperature for 60 min. Subsequently, the light green mixture was transferred into a Teflon-lined 

stainless-steel autoclave with a capacity of 50 mL. The autoclave was then heated at 160 °C for 6 

h. After cooling to room temperature, the products were centrifuged and washed with DMF and 

ethanol several times. To further remove the extra DMF solvent, the light green powder was 

immersed in 25 mL of ethanol at 60 ℃ for 96 h, and solvent was changed during aging period. 

The wet powder was then ultra-sonicated in ethanol for 60 min. Finally, the resultant powder was 

centrifuged and vacuum dried at 60 ℃ overnight. 

Other samples were synthesized through the same procedure by using different solvent systems 

such as 13 mL of pure DMF, ethanol, D.I. water, mixture of DMF and ethanol, DMF and D.I. 

water with the same volume ratios, respectively. Hereafter, these samples synthesized in a single 

solvent system, such as DMF, ethanol and D.I. Water were labelled as F, E and D, respectively. 

Similarly, the Ni-MOFs prepared in binary solvents, like DMF + EG, DMF + ethanol and DMF + 

D.I. water were denoted as FG, FE and FD, respectively.  The overall synthesis procedure is shown 

schematically in Fig. 5.1(i). As glycol is able to react with NO3
- to form explosive mixture [293], 

pure EG was not used as solvent for the synthesis of Ni-MOFs. 

 

Figure 5.1. Schematic illustration of the fabrication for (i) hierarchical Ni-MOFs and views of the 

layered structure along different axis, (ii) graphene-incorporated Ni-MOFs via a solvothermal 

method. 

 

5.2.2 Synthesis of Ni-MOF/graphene Nanocomposite (FG_Gry) 

Following the synthesis procedure as described in section 3.2, the as-synthesized graphene was 

incorporated into Ni-MOF samples (FG) derived from binary solvent mixture as shown in Fig. 
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5.1(ii). The graphene sample with respective mass ratio was added into the well-mixed solvent 

under magnetic stirring for 60 min before being heated to 160 ℃ for 6 h. The corresponding 

concentration of graphene nanosheets was 0.25, 0.5, 0.75, 1.0 and 1.5 mg mL-1 (w/v) and denoted 

as FG_Gr0.25, FG_Gr0.5, FG_Gr0.75, FG_Gr1.0 and FG_Gr1.5, respectively. 

 

5.3 Results and Discussion 

 

5.3.1 Material Characterization 

The crystal structures of Ni-MOFs synthesized in different solvent systems and incorporated with 

varied concentrations of graphene nanosheets were analyzed with XRD over a 2θ range of 7 - 50°. 

The results were illustrated in Fig. 5.2a and b, respectively. The main diffraction 2θ peaks at 9.29, 

15.63, 18.34, 23.85 and 29.11° could be indexed into the planes of (100), (1̅01), (2̅10), (020) and 

( 1̅2̅1), respectively. All the diffraction characteristic were consistent with the single crystal 

[Ni3(OH)2(C8H4O4)2(H2O)4]·2H2O (CCDC 638866) in simulation. Typically, the unique two-

dimensional layered monometallic structure was separated by H2BDC ligands (Fig. 5.1), in which 

NiO6 octahedral structures were formed by nickel and oxygen atoms at a molar ratio of 1 : 6 and 

they were coordinated by edge-corner in the plane of (100) [294]. Meanwhile, the (100) plane was 

identified to be the largest exposed facet for all as-synthesized MOF nanomaterials. In addition, 

the results revealed that the incorporated graphene did not affect the crystal structures of Ni-MOFs. 

More significantly, no other additional diffraction peaks were found, suggesting the high purity of 

these Ni-MOF nanostructures. Furthermore, the XRD spectra of graphene was also investigated as 

demonstrated in Fig. 5.3a, three sharp characteristic peaks were detected at 2θ = 26.42, 44.03 and 

54.54º, corresponding to the (002), (100) and (004) planes of graphene nanosheets [295, 296]. 

The FT-IR spectra of the Ni-MOFs synthesized in various solvent systems were illustrated in Fig. 

5.2c, which clearly indicated the presence of stretching vibration of hydroxide (OH-), carbon-

hydrogen (C-H) and carboxyl (-COO-) groups [297, 298]. Two strong peaks at 1375 and 1570 cm-

1 could be ascribed to the symmetric and asymmetric stretching vibrations of carboxyl groups 

where the difference between these two bands was attributed to the coordination of two oxygen 

atoms with nickel cations (Ni2+) [299]. The small peak at around 3600 cm-1 could be assigned to 

OH- stretching vibration. The stretching vibrations of H2O molecules at approximately 3425, 3342 

and 3053 cm-1 were observed, which clearly indicated the presence of water molecules within Ni-

MOF nanomaterials [300]. Meanwhile, the band at 1500 cm-1 could have resulted from the 

stretching of para-aromatic C-H groups and the vibration of carbon-oxygen (C-O) bonds could be 

observed in between 1015 – 1160 cm-1 in the IR spectra. The substitution of Ni2+ on benzene rings 

could be indexed in the range of 745 – 755 cm-1. Additionally, the stretching band of O-Ni-O was 

detected at 430 and 535 cm-1 [301]. As compared to IR spectra of H2BDC (Fig. 5.2d), the peak at 

1670 cm-1 resulting from C=O vibration disappeared, which indicated that carboxyl groups were 

coordinated to metal cations (Ni2+) successfully. As depicted in Fig. 5.3b, the symmetric and 

asymmetric stretching vibrations of C-H bonding were observed at 2853 and 2922 cm-1. The 

adsorption peaks viewed at around 3600 cm-1 could be assigned to the vibration of v(OH), 

originating from physiosorbed water molecules [302]. The peaks at approximately 1575 cm-1 



99 

 

corresponded to the strong aromatic C=C bonds [295, 296]. The result was consistent with that 

derived from XRD. More significantly, the results have shown that the formation of Ni-MOFs 

were not affected by the incorporation of graphene (Fig. 5.2d). All these observations were in 

accordance with the results from XRD, which further confirms that Ni-MOF nanomaterials were 

successfully synthesized. 

Fig. 5.4a depicts the thermogravimetric and DTG curves of Ni-MOFs. The results clearly revealed 

that all Ni-MOFs were thermally stable at a temperature below 450 ℃. Basically, there was a 

three-stage weight loss detected in all Ni-MOFs. Most Ni-MOF samples shown an initial weight 

loss from room temperature up to 170 ℃ mainly due to the removal of lattice and coordinated 

water molecules [303] and other moisture contents adsorbed on the surface of the nanomaterials. 

This was followed by the loss of other solvated water molecules in the Ni-MOF pores within the 

temperature range of 170 – 330 ℃, and the decomposition of organic linkers occurred between 

330 ℃ and 450 ℃ [299]. 

 

Figure 5.2. (a, b) XRD patterns and (c, d) FT-IR spectra of the as-synthesized Ni-MOF and 

FG_Gry nanomaterials. 
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Meanwhile, as indicated in the thermo-grams, FG exhibited a slightly different thermal 

decomposition behavior. The first stage weight loss of 7.66% took place between 30 and 170 ℃, 

while the second weight loss (about 14.84%) was observed to be much higher temperature than 

other samples. This could be ascribed to the degradation of oxygen-containing and hydroxyl 

groups [304] originating from the EG compounds (boiling point = 197.3 ℃) in addition to the 

water and moisture evaporation. The weight loss owing to the decomposition of organic linkers 

was approximately 44.66%, the least value among the Ni-MOFs synthesized using various 

solvents. This could be caused by the formation of alkoxides such as Ni(C2H4O2) during the 

synthesis. Therefore, less amount of H2BDC was coordinated due to the competing reaction [155, 

305]. In addition, FG_Gry was observed to have similar thermal diagrams as FG (Fig. 5.4b), 

suggesting the incorporation of graphene nanomaterials did not alter the thermal stability of Ni-

MOFs. 

 

Figure 5.3. (a) XRD pattern and (b) FT-IR spectra of graphene nanosheets. 

 

 

Figure 5.4. TG/DTG curves of (a) the as-synthesized Ni-MOFs and (b) FG_Gry nanocomposites. 
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The morphological study of Ni-MOFs synthesized in different solvent systems was characterized 

with FESEM (Fig. 5.5). Overall, the as-developed Ni-MOFs exhibited hierarchical structures 

comprising plenty of interconnected nanosheets with various sizes. The Ni-MOFs prepared in both 

ethanol (E) and the mixture of D.I. water and DMF (FD) possessed a laminar and layered structure, 

while the average thickness was slightly different. Specifically, E had a higher thickness (~ 70 nm) 

than that of FD (~ 50 nm). As can be clearly viewed from Fig. 5.5g and h, the nanosheets of sample 

FD were parallel stacked, while sample E contained some small-sized and randomly distributed 

clusters. Similarly, sample F synthesized in DMF also possessed small-sized nano-flakes, which 

stacked tightly in a disorder manner. Fig. 5.5j and k reveals that the use of ethanol and DMF 

solvent mixture was favorable for the formation of nano-bars and large pieces of nanosheets. 

Unlike the aforementioned morphologies, MOFs with regular microspheres were observed when 

EG-DMF binary solvent system was used. The flower-like morphology was formed by the self-

assembly of nanosheets with an average thickness of 20 nm. Such phenomenon could be caused 

by the solvents with different viscosity as well as dielectric moment [306, 307]. These observations 

clearly indicated that the addition of EG was beneficial to stabilize and regulate the formation of 

nano-architectures in Ni-MOFs.  

In addition, the microspheres of the FG sample were found homogeneously and randomly 

distributed on graphene nanosheets, as indicated in Fig. 5.6. These nanocomposites exhibited 

hierarchical flower-like structure with interconnected 2D nanosheets. In comparison with pristine 

FG, the average sizes of these 2D nanosheets were enlarged significantly when graphene (1 mg 

mL-1) was incorporated into FG owing to the strong interaction between Ni-MOF and graphene 

nanosheets [308]. The vertically deposited nanosheets could offer larger channels for electrolyte 

transport during electrochemical reactions. The elemental analysis was conducted by energy-

dispersive X-ray spectroscopy (EDX, Fig. 5.5 & 5.6) and elemental mapping (Fig. 5.7), the results 

presented the expected signals of nickel (Ni), oxygen (O) and carbon (C). Meanwhile, no impurity 

signals were detected, indicating the high purity of as-synthesized Ni-MOF/graphene 

nanocomposites. The TEM images of FG_Gr1.0 nanostructures were illustrated in Fig. 5.7a and b. 

The appearance of slightly darker Ni-MOF nanoparticles on the brighter graphene sheets clearly 

indicated the successful incorporation of Ni-MOFs on the graphene nanosheets. 
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Figure 5.5. FESEM images and EDX of Ni-MOFs synthesized in different solvent systems: (a-c) 

ethanol, (d-f) DMF, (g-i) DMF + D.I. water, (j-l) DMF + ethanol and (m-o) DMF + EG. 
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Figure 5.6. FESEM images and EDX of FG_Gry: (a-c) FG_Gr0.25, (d-f) FG_Gr0.5, (g-i) 

FG_Gr0.75, (j-l) FG_Gr1.0 and (m-o) FG_Gr1.5. 
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Figure 5.7. (a, b) TEM images and (c) elemental mapping of hierarchical FG_Gr1.0. 

 

 

Figure 5.8. (a) N2 adsorption and desorption isotherms and (b) pore size distributions of FG and 

FG_Gr1.0 samples. 
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5.3.2 The Impact of Solvent 

The coordination behavior between metal and organic precursors can be influenced by the 

selection of solvents due to different polarity, viscosity and solubility of the solvents. Hence the 

crystal growth, topology and morphology would vary when different solvents are used. Meanwhile, 

the morphology and intrinsic interconnected structure can also be affected by the relative 

coordination capability between solvents and metal cations. Among the various solvents, water 

molecule exhibited the highest affinity to metal ions (Ni2+) [309], and hence the effective 

coordination between Ni2+ and organic ligand was blocked in pure water. Moreover, water 

molecules normally possessed a relatively high surface barrier, so the formation of MOF nuclei 

was further prohibited owing to the high interfacial tension [155]. In addition, the amount of BDC2- 

formed in water was negligible due to the low solubility of H2BDC. Although a small number of 

BDC2- anions were produced through deprotonation, they were surrounded by water molecules 

through strong hydrogen bonding interactions, and the effective coordination between carboxylate 

groups and Ni2+ was inevitably impeded. As a result, Ni-MOFs could not be formed in water. In 

contrast, ethanol and DMF were found to have a lower interfacial tension if compared to water, 

which was beneficial to facilitate the crystallization and growth of nucleus. Therefore, the 

nucleation of Ni-MOF could be enhanced in the ethanol and DMF solutions, ultimately towards 

the formation of Ni-MOF crystals with high product yield (Table 5.1). 

Table 5.1. Chemical properties of solvents used, average width and yield of synthesized Ni-MOFs. 

Solvent Water Ethanol DMF FD FE FG EG 

Dielectric Constant (ε) 80.1 26.72 36.7 53.39 32.86 36.82 37.0 

Dipole Moment (C m) 1.82 1.69 3.86 - - - 0 

Viscosity (cP) 0.895 1.074 0.802 - - - 16.1 

Average Sizes (μm) - 1.5 0.2 1.3 0.7 0.09 - 

Yield (%) - 57.14 47.12 46.82 54.92 57.50 - 

* All data was obtained from Ref. [310]. 

 

Moreover, the surface energy of these nucleus could be changed when organic solvents (ethanol, 

DMF and EG) were utilized, as these solvent molecules could cover the outer surface of the crystal 

nucleus, which significantly prohibited the anisotropic growth of the crystals [311, 312]. Hence, 

laminated structures were formed due to the equable growth of these crystals in various plane 

orientations, especially for those solvents containing water molecules. According to Fig. 5.5, large-

sized lamellar structures were acquired in the binary solvents (i.e., ethanol (96%), FE and FD). 

The deprotonation of H2BDC was facilitated upon the dilution of water molecules by organic 

solvents, leading to the effective coordination between Ni2+ and BDC2- ions.  Eventually, the 

crystal growth rate was accelerated, leading to the generation of large-sized crystals by one-face 

unidirectional growth [313]. It also evidently indicated that the existence of water molecules in the 

solvent is favorable for the formation of large-sized lamellar structures [314]. 
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In addition, when metal and organic ligand precursors were added into solvents, they firstly would 

dissolve and deprotonate to free ions. Nonetheless, the amount of deprotonated H2BDC mainly 

relies on the polarity of solvent used, as a result of the acid-base equilibrium [315]. In general, the 

polarity can be indicated by the dielectric constant and dipole moment. As can be observed from 

Fig. 5.5, the average sizes of the nanosheets obtained in ethanol (ε = 26.72) were much larger than 

that obtained in pure DMF solvent (ε = 36.7). This could be explained by DLVO theory  [316], in 

which the energy barrier for agglomeration is low when the dielectric constant is low. 

Consequently, the average sizes of these lamellas decreased with increasing dielectric constants.  

Nonetheless, there was a huge difference on the morphologies between samples F and FG, even 

though the dielectric constants of the solvents were found to be similar (Table 5.1). This could be 

attributed to the following two reasons. Firstly, EG exhibited the highest viscosity among these 

solvents and could result in a higher steric hindrance [311], which crucially hindered the 

agglomeration and transport of crystals. Secondly, alkoxides might be produced owing to strong 

chelating capability of EG when metal salts and organic ligands were dissolved in EG [305]. As a 

result, the amount of free Ni2+ could be significantly reduced, and the nucleation rate was 

decreased as well, in which the agglomeration of Ni-MOF nucleus was greatly hampered.   

The significance of viscosity in tuning the crystal structure and morphology of the nanomaterials 

was observed as well. The viscosities of D.I. water, ethanol and EG are 0.895 cP, 1.074 cP and 

16.1 cP, respectively. Generally, when highly viscous organic solvent (such as EG) was added to 

the reaction system, the diffusion of Ni2+ and BDC2- could be greatly hampered and hence the 

nucleation and particle growth rate could be significantly reduced [317]. As illustrated in the 

FESEM micrographs (Fig. 5.5), it was apparent that the Ni-MOFs obtained from the least viscous 

solvent - deionized water (denoted as sample FD) possessed the largest average size among other 

samples. Additionally, the viscosity of the solvent is also a crucial factor to limit the mass transfer, 

and highly viscous solvent is favorable for enhancing the formation of the Ni-MOFs due to the 

effective interactions between Ni2+ and BDC2- ions. This was well corroborated with the product 

yield from various solvent mixtures, which was in the order of FG (57.5%) > FE (54.92%) > FD 

(46.82%). In a nutshell, the diffusivity of reactants was greatly influenced by the viscosity of the 

solvents, which ultimately affected the nucleation rate, particle growth as well as the morphology 

of the final product [318]. 

 

5.3.3 Electrochemical Analysis 

 

5.3.3.1 Cyclic voltammetry 

Cyclic voltammetry (CV) was conducted to study the redox reaction behavior of the as-obtained 

Ni-MOF nanostructures at various scan rates (50, 75, 100, 150, 200, 300 and 500 mV s-1), in which 

the potential window was manipulatively set as -1.0 – 1.0 V in a two-electrode system. Fig. 5.9a 

depicts the CV profiles at 50 mV s-1 for Ni-MOFs synthesized in different solvent systems. It could 

be observed that the peak current densities as well as enclosed CV areas were different (in an order 

of FG > FE > E > FD > F), clearly indicating various electrochemical performance for samples 

synthesized in different solvent systems. In particular, sample FG exhibited the largest CV area, 
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manifesting the best capacitive performance among other Ni-MOF nanomaterials [319]. This 

could be ascribed to the hierarchical flower-like morphology, which was favorable for providing 

a large surface area (11.45 m2 g-1, Fig. 5.8) for charge storage. Meanwhile, the layered 

architectures were beneficial to shorten the ion diffusion path during electrochemical reactions. 

Besides, the CV curves of FG_Gry at 50 mV s-1 were shown in Fig. 5.9b.  

As compared to pristine FG, an almost perfect rectangular CV curve was observed when graphene 

was incorporated into Ni-MOFs, implying that the highly conductive single-layered carbonaceous 

nanomaterial enhanced electric double-layer capacitive behavior in the nanocomposites. Similarly, 

pseudo-rectangular CV shapes of FG_Gr1.0 in different electrolytes (NaCl and KOH, 2M) could 

be observed in Fig. 5.10a. Notably, a larger peak current density and enclosed CV area were 

obtained in the set up containing alkaline-based electrolyte, indicating a higher specific 

capacitance. This might be related to two reasons: (i) Higher ionic mobility of K+ could enhance 

the specific capacitance (K+ = 7.62 > Na+ = 5.19x10-8 m2 s-1 V-1), since the capacitive performance 

of an electrode material was proportional to the electrolyte conductivity [320]. (ii) Extra pseudo-

capacitance was contributed by alkaline electrolyte (KOH), as represented by Eq. (14). In 

comparison, the electrochemical property of FG_Gr1.0 was further evaluated with a three-electrode 

system in a 2M KOH aqueous electrolyte, using Ag/AgCl as the reference electrode. A pair of 

redox peaks were observed (Fig. 5.11a) resulting from the interactions between OH- and 

electroactive materials as represented by Eq. (14). Additionally, a maximum specific capacitance 

of 420.4 F g-1 was obtained at 1 A g-1 (Fig. 5.11b), confirming the excellent electrochemical 

performance of FG_Gr1.0. 

 

[Ni3(OH)2(C8H4O4)2(H2O)4] · 2H2O(𝑠) ⁡+ 𝑂𝐻(𝑎𝑞)
−

↔ [Ni3O(OH)(C8H4O4)2(H2O)4] · 2H2O(𝑠) ⁡+ 𝐻2𝑂(𝑙) + 𝑒− (14) 

 

The cyclic voltammograms of FG_Gr1.0 at various scan rates were shown in Fig. 5.12. Evidently, 

no redox peaks were observed during the potentiodynamic study, suggesting the dominance of 

electrical double-layer capacitive response on the as-fabricated FG_Gr1.0 electrode. Meanwhile, 

the areas under CV curves were expanded as the scan rates increased, indicating the fast diffusion 

kinetics upon the surface of the electrode [321]. Besides, a slight distortion was observed as the 

rate increased, particularly at high scan rates. The deviation from rectangular shape could be 

ascribed to the slow diffusion of ions at the interface between electrode and electrolyte, in which 

the concentration of electrolyte increased rapidly. Hence, the effective diffusion was hindered and 

there was not enough time for ions to completely access all the internal pores of the active material, 

leading to a lower specific capacitance [322]. Nonetheless, a fairly rectangular CV profile could 

be retained, such excellent capacitive behavior could be attributed to the porous structures formed 

by the self-assembly of ultra-thin 2D nanosheets, which provided sufficient space for the storage 

of electrolyte and effectively facilitated the charge transfer. The results evidently illustrated the 

existence of mesopores in FG_Gr1.0 nanocomposite, which was beneficial to maintain excellent 

EDLC behavior at high scan rates.  
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Figure 5.9. (a) Cyclic voltammetry profiles at 50 mV s-1, (c) Nyquist plots and (e) Galvanostatic 

charge/discharges profiles at a current density of 0.3 A g-1 of as-developed Ni-MOFs in different 

solvent systems. (b) Cyclic voltammetry profiles at 50 mV s-1, (d) Nyquist plots and (f) 

Galvanostatic charge/discharges profiles at 0.3 A g-1 of FG_Gry in 2M NaCl electrolyte. 
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Figure 5.10. (a) Cyclic voltammetry profiles (50 mV s-1), (b) Nyquist plots and (c) Galvanostatic 

charge/discharges profiles (0.3 A g-1) of FG_Gr1.0 in 2M NaCl and 2M KOH aqueous electrolyte, 

respectively. 

 

 

Figure 5.11. (a) Cyclic voltammograms at different scanning rates and (b) Galvanostatic 

charge/discharges profiles at different current densities of FG_Gr1.0 in a three-electrode system 

using 2M KOH aqueous electrolytes. 

 

The relationship between peak current density and scan rate is shown in Fig. 5.12c and d. The 

linear relationship between peak current density and the corresponding scan rate (I vs. v) implies 

the charge storage behavior is dominated by EDLC, while if the peak current density is 

proportional to the square root of scan rate (I vs. v1/2), diffusion-controlled process plays a more 

crucial role in the charge storage process. In Fig. 5.12c and d, the EDLC (I vs. v) and diffusion-

limited process (I vs. v1/2) with linear fitting have been plotted for FG_Gr1.0 nanocomposite in both 

neutral and alkaline electrolytes ranging from 50 to 500 mV s-1. The R2 values were found in an 

order of R2
2M KOH > R2

2M NaCl for the linear fitting plots of I vs. v1/2. However, a reverse trend was 

viewed in the linear fitting plots of I vs. v (R2
2M KOH < R2

2M NaCl). The results indicated that 

diffusion-controlled process was the reasonable fit mechanism for FG_Gr1.0 in alkaline-based 
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electrolytes (2M KOH), while in neutral salt-based electrolyte (2M NaCl), surface charge 

adsorption/desorption processes were dominant for the charge storage. Notably, in comparison, 

the R2 values for linear fitting plots of I vs. v were similar to that of I vs. v1/2 in 2M KOH electrolyte, 

which could be interpreted that both of the nondiffusion-controlled and diffusion-controlled 

processes were responsible for the charge storage. Besides, the CV profiles of a symmetrical SC 

device in 2M NaCl electrolyte at a high scan rate of 100 mV s-1 were shown in Fig. 5.12b, in which 

the highly symmetric CV profiles indicated the symmetric nature of the as-fabricated SC device. 

Additionally, it also evidently revealed that the wide operation potential window was beneficial to 

enhance the energy density significantly.  

Besides, to estimate the nano-structuring effect on the capacitive performance, a power-law 

equation was utilized and as given in Eq. (11) [323]. In the power-law relationship, the capacitive 

performance is diffusion-limited if the value of b is approximately 0.5, while it is considered as 

capacitive process if b ≈ 1.0. The plot of log(ip) vs. log(v) was shown in Fig. 5.13a, the obtained b 

values were 0.893 in 2M NaCl and 0.765 in 2M KOH electrolyte, respectively. These values 

evidently indicated that the charge storage behavior of the as-fabricated nanocomposite electrode 

contained both capacitive and diffusion-limited charge storage processes in both alkaline-based 

and neutral electrolytes [324]. 

Furthermore, to evaluate the electrochemical performance quantitatively, the percentage 

contribution of EDLC and diffusion-controlled process can be separated into two components as 

shown in Eq. (12) [325]. 

It was noteworthy that the capacitance contribution was different in different electrolytes (Fig. 

5.13b). The energy storage was dominated by capacitive behavior in neutral electrolyte, whereas 

the charge kinetics in alkaline-based electrolyte was mainly dominated by the diffusion-limited 

process at a lower scan rate (50 mV s-1). However, the proportion contribution from capacitive 

behavior increased with increasing scanning rate in both electrolytes, in which the percentage of 

capacitive charge contribution increased from 49.70% to 75.88% in neutral electrolyte and 18.13% 

to 40.81% in 2M KOH (Fig. 5.13c), indicating the excellent electrolyte surface accessibility of the 

as-synthesized FG_Gr1.0 nanocomposite. The decrease in diffusion-limited capacitance was due to 

the limited time given at high scan rate, in which electrolyte ions could not access all pores of the 

electrode active materials. 
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Figure 5.12. The electrochemical performance of FG_Gr1.0 nanocomposites: (a) cyclic 

voltammograms at different scan rates, (b) CV profiles with different potential windows, (c) linear 

response of peak current density versus scan rate plot, (d) peak current density versus square root 

of scan rate at 1.0 V.  
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Figure 5.13. (a) The plot of log(ip) versus log(v) with linear fitting and (b) plot of I/ v1/2 vs. v1/2 at 

a potential of 1.0 V, (c) The capacitance contributions of EDLC and nondiffusion-controlled 

process, (d) GCD at different current densities for FG_Gr1.0 electrode in both neutral and alkaline 

aqueous electrolytes. 

 

5.3.3.2 Galvanostatic charge/discharge 

Additionally, GCD measurements were carried out in 2M NaCl within a potential window of 1.0 

V (0 – 1.0 V) to study the specific capacitance of the as-fabricated cell (Fig. 5.9e). A relatively 

linear trend of the charge and discharge curves was observed, clearly annotating the EDLC 

behavior of the system. It was worth noting that sample FG exhibited the longest discharge time, 

suggesting excellent energy storage performance. According to GCD profiles, the specific 

capacitance of Ni-MOFs nanomaterials was calculated and found to follow the trend: FG (73.77 F 

g-1) > E (61.89 F g-1) > FE (60.00 F g-1) > FD (53.49 F g-1) > F (26.32 F g-1). These results were in 

good agreement with the observations from CV profiles. The variation in capacitive performance 

could be ascribed to the different morphologies of the electrode materials (Fig. 5.5). Generally, 

the randomly distributed and tightly stacked structure, as can be seen in the sample F, was 

unfavorable for the transportation of electrolyte ions [326].  As large-sized nanosheets were 
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formed in the DMF and D.I. water solvent mixture, approximately twice of the specific capacitance 

was obtained. Additionally, the microspheres were uniformly distributed on the ultra-thin graphene 

nanosheets to form flower-like structure, which was beneficial for ionic transfer and charge storage, 

leading to the further enhancement of the electrochemical performance [278]. 

As depicted in Fig. 5.9f, a prolonged discharge time was achieved by FG_Gr1.0 nanocomposite in 

2M NaCl electrolyte and an improvement of 51.39% in capacitance (111.68 F g-1) was recorded if 

compared to the FG electrode (73.77 F g-1). The improvement of the capacitance could be 

attributed to the structurally optimized synergistic effects between hierarchical Ni-MOF and 

graphene in the nanocomposite electrode [327]. The intrinsic properties of graphene, such as high 

conductivity, large surface area, excellent mechanical and chemical stability, could enhance ionic 

conductivity and cyclic stability [328]. In addition, the layered architecture was favorable for 

providing large exposed active area (29.53 m2 g-1, Fig. 5.8) for the storage of electrolyte ions [329]. 

Meanwhile, FG_Gr1.0 delivered an electrochemical capacitance of 111.68, 95.09, 82.66, 59.38 and 

56.21 F g-1 at various current densities of 0.3, 0.6, 0.9, 1.2, 1.5 and 3.0 A g-1 (Fig. 5.13d). It was 

noticed that the specific capacitance declined with increasing current density. This could be 

attributed to the limited time given, electrolyte ions were not able to completely contact with 

electrode active material at a high current density [321]. Similar behavior was viewed in alkaline 

electrolyte, the capacitive performance declined from 126.21 to 50.11 F g-1 as the current density 

was increased from 0.3 to 3.0 A g-1. Nevertheless, a higher capacitance retention of 50.33% was 

achieved in neutral electrolyte with a ten-fold increase in current density, whereas the retaining 

capacitance was merely 39.70% in 2M KOH, suggesting that FG_Gr1.0 possessed a better rate 

performance in neutral electrolyte. This was due to the fact that charges were stored by physical 

means in neutral electrolyte as discussed above. The adsorption and desorption of electrolyte ions 

could complete rapidly. Additionally, the energy and power density of FG_Gr1.0 was recorded as 

14.68 Wh kg-1 and 291.82 W kg-1 in 2M NaCl, respectively. Profoundly, the as-fabricated electrode 

could reach a maximum power density of 2851.69 W kg-1. 

 

5.3.3.3 Electrochemical impedance spectroscopy 

The electrical conductivity is vital for SC electrode active materials. Hence EIS was adopted to 

examine the reaction kinetics from 0.01 Hz to 10,000 Hz with a potential amplitude of 10 mV. The 

Nyquist plots were displayed in Fig. 5.9c, d and 5.10b. Evidently, three distinctive regions were 

observed: (i) Intercept on the high frequency regions corresponded to the series resistance (Rs), 

which was the combined resistances of ionic, intrinsic, diffusive, electronic and contact resistance 

of the electrode. (ii) Semicircle at a mild-frequency region represented the charge transfer 

resistance (Rct). (iii) A straight line at low frequency region corresponded to Warburg impedance 

(W) [330, 331]. As can be observed from Fig. 5.9c and Table 5.2, the Rs of the Ni-MOFs in 

aqueous-based neutral electrolyte were found to be 0.72, 3.06, 6.60, 1.16 and 1.38 Ω for E, F, FD, 

FE and FG, respectively. Moreover, the charge transfer resistance (Rct) for FG, FE, E, FD and F 

were recorded at 3.00, 3.55, 9.08, 13.51 and 42.23 Ω, respectively. The results are in agreement 

with the CV profiles, which evidently manifested that the electrochemical performance of Ni-

MOFs relied upon the morphology of electrode material. For sample F, the high Rct could result 

from the randomly distributed and tightly stacked morphology where less charge transfer channels 
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were offered. On the other hand, the low Rct of FG electrode (comparable to other reported MOF-

based supercapacitors) [300, 310, 332], demonstrated the excellent electrical conductivity of Ni-

MOFs with flower-like morphology, which was able to provide sufficient contact between 

electrode and electrolyte. Furthermore, Warburg lines with an angle of larger than 45° was 

observed, indicating the double-layer capacitor behavior and fast ion diffusion of the FG electrode 

[333]. 

Additionally, the impedance spectra of different concentrations of graphene and FG_Gr1.0 in 

various electrolytes are shown in Fig. 5.9d and 5.10b. The semicircles at mild frequency and 

Warburg lines at the low frequency regions indicated the appearance of both capacitive and 

diffusion-limited processes, which was in perfect agreement with the result from CV profiles. It 

was viewed that the Rs and Rct of FG_Gr1.0 were 0.44 and 2.55 Ω in neutral electrolyte, which were 

slightly lower than that of pristine FG. In comparison, larger electrochemical resistance (Rs = 0.47 

Ω and Rct = 5.0 Ω) were recorded in alkaline-based electrolyte (Fig. 5.10b), suggesting that the 

pH of the electrolyte could substantially influence the internal resistance of the electrochemical 

capacitor. The slightly larger charge transfer resistance in 2M KOH electrolyte could be caused by 

the large-sized cations (K+) [K+ (1.33 Å) > Na+ (0.95 Å)] [320]. 

Table 5.2. Solution and charge transfer resistance of Ni-MOFs synthesized in different solvents.   

Samples E F FD FE FG 

Rs (Ω) 0.72 3.05 6.60 1.56 1.38 

Rct (Ω) 9.08 42.23 13.51 3.55 3.00 

 

5.3.3.4 Cyclic stability 

The cyclic stability of the FG_Gr1.0 sample was also evaluated, as it is one of the most crucial 

parameters for practical applications.  The as-fabricated SC electrode was studied utilizing a 

chronopotentiometry measurement in 2M NaCl electrolytes at a high current density of 1.5 A g-1 

within a potential range from 0 to 1.0 V. As illustrated in Fig. 5.14b, an outstanding capacitance 

retention of 97.70% and coulombic efficiency of 89.05% were acquired after 10,000 cycles (Fig. 

5.14c), demonstrating a remarkable cycling stability of FG_Gr1.0 electrode. The enhanced 

electrochemical performance of FG_Gr1.0 could be ascribed to the architectural and compositional 

features of the nanocomposite. The high porosity feature offered large surface area for charge 

storage, while the layered structure was favorable for electrolyte ion transfer. Meanwhile, the 

electrochemical resistance was found to be significantly reduced with the incorporation of 

graphene nanosheets, which was highly favorable for effective transportation of the ions. In 

comparison, the cyclic stability of FG_Gr1.0 was also measured in 2M KOH using the identical 

current density (1.5 A g-1). Though a slightly higher capacitive performance was obtained, the 

retained specific capacitance was merely 54.27% of its initial value (36.94 F g-1 as compared to 

68.07 F g-1) after 6.000 cycles (Fig. 5.14a). The recession of cycling performance in alkaline 

electrolyte might be due to insertion of large-sized K+ cations to the electrode during the long-term 
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cycling process, in which the K+ repeatedly penetrated and de-intercalated at the electrolyte and 

electrode interface, leading to the loss of charge carriers and collapse of the frameworks eventually.  

 

Figure 5.14. Cycling performance of FG_Gr1.0 at 1.5 A g-1 in (a) 2M NaCl, (b) 2M KOH, and (c) 

the coulombic efficiency of FG_Gr1.0. 

 

The cycling stability of the as-fabricated cells were further investigated by EIS after cyclic 

measurement. Fig. 5.15a and b depict the resulting Nyquist plots in 2M NaCl and 2M KOH 

electrolytes and the equivalent circuit diagrams with fitting data were shown in the inset of Fig. 

5.15a and b, respectively. The slight shift of Rs to higher values after long-term cycling analysis 

(0.69 Ω for NaCl and 0.61 Ω for KOH) could be caused by the poisoning of electrolytes after 

repetitive insertion and de-insertion of ions into electrode active materials. Meanwhile, a similar 

resistance shift for Rct (from 2.55 to 4.47 Ω) was observed in the neutral electrolyte, whereas a 

significant increase in Rct (from 5.0 to 35.68 Ω) was found in alkaline electrolyte, indicating the 

crucial impact of the electrolyte on the stability of the device.  

In neutral electrolyte, the charge storage mechanism mainly relied on EDLC process, the crystal 

lattice of hierarchical FG_Gr1.0 was saturated with Na+ cations during the continuous GCD process. 

The formation of an electric double layer was strongly dependent on the physical adsorption and 

de-adsorption of the ions along the electrode-electrolyte interface. However, in strong alkaline 

electrolyte, faradaic redox reactions are more likely to occur, resulting in partial decomposition 

and loss of the active materials [334]. Consequently, prolonged cyclic stability was observed for 

the electrode operated in neutral aqueous-based salt electrolyte.  
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Figure 5.15. Nyquist plots before and after cycling measurement with fitting data and equivalent 

circuits (inset) in (a) 2M NaCl, (b) 2M KOH. 

 

5.4 Summary 

In summary, hierarchical Ni-MOFs with nanosheet structures were successfully synthesized via a 

facile solvothermal approach in various solvent systems. The morphology and electrochemical 

performance of the Ni-MOFs nanomaterials were found strongly to be dependent on the solvent 

system used in the synthesis process. The morphological results indicated that Ni-MOF 

synthesized in the binary solvent mixture of DMF and EG exhibited 3D flower-like morphology 

assembled by 2D nanosheets. In addition, the electrochemical performance was further enhanced 

by incorporating highly conductive graphene nanosheets. The as-fabricated FG_Gr1.0 delivered a 

specific capacitance of 111.68 F g-1 in neutral electrolyte. Meanwhile, an excellent rate 

performance of 50.33% with a ten-fold increase in current density was recorded. At the same time, 

a preferable capacitance retention of 97.70% was acquired after 10,000 cycles at a high current 

density of 1.5 A g-1 in neutral electrolyte. Furthermore, the specific energy density of the electrode 

was recorded as 14.68 W h kg-1 at a power density of 291.82 W kg-1. The optimized solvent system 

(DMF + FG) introduced in the current study provides a facile and efficient strategy to synthesize 

MOFs with excellent electrochemical performance for electrochemical capacitors. 
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Chapter 6: Facile Synthesis of Nanostructured MoS2 Incorporated Ni-MOFs 

With Excellent Cyclic Durability for Symmetric Supercapacitor Application 

 

6.1 Introduction 

In general, the excellent functional properties and potential applications of pristine MOF-based 

supercapacitor electrode active materials have been significantly hindered by the inferior 

electronic conductivity and chemical stability. In response to these challenges, recent trends in the 

design and synthesis of MOF-based composite materials normally involve the incorporation of 

other functional elements, such as quantum dots, metal/metal oxides, carbon-based materials, 

conductive polymers and others. This strategy could lead to a significant enhancement in 

physiochemical properties (i.e., electronic conductivity, electrochemical reactivity and stability) 

due to additive or synergetic effects [335-337]. For instance, the incorporation of graphene into 

Ni-MOFs has proven to be beneficial in elevating electronic conductivity and widening potential 

windows. This, in turn, enhances both energy density and cycling stability [241, 282]. Additionally, 

optimizing effective sites could further facilitate the charge transfer kinetics and elevate energy 

densities. Consequently, substantial efforts have been devoted to fabricating MOFs with enhanced 

electronic conductivity and cycling durability for practical applications. 

More recently, two-dimensional (2D) transitional metal dichalcogenides have garnered a lot of 

research attention by virtue of their distinct chemical and physical characteristics. In particular, 

molybdenum disulfides (MoS2), with diverse charge storage mechanisms, have attracted 

tremendous interest in the realm of energy storage. This novel material not only can store charge 

through physical means via electrical-double layers, but also provides additional capacitance by 

ionic intercalation and interfacial reversible Faradaic redox reactions. Nonetheless, newly 

synthesized MoS2 has a high tendency to aggregate and restack together owing to strong van der 

Waals force [338], resulting in the reduction of specific surface areas and charge transfer channels. 

Consequently, this leads to a substantial decrease in specific capacitance and overall electronic 

conductivity. To tackle this issue, one potential solution lies in the incorporation of other materials 

to produce nanocomposites with 2D or 3D architectures. 

Besides, electrode materials with appropriate structures and pores could provide more Faradic 

active sites and facilitate fast diffusion of electrolyte ions during electrochemical reactions. This 

enhancement ultimately leads to enhanced energy density and capacity rate. In recent studies, Ni-

MOFs synthesized in a binary solvent system were observed to exhibit a unique 2D nanosheet 

structure with outstanding cyclability [241]. Such unique architectures could not only offer large 

surface areas for redox reactions and interfaces for ion adsorption and desorption, but also shorten 

ion diffusion paths. Hence, they could serve as a promising matrix when coupled with 2D layered 

MoS2. Nevertheless, the recorded specific energy was not preferable for practical applications. 

This limitation could be effectively addressed by pseudocapacitance resulting from the redox 

active sites of MoS2. As a result, the resulting composites were expected to exhibit a unique 

morphology and exceptional electrochemical properties, including electronic conductivity, 

specific energy and cycling stability. Despite a wide range of studies emphasized the design and 

synthesis of 2D MoS2 in the last decade, there have been very few studies on the fabrication of 

MoS2 incorporated Ni-MOF nanosheets synthesized in a binary solvent system for supercapacitor 
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applications. In this study, MoS2 was successfully incorporated onto Ni-MOF nanocomposites via 

a facile hydrothermal approach, which is a facile and cost-effective method to produce large-scale 

MoS2 and MOF-based hybrid electrodes. Additionally, to enhance the electronic conductivity, 

sodium ions (Na+) were introduced to form the nanocomposites. By taking advantage of the 

synergistic effects, the as-prepared symmetric supercapacitor device was capable of delivering a 

maximum energy density and power density of 33.33 Wh kg-1 and 3390 W kg-1, respectively. 

Furthermore, the obtained capacitance retention and coulombic efficiency were remarkable and 

recorded at 97.42% and 97.82% after more than 10,000 cycles, respectively. The result evidently 

affirmed the potential application of sodium and MoS2 incorporated Ni-MOF nanocomposites as 

promising electrode active materials for high efficiency electrochemical energy storage. 

 

6.1.1 Synthesis of Ni-MOF Nanosheets 

2D Ni-MOFs were prepared via a hydrothermal method reported previously [241, 339]. Typically, 

1.57 g (5.4 mmol) of nickel nitrate hexahydrate (Ni(NO3)2·6H2O) and 0.299 g (1.8 mmol) of p-

benzene dicarboxylic acid (H2BDC) were dissolved in a mixture of 8 mL of N, N-

Dimethylformamide (DMF) and 5 mL of ethylene glycol, then  magnetically stirred at room 

temperature for 60 min. When a homogeneous solution was formed, the solution was transferred 

into a Teflon-lined stainless-steel autoclave (50 mL) and heated at 160 ℃ for 12 h. After cooling 

to ambient temperature, the light green products were centrifuged at 3000 rpm and washed with 

DMF and ethanol three times. Finally, the green precipitates were dried in a vacuum oven at 60 ℃ 

overnight. 

 

6.1.2 Synthesis of Na+-doped MoS2@Ni-MOFs Nanocomposites 

The as-prepared Ni-MOF nanosheets were dispersed in 30 mL of high-pure water with magnetic 

stirring for 60 min to form a homogeneous light blue solution. Subsequently, 3 mmol of Na2MoO4 

and 6 mmol of thiourea were dispersed in the same solution and stirred for another one hour to 

ensure the precursors are well-mixed in the solution. Then, the homogeneous solution was 

transferred into a Teflon-line autoclave and heated at 180 ℃ for 24 h. Finally, the obtained dark 

products were rinsed with water for three times, and final products were obtained by drying at 60 ℃ 

overnight, which was denoted as MNM_1.  

The other samples were prepared through a similar synthesis method, while the molar ratios 

between Ni2+ and Mo4+ were varied from 1:2 to 1:3, and the corresponding samples were labelled 

as MNM_2 and MNM_3, respectively. Meanwhile, MNM_0 is the resultant product of pristine 

Ni-MOFs after hydrothermal reactions, and the molar ratio between Mo4+ and S2- was set as 1:2 

for all samples. 

 

6.2 Results and Discussion 

6.2.1 Material Characterizations 

X-ray diffraction (XRD) was adopted to characterize the crystallographic structures for the as-

synthesized samples, as depicted in Fig. 6.1a. Two apparent broad diffraction peaks were observed 
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at 2θ=9.35° and 23.79° in Ni-MOFs (MNM_0), which corresponded to the (100) and (002) planes 

of Ni-MOFs ([Ni3(OH)2(C8H4O4)2(H2O)4]·2H2O, CCDC 638866) [340]. Meanwhile, other weak 

peaks of 15.63°, 28.13° and 30.33° were also detected, relating to the planes of (1̅01), (300) and 

(1̅1̅2), respectively. Notably, the resultant product possessed an inferior crystallinity as compared 

to pristine Ni-MOFs (Fig. 6.2), which could be owing to the hydrothermal reaction. Nevertheless, 

the hydrothermal reaction could also result in the formation of a large number of defects, 

facilitating the overall electrochemical performance.  Fig. 6.3 demonstrates the crystal structure of 

Ni-MOFs with a space group of p-1. The XRD patterns of samples incorporated with MoS2 

exhibited similar diffraction peaks of Ni-MOFs, confirming the successful incorporation of Ni-

MOF crystal structures. In addition, the simultaneous existence of the reflection peaks of MoS2 

and Ni-MOFs was viewed for sodium ions and MoS2-incorporated samples (Fig. 6.1a), indicating 

the successful preparation of MoS2 incorporated Ni-MOFs nanocomposites. In particular, the 

strong diffraction peaks at 2θ=32.11°, 39.21°, 48.33° and 60.11° in MoS2-incorporated 

nanomaterials could be assigned to (010), (013), (015) and (008) planes of MoS2 (JCPDS No. 37-

1492) [341]. 

 

Figure 6.1. (a) XRD pattern and (b) FT-IR spectra of the as-synthesized nanocomposites. 

 

The molecular groups of the as-prepared samples were evaluated by employing Fourier 

transform infrared spectroscopy (FT-IR) technique, as depicted in Fig. 6.1b. The symmetric and 

asymmetric stretching vibrations at 1387.8 and 1516.7 cm-1 could be attributed to C=O (-COOH) 

of p-benzenedicarboxylic anions, indicating the same bidentate mode during the coordination of 

BDC2- and Ni2+ [342]. The vibration frequency of C-O bonding could be viewed at 1198 cm-1, 

while the vibrations of Ni-O were located at 483 and 525 cm-1, which further confirmed the 

successful coordination between nickel cations and organic ligands (H2BDC). Moreover, the bands 

between 3000 and 3600 cm-1 corresponded to the coordinated H2O molecules [343]. In case of 

MoS2 incorporated Ni-MOFs nanomaterials, the appearance of a new strong absorption peak of 

1683.5 cm-1 was observed in the IR spectra, which could be attributed to the interactions between 

MoS2 and Ni-MOFs [344]. The stretching vibrational peak of Mo-S and S-S were found at 629 

and 908 cm-1, respectively [345, 346]. Additionally, a relatively weak peak of S-O was detected at 

1113.5 cm-1. As a result, the obtained FT-IR spectra was in accord with the XRD results, annotating 

the successful preparation of Na+ and MoS2 incorporated Ni-MOF nanostructures. 
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Figure 6.2. XRD patterns of pristine Ni-MOFs synthesized via a solvothermal method. 

 

Figure 6.3. The crystal structures of Ni-MOFs viewed along (a) a, (b) b and (c) c directions, 

respectively.  

 

Fig. 6.4 demonstrates the TG-DTG curves of Na+ and MoS2 incorporated Ni-MOF samples. It 

could be observed that the thermal stability of the pristine Ni-MOFs was inferior. The structure 

collapse took place at a treatment temperature of 200 ℃ after the removal of physically adsorbed 

water molecules at 150 ℃. Thermal stability was improved after the introduction of MoS2 

nanomaterials. The initial weight loss between 30 and 150 ℃ was owing to the elimination of 

adsorbed water on the surface [347]. The second weight loss in the region of 150-215 ℃ could be 

due to the elimination of chemically adsorbed water as well as solvent molecules. Lastly, the 

decomposition of overall structures and the formation of MoO3 occurred  at the temperature range 

of 215-560 ℃ [348]. Meanwhile, it was obvious that the final weights were 50.59, 57.85 and 67.76% 

for MNM_1, MNM_2 and MNM_3, respectively, confirming the increase in molar ratios between 

molybdenum and nickel cations. 
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Figure 6.4. TG/DTG curves of Na and MoS2 incorporated Ni-MOF nanocomposites. 

 

FESEM was carried out to analyze the morphology and microstructures of the as-prepared Na+ 

and MoS2-incorporated Ni-MOF nanocomposites, as demonstrated in Fig. 6.5.  In particular, the 

high-resolution images illustrated the surface characteristics while the low-resolution SEM images 

sufficiently showed the overall shape of the sample. The typical FESEM images of Ni-MOFs were 

illustrated in Fig. 6.5a and b, which revealed that Ni-MOFs exhibited hierarchical structure with 

microspheres morphology. These compactly aggregated microspheres with an average diameter 

of 3.0 µm were mainly owing to Van der Waal’s interactions. When sodium cations and MoS2 

were incorporated, hierarchical porous structures with small-sized nanoparticles were observed 

(Fig. 6.5c and d). The reduction in the particle sizes was beneficial to boost the surface area and 

facilitate the contact between electrode and electrolyte. The obtained BET surface area was 

approximately 39.0 m2 g−1 with total pore volume of 0.134 m3 g-1 and average pore size of 12.67 

nm, respectively (Fig. 6.6). Fig. 6.5e and f display the morphology of MNM_2. Interestingly, large 

clusters and parallel-arranged layered structures were observed, which could be owing to the 

perfusion of S. By further increasing the amount of incorporated sodium ions and MoS2, a 

complicated structure composed of microbars, two-dimensional (2D) thin sheets and small-sized 

nanoparticles was observed (Fig. 6.5g and h). Meanwhile, the cracks on the large-sized sheets 

were detected as well, which could be caused by the large surface tension.  
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Figure 6.5. FESEM images of (a, b) MNM_0, (c, d) MNM_1, (e, f) MNM_2 and (g, h) MNM_3. 
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Figure 6.6. N2 adsorption and desorption isotherms and pore size distribution (inset) of MNM_1. 

 

Moreover, the energy dispersive X-ray spectroscopy (EDX) and elemental mapping diagrams were 

depicted in Fig. 6.7 - 6.9, respectively. These results confirmed the uniform distribution of Ni, C, 

O, N, Na, Mo and S on the nanocomposites. Specifically, the presence of S, Na and Mo revealed 

the successful incorporation of sodium ions and MoS2 into the nanomaterials. Meanwhile, the 

existence of N was also observed, originating from DMF during the preparation of Ni-MOF 

nanostructures. 
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Figure 6.7. Elemental mapping of (a) MNM_0 and (b) MNM_1. 
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Figure 6.8. Elemental mapping of (a) MNM_2 and (b) MNM_3. 
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Figure 6.9. EDX and elemental composition of (a) MNM_0, (b) MNM_1, (c) MNM_2 and (d) 

MNM_3. 

 

To further analyze the detailed morphology and structure of MNM_1as illustrated by Fig. 6.10, 

both low- and high-resolution TEM (HRTEM) were carried out. The low-resolution TEM images 

revealed the co-existence of nanoparticles and lamellar structures, which were consistent with the 

FESEM images (Fig. 6.5). Meanwhile, The HRTEM images of Na+ and MoS2 incorporated Ni-

MOFs demonstrated in Fig. 6.10c and d clearly indicated that the excellent crystalline feature of 

the as-prepared nanocomposites. In particular, the obvious lattice fringes observed in Fig. 6.10c 

belonged to the (002) spacing of Ni-MOFs [342], in which the lattice spacing was found to be 3.17 

Å. Moreover, the crystalline spacing of  MoS2 (062) was also measured to be 2.04 Å (Fig. 6.10d) 

[349]. These results further annotated the successful incorporation of MoS2 and Ni-MOF 

hierarchical structures. 
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Figure 6.10. (a, b) Low-resolution and (c, d) HRTEM images showing the lattice spacing of the 

MNM_1 sample.  

 

6.2.2 Electrochemical Performance of Nanocomposites 

Cyclic voltammetry (CV) and galvanostatic charge and discharge (GCD) were conducted to 

investigate the electrochemical properties of Na+ and MoS2-incorporated Ni-MOF nanocomposites 

in a conventional three-electrode system. Fig. 6.11a displays the cyclic voltammograms at a 

scanning rate of 2 mV s-1, and the working potential window was manipulated between 0 and 0.6 

V (vs. Ag/AgCl). The appearance of a pair of redox peaks indicated the predominance of 

pseudocapacitance, resulting from the reversible redox reactions between KOH aqueous 

electrolyte and Ni-MOF nanostructures, as represented by Eq. (14) [241]. Moreover, the 

interactions between MoS2 and cations (K+) could also significantly contribute to the 
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electrochemical capacitance (Eq. (15)). When the molar ratio between Mo4+ and Ni2+ was 

increased from 0 : 1 to 1 : 1, it was noteworthy that the enclosed CV area enlarged. However, 

further increase in the molar ratio of Mo4+ (i.e., MNM_2 and MNM_3) led to a minification in the 

enclosed CV areas. These results revealed that MNM_1 exhibited the highest specific capacitance 

among other samples and the incorporation of higher amount of MoS2 nanostructures was not 

beneficial to the electrochemical performance.  

 

Figure 6.11. (a) CV profiles and (b) GCD curves of the prepared electrodes in 2M KOH electrolyte. 

 

𝑀𝑜𝑆2⁡(𝑠) +⁡𝐾(𝑎𝑞)
+ + 𝑒− ↔ 𝑀𝑜𝑆 − 𝑆𝐾(𝑠) (15) 

 

Additionally, the CV profiles at various scanning rates ranging from 2 – 20 mV s-1 were 

demonstrated in Fig. 6.12. With an increasing scanning rate, it was observed that the oxidation 

peaks shifted positively and reduction peaks shifted negatively. This revealed the existence of 

internal resistance in the nanocomposites [350]. The overall shapes of CVs could be maintained, 

although there was a significant increase in scan rate. This was mainly owing to the hierarchical 

structure of sodium ions and MoS2-incorporated Ni-MOF nanocomposites, in which the large 

surface area could buffer electrolytes better and the porous structure could facilitate the mass 

transfer more effectively. 



129 

 

 

Figure 6.12. Electrochemical properties of the as-prepared electrodes in a three-electrode system 

in 2M KOH electrolyte: (a, b) MNM_0, (c, d) MNM_1, (e, f) MNM_2 and MNM_3. 
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Fig. 6.11b depicts the GCD profiles of the nanocomposites at 0.5 A g-1 in 2M KOH. The potential 

could only reach 0.48 V (vs. Ag/AgCl) due to the limitation of the electrode itself. The nonlinear 

response between potential and time showed that the capacitances were mainly contributed by 

Faradaic redox behavior [152]. Besides, with the longest discharge time, MNM_1 revealed the 

highest electrochemical capacitance. These results were congruent with the results from CVs. The 

calculated specific capacitance of MNM_0, MNM_1, MNM_2 and MNM_3 was 0.5 A g-1 were 

464.64, 491.63, 447.85 and 345.84 F g-1, respectively. The decrease in specific capacitance was 

observed in MNM_2 and MNM_3. This could be due to two reasons: (i) The perfusion of sulfur 

could reduce the porosity and surface areas, leading to a decrease in electrochemical capacitance. 

(ii) The formation of layered structures might induce shrinkage in gas spacing and dead volume 

could occur, leading to a reduction in surface area and electroactive sites in MNM_2 and MNM_3. 

Furthermore, it was noted that a high energy capacity was obtained at a low current density (Fig. 

6.12), which could be assigned to the limited time given where K+ and OH- could only access the 

outer surface. As a result, the effective use of electrode active materials was reduced, resulting in 

a low electrochemical capacitance. 

The supercapacitive property of the as-synthesized nanocomposites was also studied utilizing a 

two-electrode system in a freshly prepared 2M Na2SO4 aqueous electrolyte. The CV profiles of 

these samples at a scanning rate of 50 mV s-1 were presented in Fig. 6.13a. Clearly, all the CV 

profiles presented a quasi-rectangular shape with a high degree of symmetry between both positive 

and negative scans, which indicated the co-existence of both electric double layer capacitance 

(EDLC) and diffusion-limited pseudo-capacitance (intercalation and deintercalation) [323]. The 

excellent rate performance of the as-prepared Ni-MOF-based nanocomposites was revealed by the 

fact that such quasi-rectangular geometry could be retained even at a high scanning rate of 500 

mV s-1 (Fig. 6.14). Meanwhile, it annotated an outstanding capacitive performance and fast 

electrolyte ion transfer as well. Besides, MNM_1 exhibited the largest integrated CV area among 

other samples, which implied that MNM_1 possessed the highest specific capacitance since the 

electrochemical capacitance was strongly correlated to the mathematical area of an enclosed CV 

profile. 

As compared to pristine Ni-MOFs, the enclosed CV area increased when MoS2 was incorporated 

at a molar ratio of 1:1 between Ni2+ and Mo4+, demonstrating that the incorporation of MoS2 with 

Ni-MOFs enhanced supercapacitive performance as the result of the synergistic effect between the 

two components. In contrast, a reduction in CV areas was seen when a higher molar ratio was 

employed. This could be attributed to change of overall structure after the incorporation of large 

amount of sodium ions and MoS2, in which the surface area and porosity were decreased. As 

observed in Fig. 6.5, the formation of large pieces of clusters and folded nanosheets marginally 

reduced the contact between electrolyte and electrodes, it also had adversely affected the diffusion 

of electrolyte ions, leading to the reduction in electrochemical capacitance. 
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Figure 6.13. (a) CV profiles, (b) GCD curves, (c) Nyquist plots and (d) the plot of resistance versus 

frequency. 

 

The GCD curves of different samples at a current density of 0.5 A g-1 were shown in Fig. 6.13b. 

Evidently, all the GCD profiles illustrated an isosceles triangular shape, suggesting that these 

nanomaterials exhibited a typical electric double-layer capacitive behavior and excellent rate 

performance [351]. Moreover, a slight voltage drop, also called IR drop, was viewed at the initial 

stage of discharge for all samples, which could be resulted from the relatively higher internal 

resistance. The calculated specific capacitances of MNM_0, MNM_1, MNM_2 and MNM_3 were 

190.53, 257.14, 174.72 and 153.14 F g-1, respectively. These findings agreed with the results 

derived from CV profiles. Fig. 6.15 depicts the GCD profiles at different current densities. When 

there was a four-fold increase in current density, the delivered specific capacities of MNM_0, 

MNM_1, MNM_2 and MNM_3 were 114.50 F g-1 (60.10%), 191.48 F g-1 (74.47%), 159.63 F g-1 

(91.36%) and 128.71 F g-1 (84.05%), respectively, indicating the excellent rate performance of the 

as-synthesized MOF-based SC electrode active materials. In comparison to pristine Ni-MOFs, the 

rate performance of samples containing Na+ and MoS2 were much higher. Hence, it could be 

concluded that the introduction of Na ions and MoS2 was advantageous to enhance the rate 

performance. In particular, the introduction of Na cations was beneficial to improve specific 

capacitance and electric conductivity. Nevertheless, the incorporation of large amount of Na ions 

could lead to destructions of hierarchical structures [352]. Additionally, the incorporation of MoS2 

could offer more porous structures for the quick diffusion of electrolyte ions.  
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Figure 6.14. CV curves of the as-prepared electrodes in a two-electrode system at different scan 

rates: (a) MNM_0, (b) MNM_1, (c) MNM_2 and (d) MNM_3. 

 

Furthermore, the as-fabricated symmetric SC device possessed a maximum energy density of 

33.33 Wh kg-1 at 483 W kg-1 for MNM_1, as depicted in Fig. 6.15, and the delivered energy density 

was 6.4 Wh kg-1 at a high-power density of 3390 W kg-1. Such value was better than previously 

reported studies (Table 6.1) such as nickel-based metal-organic framework/graphene oxide 

incorporated graphene nanoplatelet (14.02 Wh kg-1 at 933.54 W kg-1) [282], Sm and La-based 

based 1D-MOFs (18 Wh kg-1 at 750 W kg-1) [353], N-doped graphitic carbon derived from MOF 

(17.08 Wh kg-1 at 500 W kg-1) [354], N-decorated porous carbon derived from MOF (5.36 Wh kg-

1 at 49.7 W kg-1) [355], MIL-53(Al)@rGO (6.66 Wh kg-1 at 200 W kg-1 and 2.75 Wh kg-1 at 3655 

W kg-1) [356], graphene/carbonized metal-organic frameworks (21.1 Wh kg-1 at 304 W kg-1) [357], 

N/O co-doped carbon derived from MOF (6.25 Wh kg-1 at 100 W kg-1 and 5.07 Wh kg-1 at 1,000 

W kg-1) [332], N-doped porous carbon (24.8 Wh kg-1 at 700 W kg-1) [332]. Additionally, the 

delivered energies were 23.88 Wh kg-1 at 475 W kg-1, 22.60 Wh kg-1 at 482.5 W kg-1, 19.44 Wh 

kg-1 at 478 W kg-1 for MNM_0, MNM_2 and MNM_3, respectively. Even at high power densities 

of 2175, 2409 and 2277 W kg-1, the attained energies of MNM_0, MNM_2 and MNM_3 were 

6.53, 13.12 and 9.23 Wh kg-1, respectively.  
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Figure 6.15. GCD curves of the as-prepared electrodes in a two-electrode system at different 

scan rates: (a) MNM_0, (b) MNM_1, (c) MNM_2 and (d) MNM_3. 
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Table 6.1. Comparison of electrochemical performance of various carbon- and MOF-based electrode for supercapacitor applications. 

Materials Electrolyte 
Specific Capacitance 

(F g-1) 

Energy Density 

(Wh kg-1) 

Power Density 

(W kg-1) 

Efficiency 

(%) 
Cycles Ref. 

Ni-MOF/GO/GNP 2M CH3COOK 102.24F/g 14.02 933.54 85.6 20,000 [282] 

Sm-H2PDA 2M KOH 1580F/g 18 750 87 2,000 [353] 

N-doped graphite 

carbon 
6M KOH 244F/g 17.08 500 93 5,000 [354] 

N-doped porous carbon 6M KOH 272F/g 5.36 49.7 100 10,000 [355] 

MIL-53(Al)@rGO 1M KOH 212F/g 
6.66 200 

50 5,000 [356] 
2.75 3,655 

Graphene/carbonized 

MOF 
1M H2SO4 420F/g 21.1 304 85 60,000 [357] 

N/O-doped carbon 6M KOH 220F/g 24.8 700 99.1 10,000 [332] 

MNM-1 2M KOH 492.63 
33.33 483 

97.42 10,200 
This  

work 6.4 3,390 

Porous carbon 

nanotubes 
6M KOH 300.1F/g 7.38 - 83.7 10,000 [358] 

3D LCAC 6M KOH 223 6.7 500 92.5 10,000 [359] 

Porous carbon 3M KOH 274.9F/g 20.51 1,031 95.6 5,000 [360] 

N-doped carbon 6M KOH 473.5F/g 15.99 500 95.74 10,000 [361] 

3D AC 6M KOH 320 
8.6 250 

98 10,000 [362] 
6.9 1,000 
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To study the charge transfer kinetics for the as-prepared samples, the EIS was conducted with an 

alternative current amplitude of 10 mV between 100,000 and 0.01 Hz. Fig. 6.13c depicts the EIS 

plots of all samples in 2M Na2SO4 electrolyte. The Nyquist plot could be divided into three regions, 

high-frequency region, medium-frequency region and low-frequency region: (i) The intercept with 

real axis (Z’) at high-frequency regions represents the internal resistance (Rs) resulting from the 

bulk resistance at the interface between electrode and electrolyte [363]. (ii) The diameter of a 

semicircle in the mild-frequency region represented the charge transfer resistance (Rct), which 

mainly resulted from the contact resistance, intrinsic resistance of the electrode active materials 

and ionic resistance from electrolyte [364]. (iii) A linear line at low-frequency region stands for 

the electrolyte diffusion resistance, also quoted as Warburg impedance (W). The Warburg 

impedance, originating from the diffusion of electrolyte ions within the electrode, measures the 

degree of difficulty for electrolyte penetrating the pores of electrodes [365]. The Rs values for 

MNM_0, MNM_1, MNM_2 and MNM_3 were 0.83 Ω, 0.30 Ω, 2.78 Ω and 0.79 Ω, respectively 

(Table 6.2). Meanwhile, the obtained Rct were 27.50 Ω, 22.77 Ω, 14.40 Ω and 20.63 Ω for MNM_0, 

MNM_1, MNM_2 and MNM_3, respectively. Clearly, Na+ doping and incorporation of MoS2 

nanosheets could reduce both internal and solution resistance. This was mainly owing to the 

enhanced hydrophilicity of electrode surface and affinity with electrolyte ions, which was 

favorable for the accumulation of electrolyte ions and the decrease of mass transfer resistance 

[366]. In addition, the recorded higher capacitance of MNM_1 was associated with the reduction 

in both charge transfer resistance and Warburg impedance. Nonetheless, MNM_2 and MNM_3 

possessed a relatively lower Rct value as compared to MNM_1 due to the perfusion, which could 

block the porosity and offer smooth surface to facilitate the diffusion of electrolyte ions. All the 

EIS plots displayed a linear region with a fitting angle of approximately 75°, which evidently 

annotated the effective diffusion of electrolyte ions. 

Table 6.2. The electrochemical impedance of MoS2-incorporated nanocomposites. 

Samples Rs (Ω) Rct (Ω) Warburg Angle (°) τ (ms) 

MNM_0 0.83 27.50 79 0.255 

MNM_1 
1st 0.30 22.77 71 0.448 

10,000th 1.19 10.18 75 0.062 

MNM_2 0.78 14.40 80 0.192 

MNM_3 0.79 20.63 80 0.255 

 

Cycling stability was one of the most crucial parameters for electrode active materials. As shown 

in Fig. 6.16a, MNM_1 possessed a promising cycling stability at 1.5 A g-1 in an aqueous-based 

neutral electrolyte (2M Na2SO4). After 10,200 continuous GCD cycles, more than 97.42% of its 

original capacitance was recorded. More significantly, it was worth noting that an outstanding 

coulombic efficiency of 97.82% was achieved, manifesting the remarkable reversibility and long-

term durability of Na+ and MoS2-incorporated Ni-MOF electrode active materials. Furthermore, it 

could be observed that the supercapacitive performance gradually increased from 212.76 to 265.86 

F g-1 after 800 cycles (Fig. 6.16a, inset), which could be caused by the gradual activation of more 

electroactive sites during the repetitive penetration of electrolyte ions [367, 368]. 
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Figure 6.16. (a) Cycling stability and (b) Nyquist plots before and after performing cyclic stability 

study with equivalent circuit and fitting (inset) of MNM_1 in 2M Na2SO4 electrolyte. 

Besides, the electrochemical impedance of MNM_1 before and after performing cyclic stability 

test was measured as well. The Nyquist plots with electrochemical circuit fitting were illustrated 

in Fig. 6.16b. A slight increase in Rs was detected, which shifted from 0.30 to 1.19 Ω. The  

marginal increase in Rs could be assigned to the partial detaching of electrode active materials 

from current collector after a long-term and repetitive intercalation and de-intercalation of Na+ 

[369]. In contrast, the reduction of Rct from 22.77 to 10.18 Ω could be mainly due to the activation 

of electroactive sites, in which more charge transfer channels were provided. In addition, the slight 

increase in Warburg angle at low-frequency region after 10,200 cycles annotated the enhancement 

in capacitive performance (Table 6.2), which further confirmed the activation of electrode active 

materials [370]. 

Additionally, the as-obtained EIS data was also used to calculate the relaxation time constant (τ, 

Eq. (13)), which is an important parameter to determine the fast-charging function of SC devices 

[371]. In general, a low time constant is favorable for SC devices to achieve quick response and 

fast energy storage.  

The plot of resistance versus frequency was shown in Fig. 6.13d and the calculated τ values for 

Ni-MOF-based nanocomposites were less than 0.5 ms, as summarized in Table 6.2, elucidating 

the quick response of the SC devices and the fast mobility of electrolyte ions [372]. Meanwhile, it 

could be observed that MNM_1 possessed a time constant of 0.448 ms, which was slightly higher 

than other samples. The result suggested that a longer duration was required for the movements of 

electrolyte ions and charges, which could be caused by the cross-linked networks which prolonged 

the diffusion distance of electrolyte ions. Furthermore, the time constant was reduced after 

performing cyclability for MNM_1 sample, in which the value of τ decreased from 0.448 ms to 

0.062 ms, which suggested this device could be charged faster after cycling.  

 

6.2.3 Sodium Storage Mechanism 

To evaluate the sodium storage mechanism for the as-synthesized samples, the CV profiles of 

MNM_1 were further studied in-depth due to its best performance among other samples.  Fig. 6.17 
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demonstrates the relationship between current densities and scanning rates. In general, the 

corresponding current density should be linearly dependent on the applied scan rate if the charge 

storage was dominant by nondiffusion-controlled behavior, in which charges were stored through 

physical adsorption and desorption on the electrode surface (capacitive feature) [373]. In contrast, 

the dominance of charge storage was associated with diffusion-limited process if the current 

response shown a linear relationship with square root of applied scan rate [374]. Fig. 6.17a and b 

depict the relationship plots of current densities versus scan rates (I vs. v) and square root of scan 

rates (I vs. v1/2), respectively. According to the resultant plots, the coefficient of determination of 

I vs. v1/2 (>0.99) was much higher than that of I vs. v (~0.95), which could be interpreted that the 

storage of Na+ ions was mainly restricted by diffusion-limited process. 

 

Figure 6.17. The plot of current densities versus (a) scanning rates and (b) square root of scanning 

rates. The linear relationship between log(i) and log(v) at (c) positive and (d) negative potentials, 

respectively.  

 

Moreover, Dunn’s power-law method [351, 375] was adopted to further confirm the sodium 

storage kinetics. In this relationship, the corresponding current (i) of a SC electrode and scan rates 

(v) should follow Eq. (11). 
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In the equation, a and b are two constants, and b is a critical indicator for evaluating the charge 

storage behavior. Usually, the storage of sodium cations was surface-limited process if the value 

of b approaches 1.0. While charge storage is dominated by diffusion-limited process if b 

approaches 0.5. To find the value b, the plots of logarithm of current (log i) versus the logarithm 

of scan rate (log v) at various potentials are shown in Fig. 6.17c and d. Clearly, the values of b 

were found to be approximately 0.5, manifesting the storage of Na+ was controlled by diffusion-

limited Faradic behavior. 

Furthermore, the current response at a particular potential and scanning rate could be further 

divided into surface- (is) and diffusion-limited currents (id) as given below: 

𝑖𝑠 = 𝑘1𝑣 (16) 

𝑖𝑑 = 𝑘2𝑣
1/2 (17) 

Here, k1 and k2 are two constant coefficients. Hence, the total current (it) response could be 

rewritten as Eq. (12). 

Consequently, the percentage of capacitance contribution could be quantified by determining both 

values of k1 and k2. An example of differentiated CV profile of MNM_1 was demonstrated in Fig. 

6.18a, and the proportion of surface charge contribution (EDLC, brown region) was calculated at 

50 mV s-1, and it was apparent that 19.14% of the overall capacitance was contributed by rapid 

physical adsorption and desorption. The calculated CV area lied beyond the original CV profile, 

originating from the polarization of electrode [267]. Moreover, the percentage contribution at 

different scanning rates was demonstrated in Fig. 6.18 as well. The capacitance contribution from 

EDLC was increased up to 94.27% at a high sweeping rate of 500 mV s-1. This could be explained 

as follows: at a low scan rate, the sodium storage was limited by diffusion-limited process owing 

to slow electrolyte ion migration, and the overall sodium storage behavior was dominated by 

pseudocapacitance due to the intercalation and deintercalation of Na+ into bulk electrode materials. 

When the scanning rate was increased, a gradual transition from diffusion-limited process to 

nondiffusion-limited process could occur because of the limited time given, electrolyte ions didn’t 

have sufficient time to completely access all the active sites (Fig. 6.18b) [376], resulting in a 

reduction of effective interactions between electrolyte and electrode active materials. Hence, the 

storage of sodium cations was mainly attributed to the rapid adsorption and desorption capability 

to electrolyte ions at high scan rates, which was also favorable for providing high-rate performance. 
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Figure 6.18. (a) Capacitance contribution at 50 mV s-1 and (b) the proportion contribution of 

capacitive and diffusion-limited capacitances at various scan rates for MNM_1. 

 

6.3 Summary 

In summary, hierarchical Na+ and MoS2-incorporated Ni-MOFs were successfully synthesized via 

a simple and low-cost hydrothermal approach. Benefiting from the hierarchical porous structures, 

the as-synthesized Na+ and MoS2 incorporated Ni-MOF nanocomposite exhibited excellent 

electrochemical performance. In particular, the hierarchical porous structure formed by 

nanoplatelets offered a large surface area for electrolyte ion storage. The highly porous structure 

could facilitate the charge transfer during electrochemical measurement. Moreover, the optimum 

MoS2-incorporated Ni-MOF nanostructure exhibited a maximum energy density of 33.33 Wh kg-

1 at 483 W kg-1, and the retained energy density was 6.4 Wh kg-1 at a high-power density of 3390 

W kg-1. In addition, an outstanding capacitance of 97.42% was recorded after more than 10,000 

GCD cycles, and the acquired remarkable coulombic efficiency was as high as 97.82% in an 

aqueous-based neutral electrolyte. Hence, this work indicates the potential of application of Ni-

MOF-based nanocomposites as high-performance supercapacitor in an aqueous neutral electrolyte, 

which is environmental-friendly, relatively inexpensive and thermally stable. 
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Chapter 7: Fabrication of Sodium and MoS2 Incorporated NiO and Carbon 

Nanostructures for Advanced Supercapacitor Application  

 

7.1 Introduction 

The applications of MOFs in SCs are generally categorized into three main areas: (a) Pristine MOF 

nanomaterials directly serving as electrode active materials. (b) MOFs employed as precursors for 

deriving metal oxides and carbons. (c) MOFs incorporated with other nanomaterials to form 

innovative nanocomposites. Nonetheless, the application of pristine MOFs as SC electrodes suffers 

from limited energy density due to their inferior intrinsic properties. To enhance the specific 

capacitance, pseudocapatance-rich materials such as conductive polymers, transition 

chalcogenides and metal oxides facilitating surface Faradaic redox reaction have been rapidly 

emerging as potential electrode active materials for supercapacitors [377]. Meanwhile, it is 

significant to design and synthesize heterostructures composed of various nanostructured materials 

with unexpected physical and chemical properties for high-performance supercapacitors.  

To maximize the specific capacitance and energy density, it is crucial to develop transition metal 

oxide-based nanocomposites due to their tempting theoretical capacitance and electrochemical 

activities. Nonetheless, metal oxides normally suffer from inferior electronic conductivity and 

unpredictable volume expansion, leading to relatively poor coulombic efficiency. This issue could 

be efficiently tackled through the introduction of carbonaceous and conductive agents. Hence, 

carbon nanostructures derived from highly porous MOF and Na were incorporated, in which the 

highly conductive and porous structure could not only able to promote the electronic conductivity, 

but also provide abundant space to tolerate the volume change and enhance the accessibility of 

electroactive sites. Besides, the introduction of MoS2, a representative of transition metal 

dichalcogenide with a unique 2D layered architecture and excellent electronic conductivity, was 

expected to offer a unique morphology which simultaneously exhibits superior electrochemical 

properties. In this study, nickel-based MOF-derived transition metal oxide and carbon (NiO/C) 

incorporated with sodium and MoS2 (Na-doped MoS2@NiO/C) hierarchical porous structures 

were successfully prepared via a facial hydrothermal route. The morphology, thermal stability, 

crystalline structure and element composition of the as-synthesized nanocomposites were 

characterized by using FESEM, TGA, XRD and XPS, respectively. The obtained specific 

capacitance of MOF-derived NiO/C yolk-shell structure was 1779.50 F g-1 in 2M KOH, and the 

electrochemical capacitance was further facilitated by incorporating sodium ions and MoS2, which 

ultimately could reach 2540.63 F g-1. Meanwhile, it was worth noting that the delivered optimum 

energy density for the fabricated symmetrical device was 36.93 Wh kg-1 at 477 W kg-1. Besides, a 

remarkable cycling durability of 111.92% and coulombic efficiency of 97.6% were retained over 

4,000 cycles. These results evidently revealed the sodium-doped MoS2@NiO/C hierarchical 

porous nanocomposites can be employed as promising electrode active materials for future energy 

storage/conversion technologies. 
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7.1.1 Synthesis of Ni-MOF-derived NiO/C 

Nickel-based MOFs were synthesized via a solvothermal approach as reported [241], and the 

overall synthesis was schematically illustrated in Fig. 7.1. Typically, 0.030 gram of H2BDC and 

0.314 gram of Ni(NO3)2·6H2O were weighed and dissolved in a solvent mixture containing DMF 

and EG at a volume ratio of 8 : 5. The mixture was then stirred for approximately one hour, and 

the homogeneous green solution was transferred into a stainless-steel autoclave (capacity of 50 

mL). Subsequently, the reactor was maintained at 160 ℃ for 12 h. The green precipitates were 

then centrifuged and rinsed with ethanol and DMF three times until it cooled down. A light-green 

product was obtained after drying at 60 ℃ in a vacuum oven overnight. Lastly, the resultant 

powder was put in a high alumina combustion boat and calcined in air at 400 ℃ for 4 h at a ramping 

rate of 5 ℃ min-1. The as-obtained NiO/C was labelled as MNC_0. 

 

Figure 7.1. A schematic illustration for the synthesis of Na-doped MoS2@NiO/C nanocomposites. 

 

7.1.2 Synthesis of Na-doped MoS2@NiO/C 

The Na-doped MoS2@NiO/C nanocomposites were synthesized through a one-pot hydrothermal 

route. Typically,150 mg of as-synthesized NiO/C was firstly dissolved into deionized water (30 

mL) under magnetic stirring for 30 min. Subsequently, 2 mmol sodium molybdate and 4 mmol 

thiourea (Mo : S = 1 : 2) were added into as-prepared NiO/C solution, under magnetic stirring for 

another 60 min. Then, the homogeneous deep dark solution was transferred into a Teflon-lined 

stainless-steel autoclave (capacity of 50 mL), and it was heated at 180 °C for 24 h. After the 

mixture was cooled down to room temperature, it was then washed with excessive deionized water 
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several times. The resultant nanocomposites were obtained after drying at 80 °C for 24 h. The as-

synthesized sample was denoted as MNC_1. Similarly, other samples were developed through the 

same method by varying molar ratio of Mo4+ to Ni2+ from 2 : 1 and 3 : 1. These products were 

named as MNC_2 and MNC_3, respectively. The schematic diagram of the synthesis procedure is 

depicted in Fig. 7.1. 

 

7.2 Results and Discussion 

7.2.1 Material Characterizations 

The crystal structures of the as-synthesized nanocomposites were characterized by XRD. Fig. 7.2a 

illustrates the XRD spectra of NiO/C derived from Ni-MOFs. The diffraction peaks observed at 

37.45, 43.39, 63.03, 75.59 and 79.51° could be attributed to the (111), (200), (220), (311) and (222) 

lattice planes of NiO [378, 379]. These reflections were in good agreement with the standard XRD 

patterns of NiO crystal structure in JCPDS card (47-1049). Meanwhile, three peaks were also 

detected at 44.61, 52.05 and 76.57°, corresponding to the planes of (111), (200) and (220) due to 

the diffraction of Ni (JCPDS card 75-1097). The existence of Ni might be ascribed to partial 

oxidation of Ni at a  low calcination temperature (400 °C) [380]. Additionally, no obvious 

diffraction peaks of carbon were viewed, indicating the amorphous nature of MOF-derived carbon. 

Hence, these results evidently confirmed the successful synthesis of MOF-derived NiO/C 

nanocomposites. Besides, Na-doped MoS2@NiO/C nanocomposites exhibited analogous peaks of 

NiO/C nanomaterials (Fig. 7.2b), and the rest of the peaks at 2θ = 14.75, 32.19, 39.65, 49.25 and 

72.27° corresponded to (002), (010), (013), (015) and (023)  planes of MoS2, respectively (JCPDS 

card 37-1492) [381]. In addition, some small diffraction peaks were detected as well, suggesting 

minor impurities were possibly formed during the hydrothermal process. 

FT-IR was studied to confirm the chemical compounds, as illustrated in Fig. 7.2c. The bending 

vibration of Ni-O-H was detected in the range of 663 - 701 cm-1 for pristine MOF-derived NiO/C 

and Na-doped MoS2@NiO/C nanocomposites [379]. The stretching vibration of Ni-O was 

observed between 412 and 416 cm-1. Meanwhile, the absorption peaks at 1662 and 2356 cm-1 were 

ascribed to the O-H bending vibrations. The absorption peaks were observed approximately 

between 3373 and 3660 cm-1, which was also attributed to the vibrations of O-H [378]. The 

appearance of O-H stretching vibrations was detected owing to the physically adsorbed water 

molecules on the surface of NiO/C nanoparticles [378, 382]. The peaks at 2827 – 2881 cm-1 and 

2920 – 2994 cm-1 originated from the symmetric and asymmetric vibrations of C-H bonds 

respectively, suggesting the existence of Ni-MOFs residues due to the incomplete transformation. 

Besides, a band appeared at 472 and 921 cm-1 was indicative of the stretching vibrations of the S-

S bond [383]. A sharp peak at 1407 cm-1 could be assigned to the vibration of S-Mo-S [384], and 

the vibration of S-O was observed at 1113 cm-1 [348]. In addition, the existence of multiple bands 

in the range from 695 to 1200 cm-1 could be related to the vibration of sulfur groups [385]. The 

FTIR result was in good agreement with XRD, indicating the successful synthesis of Na-doped 

MoS2@NiO/C nanocomposites. 
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Figure 7.2. XRD patterns of (a) NiO/C nanocomposites derived from Ni-MOFs, (b) Na-doped 

MoS2@NiO/C nanocomposites prepared at different molar ratio of Ni2+ to Mo4+. FT-IR (c) and 

TG/DTG (d) curves of the as-synthesized Na-doped MoS2@NiO/C nanocomposites. 

 

Fig. 7.2d displays the TG/DTG profiles of the as-synthesized nanocomposites. Clearly, negligible 

amount of weight loss was observed in NiO/C, indicating the outstanding thermal stability of 

MOF-derived porous structures. Two slightly obvious weight variations were observed at 245 and 

370 °C, respectively, which could be the oxidation of carbon [386]. However, it was noted that 

there were three-stage weight loss for MoS2 incorporated NiO/C nanocomposites.  Firstly, the 

marginal decrease in weight below 100 °C could be assigned to the removal of physically adsorbed 

moisture. Subsequently, a significant descending trend was observed due to the removal of carbon 

and sulfur compounds. Lastly, a decline in weight from 550 to 700 °C could be caused by the 

degradation and decomposition of MoS2 [387]. 

To further confirm the existence of Ni in MOF-derived NiO/C nanocomposites, the thermal 

gravimetric measurement of sample NiO/C was also carried out at an air flow of 10 mL min-1 (Fig. 

7.3). The weight changes were observed within the range of 230 – 410 °C, which could be assigned 
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to the oxidation of amorphous carbon since NiO remained stable over this temperature range. The 

slight increase in weight after 535 °C evidently revealed the oxidation of Ni, and the final weight 

reached 102.02% at 800 °C. 

 

Figure 7.3. TG/DTG curves of MOF-derived NiO/C yolk-shell structures under air flow. 

 

The morphology and structure of the as-synthesized nanostructures were studied by using FESEM 

and TEM, respectively (Fig. 7.4 and 7.5). Ni-MOF-derived NiO/C exhibited a yolk-shell structure 

with rough surface (Fig. 7.4a). The average size of the yolk-shell microsphere was approximately 

7 µm, and the agglomeration of these microspheres was caused by the van der Waals interactions. 

Meanwhile, a broken structure was observed in Fig. 7.4c, revealing the three-dimensional MOF-

derived NiO/C yolk-shell structures. Interestingly, nanobars with hollow porous structures and 

nanoparticles appeared when Na and MoS2 were incorporated (Fig. 7.4), and the well 

agglomerated NiO/C yolk-shell structures disappeared.  This could be attributed to redistribution 

of NiO/C microspheres during high-temperature hydrothermal treatment, and such distribution 

could result in more exposed active sites for electrochemical reactions as well. The distribution of 

these nanoparticles was further enhanced when the molar ratio of Ni2+ to Mo4+ was set at 1 : 2, as 

shown in Fig. 7.5(a-c). As confirmed by nitrogen physisorption measurement (Fig. 7.6), the 

calculated Langmuir surface area of MNC_2 was approximately 17.24 m2 g-1, and a large pore 

volume of 0.036 m3 g-1 was obtained. The formation of hierarchical porous structures provided 

large space for the storage of electrolyte ions during charge storage process. Nonetheless, the 

hierarchical porous structures completely disappeared due to the perfusion of sulfur when the ratio 

of Ni2+ to Mo4+ was further increased to 1 : 3. Hence, it evidently indicated that coating of sulfur 

molecules could take place as the ratio of S was too high. The shapes of nanoparticles and nanobars 

were still observed, even though the overall structure was wrapped by S, revealing the overall 

structure remained intact after the perfusion of S. 



145 

 

 

Figure 7.4. FESEM and EDX images of (a-d) NiO/C yolk-shell derived from Ni-MOFs (MNC_0), 

(e-h) MNC_1 and (i-l) MNC_3. 
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Figure 7.5. FESEM and EDX images (a-d), (e, f) lattice fringes and FFT results (inset), (g, h) 

TEM images and (i) corresponding elemental mapping of MNC_2 nanocomposites. 
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Figure 7.6. N2 adsorption and desorption isotherms and pore size distributions (inset) of MNC_2. 

 

TEM was utilized to further characterize the MOF-derived NiO/C-based nanostructures. Fig. 7.5g 

and h depict the low-resolution TEM micrograph of MNC_2, which evidently revealed the 

nanoflakes on the nanobars structures. Meanwhile, the existence of nanoparticles was also 

observed, which could be ascribed to the redistribution of NiO/C nanoparticles. To further study 

the lattice compression, fast Fourier transform (FFT) analysis was conducted, and the selected 

areas were indicated in Fig. 7.5g and h, respectively. The corresponding results were demonstrated 

in Fig. 7.5e and f. The nonuniform distributions of the lattice fringes annotated the polycrystalline 

nature of the nanocomposites. The amorphous structure was also detected around the edges. 

Additionally, the obvious lattice spacings were 1.26 and 1.48 Å, corresponding to the planes of (1-

31) of NiO and (017) of MoS2, respectively. These results revealed that MoS2 was successfully 

incorporated into NiO/C nanocomposites. 

Besides, the EDX and elemental mapping were also performed on the nanocomposites. As shown 

in Fig. 7.4, 7.5 and 7.7, these figures clearly indicated the appearance of Ni, O and C for MOF-

derived NiO/C yolk-shell nanomaterials. Moreover, the existence of S and Mo in MoS2@NiO/C 
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nanocomposites annotated the successful incorporation of MoS2. Lastly, the appearance of Na in 

MNC_1, MNC_2 and MNC_3 samples revealed the successful doping of Na ions onto the 

nanocomposite material. 

The XPS technique was carried out to further study the elemental composition and valence states 

of the as-synthesized nanocomposites. The appearance of C, Na, O, Mo and S was observed in the 

wide-scanning spectrum (Fig. 7.8), revealing the successful integration of Na and MoS2 on MOF-

derived NiO/C. The typical high-resolution XPS spectrum of Ni 2p was illustrated in Fig. 7.8b, it 

shows that the binding energies of Ni 2p displayed symbolic peaks at 859.06 and 876.36 eV, 

corresponding to Ni 2p3 and Ni 2p1 of NiO, respectively. The satellite peaks, originating from the 

electron transfer from ligands to nickel during irradiation, were detected at 879.43 and 881.76 eV 

(Ni 2p1), 861.68 and 864.48 eV (Ni 2p3) [350]. Meanwhile, the peaks at binding energies of 

853.23 and 870.53 eV were ascribed to the Ni 2p3 and Ni 2p1 of Ni, respectively. The peaks 

resulting from Ni(OH)2 were observed at 856.15 and 873.45 eV, which could be formed during 

the hydrothermal process. Additionally, the lattice oxygen of NiO and the adsorbed hydroxyl group 

on the surface of nanocomposites were observed at peaks 530.18 eV and 532.07 eV, respectively 

in Fig. 7.8c [388]. The existence of Mo 3d/S 2s and S 2p regions confirmed the successful synthesis 

of MoS2 nanostructures [344]. The typical peaks of S 2p at 161.25 and 162.41 eV, Mo 3d at 228.51 

and 231.66 eV and S 2s at 226.65 eV belonged to MoS2. Moreover, the presence of S was detected 

at 163.50 eV (S 2p3) and165.26 eV (S 2p1), which was consistent with the EDX result. A pair of 

peaks at 169.01 and 170.27 eV revealed the formation of SO4
2-, which was formed by the oxidation 

of sulfur throughout the hydrothermal process [389]. Furthermore, as demonstrated in Fig. 7.8d, 

the high-resolution XPS spectrum of Mo 3d demonstrates the existence of Mo(IV)/Mo(VI) in Mo-

O, in which the formation of Mo(VI) could be owing to the partial oxidation of Mo(IV). 
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Figure 7.7. Elemental mapping of MNC_0, MNC_1 and MNC_3, respectively. 
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Figure 7.8. XPS spectra of MNC_2: (a) full scanning survey, narrow scan of (b) Ni 2p, (c) O 1s, 

(d) Mo 3d and (d) S 2p. 



151 

 

7.2.2 Electrochemical Analysis 

To evaluate the electrochemical properties of the as-prepared nanocomposites, both CV and GCD 

were carried out by utilizing a three-electrode system in 2M KOH electrolyte. The average mass 

load was about 10 mg to access real applications. The CV profiles at different sweeping rates were 

displayed in Fig. 7.9a-d. Clearly, a pair of redox peaks was observed within 0 ~ 0.5 V (vs. 

Ag/AgCl), resulting from the oxidation of NiO to NiOOH (anodic peaks) and the reduction of 

NiOOH to NiO (cathodic peaks) [390]. Meanwhile, the interactions between cations (K+) and 

MoS2 could provide extra pseudocapacitance as well [335], as given in Eq. (15) and (18): 

𝑁𝑖𝑂(𝑠) + 𝑂𝐻(𝑎𝑞)
− ↔ 𝑁𝑖𝑂𝑂𝐻(𝑠) + 𝑒− (18) 

A shift of redox peaks, in which anodic peaks shifted to more negative and cathodic peaks shifted 

to more positive. An increase in current densities were viewed, while the intensity of redox peaks 

tended to decrease from scanning rate of 2 to 50 mV s-1. The shift of redox peaks could be attributed 

to the internal resistance (IR) and polarization effect of electrodes and the increasing current 

densities could be ascribed to the high mobility of K+ [391]. Insufficient duration given could lead 

to a reduction of peak intensity. This possibly caused electrolyte ions (K+ and OH-) to partially 

access  the active sites [392]. For comparison, the CV diagram of bare nickel foam at a scanning 

rate of 5 mV s-1 was also presented in Fig. 7.10, it was evident that negligible amount of 

capacitance was contributed by nickel foam. This emphasized that the as-synthesized MNC 

nanocomposites contributed the most to the overall electrochemical capacitance. 

Fig. 7.9e-h presents the charge storage behavior of these nanomaterials at different current 

densities. Evidently, all as-synthesized samples exhibited asymmetric charging and discharging 

curves, indicating the pseudocapacitance was mainly from Faradaic redox reactions. Meanwhile, 

a potential drop was also observed in all MOF-derived NiO/C-based nanomaterials, which 

suggested the existence of slight high internal series resistance due to the low conductivity of NiO 

[393]. This result was in line with the result from CV measurement. The operating potential 

window of NiO/C derived from Ni-MOFs could reach 0.45 V (vs. Ag/AgCl), while the potential 

was reduced to approximately 0.4 V (vs. Ag/AgCl) after the introduction of sodium and MoS2. 

The obtained specific capacitances were 1648.72, 2540.63 and 2102.31 F g-1 at a current density 

of 0.5 A g-1 for MNC_1, MNC_2 and MNC_3, respectively. Such high electrochemical 

capacitance was comparable to those studies involving NiO-based supercapacitor electrode active 

materials, as summarized in Table 7.1. Besides, the rate performance was shown in Fig. 7.10b, as 

expected, MNC_3 exhibited a slightly higher rate performance than other MoS2-incorporated 

samples due to its smooth surface. Hence, it evidently revealed the high electrochemical 

performance of Na-doped MoS2@NiO/C nanocomposites, and a symmetric supercapacitor device 

was fabricated to gain further insights on its potential for practical application. 
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Figure 7.9. Cyclic voltammograms at various scan rates (a-d) and galvanostatic charge/discharge 

curves (e-f) of Na-doped MoS2@NiO/C nanocomposites on nickel foam at 2M KOH electrolyte. 
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Figure 7.10. (a) CV profile of nickel foam at a scan rate of 5 mV s-1 and (b) the specific capacitance 

obtained for Na-doped MoS2@NiO/C nanocomposites at various current densities in 2M KOH 

electrolyte. 

 

Table 7.1. The electrochemical performance of NiO-based SC electrode active materials. 

Name Electrolyte SC CD ED PD η (%) 
# of 

Cycles 
Ref. 

NiO/NC//AC 6M KOH 1026 F g-1 1 40.2 750.2 80.2 8,000 [386] 

NiCo2O4/NiO 

//AC 
3M KOH 726 F g-1 1 32.9 912.4 91.4 5,000 [394] 

N400//AC 3M KOH 473 F g-1 0.5 21.4 375.8 94 3,000 [395] 

La2O3-NiO//AC 1M KOH 564 F g-1 1 4.3 200 93.4 2,000 [396] 

NiO/NiS@CNT 

//AC 
6M KOH 809.7 F g-1 1 29.87 800 82.9 10,000 [397] 

NiO/CNT 6M KOH 491.9 F g-1 1 23.36 799 81.2 10,000 [397] 

NiO/C/rGO 

//SCC 
6M KOH 496 C g-1 1 35.9 749.1 120 3,000 [398] 

MnO2@NiO 

//MEGO 
1M KOH 374.6 F g-1 0.25 15.4 200 92.7 5,000 [399] 

NiO@Co3O4@ 

GQDs//AC 
6M KOH 1361 F g-1 1 38.44 750 76.4 3,000 [400] 

MNC_2 2M KOH 2541 F g-1 0.5 36.9 477 111.92 4,000 this  

* SC: Specific Capacitance; CD: Current Density (A g-1); ED: Energy Density (Wh kg-1); PD: 

Power density (W kg-1); η: Efficiency. 
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To study the charge storage mechanism of Na-doped MoS2@NiO/C nanocomposites, cyclic 

voltammetry (CV) was conducted at an operating potential window of 0 – 1.0 V in a two-electrode 

configuration.  As depicted in Fig. 7.11a, the CV profiles as a function of scan rates were plotted 

at a scan rate of 50 mV s-1 in 2M Na2SO4 aqueous electrolyte. As expected, the closed CV curves 

illustrated a weak and broad pair of redox peaks corresponding to the intercalation and de-

intercalation of Na+ cations, which evidently proved the charge and energy storage mechanism 

was dominated by pseudo-capacitive behaviors [350, 401]. Notably, all the CV curves possessed 

highly symmetrical shapes, clearly indicating the high reversibility of Na-doped MoS2@NiO/C 

electrode. Besides, MNC_2 electrode showed a larger CV loop area than other samples at the same 

scan rate, demonstrating a better capacitive performance. Additionally, the comparative study also 

illustrated that the hierarchical porous structures were beneficial to enhance the electrochemical 

performance. The synergetic effect of Na and MoS2 nanomaterials incorporated into MOF-derived 

NiO/C further enhanced the electrochemical performance.  

 

Figure 7.11. (a) CV profiles of Na-doped MoS2@NiO/C nanocomposites at 50 mV s-1. (b) Linear 

response between current densities and square root of scan rates, (c) calculation of b values at 

various potentials and (d) capacitance contributions at different scan rates of MNC_2.  
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The CV profiles of Na-doped MoS2@NiO/C electrodes at different scanning rates ranging from 

50 to 500 mV s-1 were demonstrated in Fig. 7.12. Clearly, all the CV loop areas increased with a 

rising scan rate up to 500 mV s-1, as well as the raising of current densities. This suggested the 

excellent rate performance of the electrode, owing to the hierarchical structures with high porosity, 

which have facilitated the rapid electron transfer and electrolyte ion diffusion. Meanwhile, it was 

observed that oxidation peaks shifted positively and reduction peaks shifted negatively as the scan 

rate increased, which was primarily caused by the internal resistance and polarization effect. 

Additionally, Fig. 7.13a displays CV curves of MNC_2 at various potential windows at 50 mV s-

1. The appearance of polarization peaks was observed when the working potential exceeded 1.0 V 

(0 – 1.0 V), which could be due to the hydrogen/oxygen evolution reaction. Hence, all the 

electrochemical analysis was conducted at the same operation potential window. 

 

 

Figure 7.12. CV curves of (a) MNC_0, (b) MNC_1, (c) MNC_2 and (d) MNC_3 at different 

scan rates ranging from 50 to 500 mV s-1 in 2M Na2SO4 aqueous electrolyte. 
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As MNC_2 performed the best among other samples, it was studied further to gain insight on the 

kinetics of sodium ion storage.  As depicted in Fig. 7.11b and 7.13b, the relationship between 

current density and scan rates, as well as square root of scan rates was plotted. According to the 

linear fitting plots, the regression values for I vs. v was much lower than that of I vs. v1/2 at various 

potentials, which could be interpreted that diffusion-limited process was the best fitting charge and 

energy storage mechanism for MNC_2. Moreover, to supplementary prove the diffusion-limited 

and non-diffusion-limited charge storage characteristics, power-law relationship was evaluated 

employing Eq. (11) [351, 402]. 

The value of b is a significant indicator to evaluate the sodium storage kinetics which can be 

obtained from the fitting slope of log (i) vs. log (v). In particular, the non-diffusion process is 

dominant in sodium ion storage process if b approaches 1, while the value of b is 0.5 for diffusion-

limited capacitive process. Fig. 7.11c displays the plots of log (i) vs. log (v) with linear fittings. 

Clearly, it could be noted that b values were located between 0.62 and 0.67, revealing the existence 

of both diffusion- and non-diffusion-limited processes [403]. To quantitatively study the Na+ ion 

storage behavior, the proportion contribution of diffusion- and surface-limited capacitance was 

investigated by Dunn’s method [404]. Based on this model, current response at a particular 

potential in CV can be separated into terms related to the scanning rate, as given in Eq. (12):  

 

Figure 7.13. (a) Different potential windows at 50 mV s-1, (b) plots of current density versus scan 

rate, and (c) plots of iv-0.5 versus v0.5 at both positive and negative 0.84 and 0.87 V for MNC_2. 

Fig. 7.13c presents a plot of iv-0.5 against v0.5 at positive 0.84 V and negative 0.87 V, respectively. 

Based on calculations, the percentage contribution was only 11.82% for surface-limited process 

(Fig. 7.11d, brown region) at a low scan rate of 50 mV s-1. Meanwhile, the percentage of EDLC 

behavior increased gradually with increasing sweeping rates, which eventually reached 29.63% at 

a high rate of 500 mV s-1 (Fig. 7.11d, brown region). Nevertheless, as presented in Fig. 7.11d, the 

dominance of diffusion-limited process was observed at all scan rates and potentials owing to the 

involvement of Na+ insertion/deinsertion. A schematic diagram for sodium storage was 

demonstrated in Fig. 7.14. Hence, it confirmed that the sodium storage process was controlled by 

both non-diffusion and diffusion processes. Furthermore, the proportion contribution of diffusion-

limited capacitance decreased as the scan rate increased, which could be attributed to fact that 

electrolyte ions did not have adequate time to penetrate  into all the pores on the electrode at high 

scan rate [405]. High scanning rate was unfavorable for the insertion and deinsertion of sodium 

ions, leading to partial Faradaic redox reactions on the surface of electrode. 
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Figure 7.14. Schematic illustration of the sodium storage behavior in hierarchical porous Na-

doped MoS2@NiO/C nanocomposites. 

 

To investigate the specific capacitance of Na-doped MoS2@NiO/C electrode active materials, 

galvanostatic charge/discharge (GCD) was performed over an operation potential window of 0 – 

1.0 V at various current densities (0.5 to 5.0 A g-1), as shown in Fig. 7.15. The almost symmetrical 

GCD profiles indicated that the symmetrical supercapacitor device exhibited excellent capacitive 

performance and electrochemical reversibility. The NiO/C derived from Ni-MOFs yielded an 

electrochemical capacitance of 186.39 F g-1 at 0.5 A g-1 (Fig. 7.16a). Moreover, the 

electrochemical capacitances were found to be 159.51, 292.14 and 224.85 F g-1 at 0.5 A g-1 for 

MNC_1, MNC_2 and MNC_3 electrode, respectively. The result was consistent with that of CV 

data. The enhancement in electrochemical properties could be caused by the hierarchical porous 

structures of Na-doped MoS2@NiO/C nanocomposites with compatible channels, leading to the 

enhancement in surface areas for charge storage and providing sufficient paths for electrolyte ion 

transfer. Besides, the rate performance of these nanocomposites was depicted in Fig. 7.16b, and 

the corresponding GCDs were shown in Fig. 7.15. It could be noted that inferior rate performance 

was seen for MNC_0, in which the capacitance retention was only 17.18% as the applied current 



158 

 

density was increased by 10 folds, and a significant potential drop (67 mV) was observed, in 

particular at a high discharging current density. This could be assigned to the non-conductive 

nature of most transition metal oxides [406-408]. The capacitive performance was substantially 

enhanced when layered MoS2 nanosheets were incorporated, and the potential drops were 17, 46 

and 10 mV for MNC_1, MNC_2 and MNC_3, respectively. Additionally, the reduction in the 

capacitance retention of the electrode active materials at a high current density could be 

rationalized. As the diffusion limitation was dominant for overall sodium storage, the capacitance 

could be reduced by the slow migration of electrolyte ions. 

 

Figure 7.15. GCDs at different current densities (0.5 – 5.0 A g-1) for (a) MNC_0, (b) MNC_1, 

(c) MNC_2 and (d) MNC_3. 

 

Notably, a Ragone plot was illustrated in Fig. 7.16c, the hierarchical porous Na-doped 

MoS2@NiO/C nanomaterials possessed excellent energy and power densities. The delivered 

energy densities of MNC_1, MNC_2 and MNC_3 were 21.41, 36.93 and 30.61 Wh kg-1 at power 

densities of 491.5, 477 and 495 W kg-1 respectively. Meanwhile, the retained energy density at 

16.10 Wh kg-1 was achieved by MNC_3 at a maximum power density of 4,600 W kg-1. Such 
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excellent energy density was comparable to those supercapacitor devices reported in other studies 

[282, 409, 410].  

 

Figure 7.16. (a) GCD profiles at 0.5 A g-1, (b) rate performance of Na-doped MoS2@NiO/C 

nanomaterials and (c) Ragone plot of the as-fabricated symmetric SC devices and other references. 

(d) Cyclic performance, (e) Nyquist plot and (f) EIS spectra before and after cycling performance 

measurement of Na-doped MoS2@NiO/C nanocomposites. 

 

Furthermore, recyclability is one of the critical parameters to define the stability of an electrode 

active material. Hence, the cycling performance of the as-assembled MNC_2 supercapacitor 

device was evaluated at a constant current density of 1.5 A g-1 for 4,000 cycles. An outstanding 

capacitance retention of 111.92% was obtained after 4,000 GCD cycles (Fig. 7.16d), highlighting 

the superior cyclic stability. The highly porous structure was possibly responsible for tolerating 

the volume change of NiO during long-term charging and discharging. Moreover, the perfusion of 

sulfur could prohibit the dissolution of active materials during continuous GCD cycles. It is worth 

noting that the retained capacitance was 140.99% at 1,000th cycle (Fig. 7.16d, inset), which 

resulted from the activation of MNC_2 electrode active materials during long-term cycling [411]. 

Moreover, the delivered coulombic efficiency was also as high as 97.6% over 4,000 continuous 

cycles (Fig. 7.16d).  

Additionally, charge transfer kinetics were analyzed via the electrochemical impedance 

spectroscopy (EIS) method. The impedance of the as-fabricated symmetrical supercapacitor 

devices was evaluated by applying a low-amplitude alternative voltage of 10 mV from 100,000 to 

0.01 Hz. Fig. 7.16e demonstrates the Nyquist plots of the as-synthesized nanocomposites. These 

plots mainly consisted of three parts. Intrinsic resistance (Rs), also known as solution resistance, 

was located at high-frequency regions, interfacial charge transfer resistance (Rct) was at mild-
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frequency regions, which was originated from the interfacial charge transfer, and a capacitive line 

was viewed at low-frequency regions. As shown in Table 7.2, both the Rs and Rct were reduced 

by sodium doping and the incorporation of MoS2 nanomaterials, suggesting the hierarchical porous 

structures helped to decrease internal and charge transfer resistance. Nonetheless, MNC_0 

electrode exhibited both high Rs and Rct, which implied the inferior electronic conductivity of 

transition metal oxides. Additionally, the Nyquist plots of the Na-doped MoS2@NiO/C 

nanostructures exhibited an oblique line (~45 °) instead of a perfectly vertical line, which could be 

assigned to the diffusion impedance, also called as Warburg impedance (W) [412]. The frequency-

dependent Warburg impedance is always being utilized to model the semi-infinite diffusion 

process at the interface between electrolyte and electrode, especially the unrestricted diffusion to 

large planar of electrode. At the low frequency region, normally the ideal diffusion behavior can 

be observed, represented by a vertical line that is closely parallel to the imaginary impedance axis 

of the Nyquist plot.  

The EIS technique was used to evaluate the MNC_2 electrode before and after performing the 

cyclic analysis, as demonstrated in Fig. 7.16f. Moreover, the Nyquist plots were fitted to an 

equivalent circuit (Fig. 7.16f, inset) as well. Evidently, a slight shift of Rs from 1.11 to 1.19 Ω and 

similar shift of Rct from 5.08 to 6.97 Ω were observed. The tiny enlargement in Rs could be ascribed 

to the repetitive insertion and deinsertion of sodium ions, resulting in electrode active materials 

partially detached from current collectors [413]. The minor shift of Rct to a higher value was mainly 

attributed to the slight loss of electrode active materials. These results were consistent with the 

reduction in coulombic efficiency of the electrode. 

Table 7.2. EIS data of Na-doped MoS2@NiO/C nanocomposites in 2M Na2SO4 aqueous 

electrolyte. 

Samples Rs (Ω) Rct (Ω) 

MNC_0 1.58 14.87 

MNC_1 1.25 2.18 

MNC_2 
1st 1.11 5.08 

4,000th 1.19 6.97 

MNC_3 0.45 0.78 

 

In principle, the remarkable electrochemical performance of hierarchical porous MOF-derived 

NiO/C incorporated MoS2 nanocomposites could be assigned to several reasons. Firstly, the 

existence of abundant pores of NiO/C yolk-shell structures not only offered sufficient channels for 

electrolyte ion transport, but also enlarged the surface area for sodium storage. Secondly, the doped 

Na cations and the amorphous carbon derived from Ni-MOFs were able to facilitate charge transfer 

by reducing electronic resistance. Besides, the abundance of NiO could offer additional 

pseudocapacitance resulting from Faradaic redox reactions. These phenomena significantly 

alleviate the specific capacitance and energy density of the electrode. Furthermore, the 
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incorporation of MoS2 nanomaterials with hierarchical structure was not only favorable for 

reducing electronic resistivity, but also provided extra pseudocapacitance and surface area for 

EDLC. Therefore, an outstanding electrochemical performance was achieved due to the synergistic 

effect of the nanocomposites and MOF [414-416]. 

 

7.3 Summary 

In conclusion, a novel hierarchical porous Na-doped NiO/C (derived from Ni-MOFs) incorporated 

into MoS2 nanocomposites were propitiously prepared via a simple hydrothermal approach. The 

as-synthesized nanostructures showed an excellent specific capacitance in aqueous based 

electrolyte system, when a symmetric supercapacitor was fabricated. Meanwhile, the delivered 

energy density was remarkable at 36.93 Wh kg-1, and this value was much higher than simple 

carbonaceous nanomaterials reported elsewhere. Additionally, a remarkable cyclability was 

achieved over 4,000 cycles, in which the capacitance retention was 111.92% with a coulombic 

efficiency of 97.6%. The exceptional electrochemical performance of the nanocomposites could 

be assigned to the highly pseudocapacitance-rich transition metal oxides and hierarchical MoS2 

nanostructures, which could significantly enhance the energy density.  Besides, the MOF-derived 

carbon nanomaterials and the incorporated Na could facilitate charge transfer. Additionally, the 

perfusion of S could substantially reduce the loss of active materials and enhance the transfer of 

electrolyte ions. Hence, this study provided a novel approach on structure design of novel 

electrodes for high-performance supercapacitor applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



162 

 

Chapter 8: Conclusion and Future Perspectives  

 

8.1 Conclusion 

In conclusion, this study firstly systematically investigated the impact of critical parameters, 

including different solvent systems, solvothermal temperature and time, on the morphological and 

electrochemical properties of Ni-MOFs, which were synthesized via a solvothermal approach. The 

results indicated that: (a) Binary solvents (DMF + Ethylene glycol) with high polarity and viscosity 

were beneficial to produce Ni-MOF with high surface area and porosity. (b) The incorporation of 

highly conductive graphene nanosheets with Ni-MOF nanostructures could further enhance 

electrochemical performance. (c) The solvothermal reaction temperature had a significant 

influence on the morphologies, crystallinity and electrochemical capacitive performance of Ni-

MOF nanomaterials, whereas solvothermal time only had a slight impact on the resultant 

morphologies and electrochemical properties. Apart from that, the incorporation of molybdenum 

disulfide and sodium cations onto Ni-MOF nanostructures was also studied. The findings showed 

that the as-synthesized nanocomposites could significantly enhance the energy density without 

compromising the cycling durability. Additionally, transition metal oxides/carbon nanocomposites 

derived from Ni-MOFs were investigated in detail as well. In particular, highly porous Na+ and 

MoS2 incorporated MOF-derived NiO/C yolk-shell nanocomposites were prepared via a simple 

hydrothermal approach, followed by the calcination process, which exhibited superior 

electrochemical capacitance and cyclic stability. It was worth noting that perfusion of sulfur could 

occur when a large amount of MoS2 was incorporated. This could reduce the porosity and surface 

areas, leading to a decrease in electrochemical capacitance. Nevertheless, it was possible to offer 

smooth surface to facilitate the diffusion of electrolyte ions and prohibit the dissolution of active 

materials during continuous GCD cycles. Their electrochemical performance was summarized in 

Table 8.1. According to the abovementioned works, all the objectives were achieved, and the 

following conclusions can be drawn: 

i. The average size of Ni-MOF nanosheets tended to decrease as the reaction temperature 

was increased, whereas the crystallinity of these nanostructures showed a direct correlation 

with solvothermal temperature. 

ii. The nanostructures synthesized at 160°C exhibited extraordinary electrochemical 

performance. 

iii. Binary solvents (DMF + Ethylene glycol) with high polarity and viscosity were favorable 

for the formation of microspheres. 

iv. The electrochemical performance of Ni-MOFs could be further enhanced via the 

incorporation of highly conductive graphene nanosheets (Ni-MOF/graphene). 

v. The porosity and electrochemical property of MOF-derived NiO/C nanocomposites were 

further enhanced by incorporating Na+ and hierarchical MoS2 nanostructures. 

vi. The perfusion of sulfur could block the porous structures of the as-synthesized 

nanomaterials, leading to a decrease in porosity and electrochemical capacitance, but it is 

beneficial to facilitate electronic conductivity and cyclability. 
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Table 8.1. Electrochemical performance of MOF-based nanostructures used in SCs. 

Nanomaterials Specific Capacitance Energy Density 

(Wh kg-1) 

Power Density 

(W kg-1) 

Cyclic Stability References 

NiCo-MOF 
1126.7 F g-1 

@ 0.5 A g-1 
20.94 750.84 

90% 

/5,000 
[417] 

Co-MOF 
300 F g-1 

@ 1 A g-1 
26 400 

94%/ 

1,000 
[418] 

NiO/Ni-MOF 
1176.6 F g-1 

@ 1 A g-1 
31.3 374.2 

88.7% 

/2,000 
[419] 

Ni-MOF/rGO 
954 F g-1 

@ 1 A g-1 
17.13 750 

81.63% 

/4,000 
[420] 

H3TATB 
213 C g-1 

@ 0.5 A g-1 
16.0 749 

88% 

/3,000 
[283] 

Co-BTC 
657 F g-1 

@ 0.5 A g-1 
34.4 375.3 

81.4% 

/3,000 
[205] 

Co-MOF/Gr 
549.96 F g-1 

@ 10 mV s-1 
8.1 850 

78.85% 

/1,000 
[421] 

Ni-MOF/NiS2 
1128 F g-1 

@ 2 A g-1 
23.5 1400 

95.2% 

/10,000 
[422] 

NiCo-MOF 
927.1 F g-1 

@ 1 A g-1 
28.5 400.5 

95.4% 

/5,000 
[423] 

FG_Gr1.0 
420.4 F g-1 

@ 1 A g-1 
14.68 291.82 

97.7% 

/10,000 
this work 

FG16032 
619.62 F g-1 

@ 0.5 A g-1 
22.44 294.6 

117.78% 

/10,000 
this work 

MoS2@ 

Ni-MOFs 

491.63 F g-1 

@ 0.5 A g-1 
33.33 483 

97.42% 

/10,200 
this work 

MoS2@NiO/C 
2540.63 F g-1 

@ 0.5 A g-1 
36.9 477 

111.92% 

/4,000 
this work 
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8.2 Future Perspectives 

Currently, the design and synthesis of highly porous micro/nanostructured materials with 

outstanding electrochemical properties have been widely studied for high-performance 

electrochemical energy devices. A large number of studies have proved that MOFs can be utilized 

as promising electrode active materials for SCs by virtue of the natural advantages of high porosity, 

ultra-large specific surface area and easily controllable structures. Moreover, MOFs not only could 

be directly employed as functional materials, but they have also been utilized as 

precursors/templates for the synthesis of metal oxides, nanoporous carbon and metal oxide/carbon 

nanocomposites. Besides, their derivatives show inherent morphology and structures of their 

parent precursors. Such unique characteristics facilitate large electroactive sites and suitable 

channels for ion diffusion during electrochemical reactions. Correspondingly, the energy density 

and cycling performance could be further enhanced. Though MOF-based electrode active 

materials are attractive, there are still issues which need to be tackled.  

Firstly, some pristine MOFs possess intrinsic inferior stability and high electronic resistivity, 

which could seriously limit electrochemical performance. Recent studies demonstrated that free-

standing of 2D MOF structures on a conductive substrate (i.e., gold, silver and graphene) could be 

an effective route to deal with this problem. On the other hand, the incorporation of other 

conductive materials with MOF is an alternative strategy.  Nonetheless, only a few organic ligands 

can be used to synthesize conductive MOFs, it is crucial to design and construct conductive MOF 

structures with excellent conductivity and stability.  

Secondly, despite the electrochemical performance could be significantly enhanced through the 

introduction of transition metal oxides, especially multiple metal oxides, the interactions between 

these metal oxides and the charge storage mechanism still remain unclear. Hence, more studies are 

required to be conducted and more advanced technologies in this context are urgently to be 

addressed.  

Lastly, electrolytes also have a significant role to play in electrochemical performance (such as 

cycling stability, rate performance, energy and power density) as well as safety. The design of 

efficient electrolytes is still challenging in the application of MOF-materials in SCs. Thus, more 

studies need to be carried out to understand the interactions in the interface between electrolyte 

and electrode.  
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