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ABSTRACT 

Recently, the use of electrochemical supercapacitors as energy storage devices has 

drawn great attention due to their high charge/discharge rate, long life span, high 

power and energy densities. However, the choice of electrode materials used is vital 

for the performance of supercapacitors. This study focused on the development of a 

low cost hybrid electrode based on reduced graphene oxide/metal organic framework 

composite (rGO/MOF) and a novel palladium (Pd) nanoparticles loaded on rGO/MOF 

termed Pd-rGO/MOF nanocomposite. The prepared nanocomposites were used for 

high performance electrochemical double layer capacitor-(EDLC) and battery-type 

supercapacitors known as supercabattery.  

The rGO material reported in this work was chemically derived through the oxidation-

reduction method using a hydrazine as a reducing agent. Furthermore, palladium 

nanoparticles were loaded on the rGO using the electroless plating method. The 

rGO/MOF and novel Pd-rGO/MOF nanocomposites were prepared using an 

impregnation method in dimethylformamide. The physical and morphological 

properties of the synthesised materials were investigated using scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), 

Fourier transform infrared spectroscopy (FTIR), energy dispersive X-ray spectroscopy 

(EDX), differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). 

The XRD and FTIR analyses showed crystalline phases and vibrational bands for both 

parent materials, respectively. The TGA/DSC results showed enhancement of the 

thermal stability of the composite as compared to MOF material. The SEM/EDS and 

TEM/EDX confirmed the presence of octahedral structure of MOF in the rGO sheet-

like structure and elemental composition of the synthesised composite. The resultant 

of Pd-rGO/MOF nanocomposite showed a morphology in which a thin layer of rGO 

coating existed over MOF with unique bright spots indicating the presence of Pd 

nanoparticles. This observation agreed well with the structural properties revealed by 

both XRD and FTIR with the reduction of MOF intensities upon Pd-rGO loading as well 

as enhancement of thermal stability of the nanocomposites. The electrochemical 

properties of the prepared electrodes were determined using cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy 

(EIS). To evaluate the electrochemical performance of the prepared electrode 

materials, both two and three electrode cells were assembled. From the CV and GCD 
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results, the nanocomposites demonstrated a battery-type behaviour and therefore 

asymmetric supercabattery cells were assembled using the composites as positive 

electrodes, and activated carbon as a negative electrode. The specific capacity of 

rGO/MOF in three electrode cell was found to be 459.0 C/g at a current density of 1.5 

A/g in 3M potassium hydroxide. Furthermore, the asymmetric supercapacitor based 

on the rGO/MOF nanocomposite and activated carbon (AC) as a negative electrode 

exhibited a maximum energy density of 11.0 Wh/kg and the maximum power density 

of 640.45 W/kg. The loading of palladium nanoparticles on the nanocomposite was to 

improve the electrochemical active sites and the performance of the supercapacitor 

electrode. After incorporation of Pd nanoparticles, the specific capacitance in three 

electrode cell improved to 712 C/g at a higher current density of 2 A/g with the same 

electrolyte. The assembled supercabattery has shown improved maximum energy and 

energy density of 26.44 Wh/kg and 1599.99 W/kg, respectively. Based on these 

findings, the synthesised rGO/MOF and Pd-rGO/MOF nanocomposites are promising 

electrode materials for future supercabattery applications. 
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CHAPTER ONE  

INTRODUCTION 

1.1. Background 

 

Energy is fundamental to any country’s economy, because, it makes a huge input into 

the economy and without it there would be less or no developments resulting in a poor 

economic growth [1, 2]. Over population also contributes to the increased energy 

demand. After the introduction of Industrial Revolutions, the social and industrial 

developments of almost all countries have depended greatly on the burning of non-

renewable energy sources especially coal, gas, and oil as they accessible easily [3]. 

The burning of fossil fuels for energy production has resulted in accumulations of 

excess carbon dioxide in the atmosphere. The carbon dioxide emission from the 

energy production industries is the main contributor of greenhouse effect resulting in 

harmful living conditions for humans and animals [4]. Strategies used to resolve the 

global-carbon emissions issue includes the development of renewable, non-harmful 

energy sources such as solar energy, wind energy, biofuels, and hydro energy [5, 6]. 

Most of the renewable energy is obtained directly as electricity, so the improvement of 

reliable electrochemical energy storage devices such as fuel cells, batteries and 

supercapacitors is very important [7]. 

 

1.2. Problem statement 

 

The commonly used energy storage devices includes batteries and supercapacitors. 

However, supercapacitors are expected to replace batteries completely due to their 

fast charging/discharging rate, high energy density and very long cycling stability [8]. 

Furthermore, this device can be used either by itself as the primary power source or 

in combination with batteries or fuel cells. Supercapacitors are classified into 

electrochemical double-layer capacitors (EDLC), pseudocapacitors and 

supercabattery. The performance of an electrochemical supercapacitor (ES) is 

primarily dependent on the quality and the type of electrode material used.  So far, 

there are various electrode materials that have been studied in supercapacitor 

applications including graphene materials (carbons), metal oxides/hydroxides and 

conducting polymers. Carbon materials especially graphene materials have been 

studied intensively for supercapacitors and they exhibited an electrochemical double 
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layer behaviour. This is due to their high electric conductivity, high thermal and 

chemical stability, and outstanding mechanical properties among other carbon based 

materials [9, 10]. These materials show more of electrostatic (non-faradaic) behaviour 

rather than pseudocapacitive nature (faradaic), resulting in longer cycling stability of 

the electrode. Reduced graphene oxide (rGO) amongst other carbon materials has 

shown better performances in supercapacitors due to its high conductivity and 

excellent mechanical stability of the materials. However, rGO has a drawback of 

restacking of the graphene sheets as a result of the strong van der Waals forces which 

lead to agglomeration [11]. This phenomenon of restacking results in the decrease in 

the conductivity and the surface area of the rGO and therefore compromising the 

performance of the supercapacitor electrode material. 

 

1.3. Motivation of the study 

 

The prevention of the agglomeration and restacking is the key challenge in processing 

graphene based materials, as its unique properties are associated particularly with the 

individual graphene sheets. There are various methods for preparing graphene 

materials in prevention of restacking including chemical vapour deposition (CVD), 

chemical exfoliation and chemical derivation of graphene. However, CVD and 

chemical exfoliation suffers from drawbacks such as small scale production and high 

temperature production. Chemically derived graphene is more researched due to 

simple manufacturing, low cost and a straight forward up-scaling method [12]. 

Furthermore, the restacking can be overcome by introduction of fillers such as 

pseudocapacitive materials, porous materials and transition metals which separates 

the graphene sheets, and simultaneously contributing to the total capacitance of the 

system. 

Crystalline porous materials (CPMs) have been massively researched and used in 

different fields owing to their appealing features such as high surface area, crystalline 

structure and extremely well-ordered porours structure [13]. Metal organic frameworks 

(MOFs) are class of CPM materials composed of a metal ions and organic linkers and 

these materials are investigated for several uses including as fuel cells [14], batteries 

and supercapacitors [15]. This is due to their diverse structure, adjustable pore sizes, 
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high specific surface area, abundant active sites and easy to manufacture. The 

introduction of MOFs in graphene sheets can reduce resctacking and contribute to the 

performance of the supercapacitor particularly in supercabattery which is a 

combination of high-power EDLC and high-energy density battery-type electrode. The 

large specific surface area of MOFs can also increase the contact area between MOFs 

electrode and electrolyte, which further improves the specific capacitance. 

Furthermore, the adjustable pore size can ensure the fast transport of electrons and 

electrolyte ions while the abundant active sites can promote the pseudocapacitance 

[16]. ] Srimuk et al. [17] prepared a composite material based on rGO and MOF which 

was coated on flexible carbon paper and applied as a supercapacitor electrode 

material and showed a high specific capacitance of 385 F/g at a current density of 1 

A/g. Therefore, this work focuses on the development of a hybrid composite based on 

chemically derived reduced graphene oxide and MOF materials prepared by 

impregnation method of 1:1 ration for supercabattery applications.  Furthermore, the 

introduction of Pd nanoparticles to the on reduced graphene nanosheet composite 

electrode material   was reported to increase more active sites, dissociation ability and 

thus results in high performances [18]. Their synthesised Pd-rGO electrode material 

exhibited high specific capacitance of 637 F/g, exceptional cyclic performance and 

extreme energy density of 56 Wh/ kg and power density of 1166 W/ kg at a current 

density of 1.25 A/g. Hence in this work, the electrochemical performance of a novel 

Pd-rGO/MOF nanocomposite was synthesised by electroless deposition of Pd 

followed by impregnation method. 

 

1.4. Aims and Objectives 

1.4.1. Aims 

The main aim of this work is to develop a reduced graphene oxide/metal organic 

framework composite doped with palladium nanoparticles for advanced 

supercapacitor applications in an aqueous electrolyte. 
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1.4.2. Objectives 

 

The objectives of this work are to: 

1. synthesise Cu based MOF, rGO and their composite. 

2. load palladium nanoparticles to the rGO and incorporate MOF to produce Pd-

rGO/MOF composite. 

3. characterise the prepared materials using different analytical instruments. 

4. study the electrochemical properties and apply each material as a 

supercapacitor electrode.   

 

1.5. Dissertation outline 

 

This dissertation attempts to investigate the performance of Pd-rGO/MOF composite 

as an electrode material for supercapacitor applications. 

 Chapter one summarises the need for enhanced supercapacitors, research 

problem statement and motivation followed by aim and objectives of the study.  

 Chapter two presents a literature review on types of supercapacitors, MOFs 

as electrode materials, carbon materials as SC electrode materials and 

MOF/carbon hybrid electrodes as electrode materials. 

 Chapter three gives the review of the analytical instruments used in this study.  

 Chapter four focuses on the synthesis of rGO/MOF hybrid composite and its 

application as an electrochemical supercapacitor electrode. 

 Chapter five focuses on the synthesis of Pd-rGO/MOF hybrid composite and 

its application as an electrochemical supercapacitor electrode. 

 Chapter six gives overall conclusions drawn from the study and the 

recommendations for future research. 
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CHAPTER TWO 

COMPREHENDING THE CONTEMPORARY STATE OF ART IN 

SUPERCAPACITORS USING METAL ORGANIC FRAMEWORK COMPOSITES: A 

REVIEW 

 

Summary 

Nowadays, generation, storage, and utilisation of clean energy are the challenging 

problems faced by the world at large, due to depletion and non-reliable energy 

sources. These energy setbacks have made scientists to put more focus on 

developing electrochemical energy storage devices comprised of fuel cells, 

supercapacitors or batteries. Fuel cells as well as batteries possess higher energy 

density when compared to supercapacitors but low power density, unnecessary 

installation cost, bulkiness, and short life time are major draw backs for fuel cells and 

batteries up to date. Nevertheless, supercapacitors exhibit some energy qualities 

including light-weight; easy portability, making it much convenient for transportation 

and excellent cyclability. Moreover, supercapacitors have the potential of possessing 

high specific and energy densities through surface modifications of electrode materials 

and composites formation. For instant, metal organic framework (MOF) composites 

are reported to exhibit enhanced energy density, forming hybrid supercabattery, which 

is a combination of supercapacitors and batteries. Hence, this review discusses 

developments and recent findings on supercapacitor technologies with much attention 

focused on MOFs and their composites as electrode materials together with other 

important parameters that are capable of enhancing the overall electrochemical device 

performances. 

Keyworks: Metal organic frameworks, electrode material, supercabattery, 

supercapacitor, pseudocapacitor. 

 

2.1. Introduction 

Over the last decade, a drastic rising of energy demand has forced researchers and 

scientists to overlook and develop clean, maintainable and sufficient energy storage 

and conversion techniques that are much more reliable and renewable [1]. There are 
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various energy sources such as wind, solar, hydrothermal being developed to produce 

renewable and clean energy but the problem evolves when it comes to the storage of 

the produced energy [1-8].Hence, there is a need to come up with new mechanisms 

to improve the storage devices. It has been reported that the energy produced by wind 

and solar is not always available for use so it is very important for it to be stored for 

future times when there is no wind or light [3]. Several energy storage devices, 

including capapcitors, batteries and fuel cells, are currently being studied [4, 5]. 

Batteries and electrochemical capacitors have been recognized as the future for 

energy storage technologies [9-11]. Researchers shifted their focus to capacitors due 

to their ability to charge and discharge very fast as well as their longer life cycles [10].  

Within a capacitor, two electrically conductive plates, which serve as electrodes, are 

kept apart by dielectric material such as glass, plastic or ceramic. There are two types 

of capacitors which include conventional capacitors and supercapacitors. 

Conventional capacitors are usually used as condensers due to their low energy 

densities as well as power densities whereassupercapacitors have high energy 

density even after hundreds or thousands of can charge and discharge cycles [11]. 

The main difference is the presence of a dielectric material in the conventional 

whereas supercapacitors use a membrane for free mobility of ions [10]. The ragone 

plot in Figure 1(a) shows that supercapacitors can close the gap between conventional 

capacitors which has higher power and lower energy densities and batteries which 

have lower power and higher energy densities [12-16]. It is shown that supercapacitors 

based on the conventional and electric double-layer capacitor (EDLC) possess higher 

power density, however, lower energy density compared to other candidates. In 

addition, lithium ion batteries (LIBs) showed to have higher energy density than any 

other candidate [17, 18], but their power density is lower [12, 19]. Remarkably, several 

types of asymmetric supercapacitors [19] demonstrated average energy and power 

densities, which is better than the one of the produced by LIBs. Hence, asymmetric 

supercapacitors have been given much consideration in the energy storage 

applications owing to their comparable performance with LIBs as well as safer [20] 

and ecofriendly nature [21]. A supercapacitor is made up of two electrodes, separating 

membrane, an electrolyte and current collector. They are categorised into EDLC, 

pseudocapacitors and supercabattery [12] according to their constituents and the 

electrodes materials.  
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Electrochemical double layer capacitors consist of a similar capacitance mechanism 

as the normal conventional capacitors but instead of storing energy in the dielectric 

layer, EDLC utilises a permeable membrane and electrode/electrolyte interfaces for 

their energy storage. The capacitance in these supercapacitors is dependent on the 

distance between the electrodes, the type of electrolyte being used, and the separating 

membrane between the cathode and anode electrodes [22]. These types of 

supercapacitors are made up of carbon based electrode materials [23]. In 

pseudocapacitors the process is more of faradaic redox process rather than just a 

physical process. Metal oxides and polymers are dominantly utilized as electrode 

materials [22]. Their oxidation-reduction processes are reliant on electrode potential 

and alter with charging and discharging [21, 22]. This mechanism facilitates enhanced 

capacitance and energy density than EDLCs [16]. However, the cyclability of these 

two materials is poor [24-26].The two electrode materials can be combined to form a 

hybrid supercapacitor and when the two electrodes are similar, it’s called a symmetric 

supercapacitor but for different electrodes an asymmetric supercapacitor [22]. There 

are several requirements for suitable material for supercapacitors such as large 

surface area, adjustable porosity, high electrical conductivity, good cyclability (>105 

cycles) and modifiable morphology [25, 26].  As a result, various materials have been 

used as electrode material such as graphene [23], activated carbon [27], carbon 

nanotubes [28], transition metal oxide [22, 29], conducting polymers [30] and MOFs 

[31, 32]. Of the electrode materials, MOFs have emerged as favourable electrode 

candidates of supercapacitors [32]. These materials consist of sufficcient pores and 

networks to transfer electrons and give rise to evenly distributed reactive sites that are 

important for improved supercapacitive properties [31]. Hence this review focuses on 

the recent advancements of MOFs for supercapacitor applications. The review further 

discusses many aspects related to reactions involving supercapacitors and their 

related mechanisms along with the summary of parameters responsible for monitoring 

the activity of electrocatalyst. We then present the classification of supercapacitors 

with much attention given to the structural properties and synthetic pathways of MOFs 

and their composites. Moreover, the counterparts related to MOF composites 

approaches are discussed and several literature findings that address drawbacks 

faced by MOFs are defined. Lastly, we summarise and provide a future perception for 

realisation of MOF as electrochemical storage material. 
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2.2. Supercapacitors 

2.2.1. Electrochemical double layer capacitor  

Electrochemical double layer capacitors (EDLCs) use non-faradaic processes for 

energy storage. They do not involve any chemical reactions, meaning no forming or 

breaking of bonds. In EDLC, charges are attached to the surface of the electrode 

materials when potential is applied. It was shown that the capacitance in EDLC is 

controlled by the size of the double layer in the electrode interface [24, 33]. For 

example, Figure 2.1(b) below represents a schematic charged electrochemical double 

layer capacitor [33] in which ions are physisorbed the electrode materials as a result 

of difference in potential. The figure presents an exceptional power density, which is 

attributed to fast ad/desorption kinetics of ions in the electrolyte at the electrode 

surface which results into the electric double layer when the device is being charged 

or discharged [24]. Anions are adsorbed by the positive electrode while negative 

electrode attracts cations. Hence a double of charged is formed to avoid recombination 

of ions at electrodes. It was seen that the parameters such as double layer, increase 

in specific surface area and distance between electrodes decreased, allow EDLC to 

attain higher energy density [33]. Moreover, it was mentioned above that the energy 

storage mechanism in EDLC does not involve any chemical reactions and only 

physical charge processes takes pace.  The first EDL capacitance model was reported 

in 1853 [25] as shown in Figure 2.1c. In the illustration, the electrode is immersed in 

an electrolyte in the presence of electric field to form the electric double layer at 

electrode-electrolyte interface through electrostatic force to form a Helmholtz layer 

model. In addition, Gouy and Chapman prolonged this model by the addition of a 

diffusion layer (Figure 2.1c), which forms as a result of the thermal motion of ions [25]. 

Moreover, Stern reported a new model based on combining Helmholtz model, Gouy-

Chapman model and the model is given in Figure 2.1c [25], where Stern and diffuse 

layers are taken in to consideration for the capacitance in EDLC. Additionally, two 

planes are used to divide Stern and compact layer. The first plane is the inner 

Helmholtz plane (IHP) which forms closer to the electrode surface and it moves 

through the center of the specifically adsorbed ions [34]. The second plane is the outer 

Helmholtz plane (OHP) which forms at the distance from the electrode surface and it 

passes through the center of solvated ions [34]. 
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Figure 2.1: (a) Ragone plot of several energy storage devices, (b) Charge storage 

mechanism of EDL capacitor, (c) EDLC structures, (d) Intercalation and (e) surface 

redox [34]. 
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It was seen that carbon materials are the widely used materials for electrochemical 

double layer capacitors [35]. This is due to their low manufacturing cost, high surface 

area, electrical conductivity, high mechanical and chemical stability as well as 

controllable morphology [35].  Recently, the electrodes of electrical double layer 

supercapacitors are fabricated of based on the carbon nanotubes (CNTs), graphite 

nanoparticles (GNPs) and graphene electrodes due to light-weight, electrochemical 

stability, and excellent conductivity [24, 30, 35].  

 

2.2.2. Pseudocapacitor  

The redox reactions in pseudocapacitors are electrode potential dependent and 

change with charging and discharging. There are three pseudomechanisms that are 

featured in this type of capacitance such as underpotential deposition, redox, and 

intercalation pseudocapacitance. The underpotential deposition is usually observed 

when the metal ions results in an adsorbed monolayer on the metal surface above 

their redox potential [36, 37]. Redox pseudocapacitance occurs when ions are 

physisorbed on the surface of a material with a faradaic charge –transfer [36]. The 

intercalation pseudocapacitance takes place if ions intercalate into channels of a 

redox-active material accompanied by a faradaic charge-transfer [36-38]. The ions 

intercalate within the electrode materials during redox faradaic transfer while 

preserving its original crystal structure in intercalation [38]. Battery-type electrode 

materials usually follow the intercalation-decalaction redox reaction [63]. Moreover, 

Figure 2.1(d-e) shows a schematic charge storage mechanism of a typical 

pseudocapacitor [34]. This behavior has better advantages in energy storage aspects 

due the involvement of chemical reactions within the bulk material [37, 39, 40]. The 

mechanisms are a result of different electrochemical physical processes depending 

on the type of materials used. The most frequently chosen electrode materials for 

pseudocapacitors are metal oxides and polymers [22, 41]. Metal oxides have high 

conductivity, high specific capacitance coupled with very low resistance resulting in 

high specific power, which make them very appealing in commercial applications [41]. 

Conducting polymers and are currently used as pseudocapacitor electrode materials 

because they show high capacitance and conductivity, another advantage over carbon 

based materials is their low equivalent series resistance and low cost [42].  
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2.2.3. Supercabattery 

It was shown that charge adsorption and the physical processes on the 

electrode/electrolyte interface are observed in EDLC’s whereas the redox and faradaic 

processes are seen in pseudocapacitors are the two mechanisms of storing energy in 

supercapacitors [34]. These two storage mechanisms may be combined to form a 

hybrid supercapacitor [30]. EDLC’s gives higher power densities while 

pseudocapacitors provide higher energy densities, hence, the combination of the two 

mechanisms can give a supercapacitor with both high power and energy densities, 

therefore higher performances are observed [10]. This is termed supercabattery due 

to this combination of an EDLC electrode material with high power densities and a 

battery-type electrode which exhibits high energy densities. It is also known as 

asymmetric supercapacitor or battery–supercapacitor hybrid device. The asymmetric 

supercapacitor hybrid device defines an alignment of two types of electrode materials 

within positive and negative ends of an electrode [39]. These terms were well known 

and utilized prior to the currently used terms including supercabattery, hybrid capacitor 

or battery–supercapacitor hybrid device [34]. In addition, the alkaline-ion hybrid 

supercapacitors or battery–supercapacitor hybrid device are also used and referred to 

as hybrid supercapacitor, where the alkaline ions are utilized in de/intercalation 

procedure. In supercabattery devices, the battery type materias serve as positive 

electrode. It was seen that the supercabattery amalgamates the gap between 

supercapacitor and battery with enhanced performance [42]. Generally, this device is 

a hybrid mechanism of capacitive and faradaic charge storage combined in a single 

device to provide an optimum energy and power density. It was reported that there are 

four possibilities in assembling a supercabattery device [34]: 

i. Capacitive redox system (pseudocapacitance) + capacitive non-redox system 

(Double layer capacitance). 

ii. Capacitive redox system (pseudocapacitance) + capacitive redox system 

(pseudocapacitive). 

iii. Capacitive non-redox system (double layer capacitance) + Non-capacitive 

redox system (battery type). 

iv. Capacitive redox system (pseudocapacitive) + Non-capacitive redox system 

(battery type). 
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The energy storage performance of several materials for supercapacitors or battery 

are clearly differentiated by their electrochemical behavior using cyclic voltammetry 

(CV, Figure 2.2(b)), galvanostatic charge–discharge (GCD, Figure 2.2(c)) and 

electrochemical impedance spectroscopy (EIS, Figure 2(d)) in electrochemical cell 

(Figure 2.2(a)) made of electrolyte, reference, counter and working electrode system 

[42, 44]. It was shown that a rectangular curve shown in Figure 2.2(b) resembles an 

ideal supercapacitor but EDLC materials do not show ideally, and it results in a 

deformed rectangular shape as shown in Figure 2.2(b) [43]. The Galvanostatic charge-

discharge curves of pseudocapacitance using which materials where different shapes 

were observed as compared to those of EDLC (Figure 2.2(c). It was demonstrated 

that EDLC materials charge and discharge in straight lines whereas pseudocapacitive 

materials charge and discharge nonlinearly as a result of the faradaic interactions [43]. 

The different capacitance can be due to the electrode materials, however in other 

cases, the electrolyte also plays an important role in the behaviour of a certain 

material. 
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Figure 2.2: (a) Three electrode system for supercabattery measurement, copyright 

[42], (b) CV and (c) GCD curves of battery, EDLC and pseudocapacitor electrode 

material, copyright [43], and (d) EIS curves of electrode materials [44].  

 

For example, Figure 2.3(a) shows that CV profile for graphene film functionalised with 

ionic liquid (IL-CMG) has a rectangular-like shape whereas RuO2/ IL-CMG film exhibits 

quasi-rectangular shapes. The GCD curves of such materials (EDLC) reveal an almost 

linear voltage discharge curve at a constant current. It was seen that most carbon 

materials falls under the EDLC category [43]. On the other hand, MnO2, RuO2 and 

polyaniline (PANI) are considered as good pseudocapacitive electrode materials for 

application in energy storage devices. Moreover, CV profiles of such materials appear 

to be almost similar to EDLC materials as illustrated by the CV of IL-CMG film in Figure 

2.3(a). However, the energy storage mechanism in pseudocapacitive materials is 
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dominated by the reversible surface redox reactions which are a result of peaks shown 

on the CV profile of RuO2/IL-CMG film. The peaks are due to the activities that take 

place on the surface of the electrode such as the insertion/de-insertion in metal oxides 

or doping/de-doping in conducting polymers performed in neutral or acidic electrolyte 

without tempering with the structure of the electrode material [34, 44]. In contrast, 

battery-type electrode materials demonstrates a different CV and GCD profiles, in 

which a high current response observed at potentials with more inherent redox 

activities advocates that the storage mechanism is based on reversible faradaic 

reactions through crystal phase transition. The GCD curve forms a voltage plateau 

which is a result of the presence of bulk redox reactions. For example, Figure 2.3(d) 

shows battery-type electrodes based on Co3O4. The CV curve of Co3O4 (Figure 2.3(d)) 

and Ni foam-Co3O4 nanowire arrays in Figure 3(b)) clearly displays the perfect 

oxidation and reduction peaks in alkaline electrolyte confirming the reversible faradaic 

reactions [34, 45]. Similarly, the composites based on EDLC electrode materials 

combined with battery-type electrode material and pseudocapacitive electrode 

materials display both non faradaic and faradaic behaviors in their CV and GCD 

profiles. Therefore, the functionalised graphene is one of best examples for composite 

electrode based on EDLC and pseudocapacitive materials and the CV (black color CV 

plot of rGO in Figure 2.3(d)) curves exhibits both EDLC and pseudocapacitor 

properties [46]. 
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Figure 2.3: CV profiles of (a) capacitor electrode [EDLC (IL-CMG film) and 

pseudocapacitance (RuO2/IL-CMG film)], (b) Battery-type electrode, (c) Composite 

electrode and (d) composite electrode (supercapattery [Co3O4@rGO]: EDLC [rGO] + 

battery [Co3O4] composite electrode) [34].  

 

2.3. Factors affecting the performance of supercabattery 

Electrochemical evaluation of supercapacitors deals with the determination of specific 

capacitance, power density and energy density at a specific current density. These 

parameters determine the performance of every supercapacitor. The main objective 

of the supercapattery is to get a highly enhanced performance by merging the high-

power of supercapacitor with the high energy density from a battery [47].  

The capacitance of a supercapacitor can be determined from both the CV and EIS, 

from the CV the capacitance is defined by: 

𝐶 =
∫ 𝐼𝑑𝑉

∆𝑉×𝑣
          (2.1) 
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Where 𝐶 is the capacitance,∫ 𝐼𝑑𝑉 is the integrated area under the CV, ∆𝑉 is the 

potential range and 𝑣 is the potential scan rate. The capacitance can also be 

calculated from the GCD as; 

𝐶 =
𝐼×∆𝑡

∆𝑉
          (2.2) 

where ∆𝑡 = discharge time while ∆𝑉 = potential range used. The specific capacitance 

can be calculated as;  

𝐶𝑠 =
𝐶

𝑚
          (2.3) 

where 𝐶𝑠 = specific capacitance, 𝐶 = capacitance and 𝑚 = mass. Energy density of a 

supercapacitor can be determined from the obtained specific capacitance using the 

formula: 

𝐸 =
1

2
𝐶𝑠 × (∆𝑉)2         (2.4) 

Where 𝐸 is the specific energy, 𝐶𝑠 is the specific capacitance and ∆𝑉 is the potential 

range used.  

Large Cs and broader potential window are the key parameters in attaining higher 

energy and power supercapacitors. The power density which determines how fast a 

supercapacitor can deliver energy is obtained using the equation;  

𝑃 =
𝐸

∆𝑡
           (2.5) 

Where 𝑃 is the power density, 𝐸 is the specific energy and  ∆𝑉 is the potential range 

used. The columbic efficiency of a supercapacitor can also be obtained from the 

charge-discharge curves using the equation; 

𝜂 =
𝑡𝑑

𝑡𝑐
× 100          (2.6) 

Where 𝜂 is the coulumbic efficiency, 𝑡𝑑 is the discharge time and 𝑡𝑐 is the charging 

time. In most instances the coulumbic efficiency is used for the determination of cyclic 

stability of the electrode material. 

In supercabattery, specific capacities of the battery-type material in three electrode 

and two electrode systems are obtained from the galvanostatic charge-discharge 

curves using Equation 2.7: 
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𝑄𝑠 =
𝐼∗𝛥𝑡

𝑚
                (2.7) 

 

In the above equation 𝑄𝑠 is the specific capacity, 𝐼 is the average applied current, ∆𝑡 

is the discharging time and 𝑚 is the active mass. The energy density (𝐸𝐷) and power 

density(𝑃𝐷)  are calculated using Equations 2.8 and 2.9, respectively: 

𝐸𝐷(𝑊ℎ 𝑘𝑔−1) =
1

2∗3.6
𝑄𝑠∆𝑉                   (2.8) 

 

𝑃𝐷(𝑊𝑘𝑔−1) =
𝐸𝐷∗3600

∆𝑡
         (2.9) 

 

where ∆𝑉 is the change in potential window. 

In two electrode system, the mass ratio between the two electrodes are determined 

using Equation 2.10: 

𝑚+

𝑚− =
𝑄−

𝑄+ (
∆𝑉−

∆𝑉+)                  (2.10) 

Where Q = potential window and ΔV. The + sign denotes the positive electrode while 

the – sign denotes negative electrode. 

 

2.4. Supercabattery electrode materials 

In supercabattery, a cathode electrode is normally a battery-type or pseudocapacitive 

materials. The energy density of the electrode is influenced by the capacitance, so use 

of its full theoretical capacitance of the materials is important. Hence, it is necessary 

to understand the different parameters that are linked with the capacitance of the 

material. The battery-type electrodes mainly store the charges using redox faradaic 

reactions, and the performance also depends on surface area, diffusion of electron 

and ions into the electrode, electrical conductivity with multivalent oxidation states of 

the materials. The redox/faradaic reactions takes place in both pseudocapacitive and 

battery-type electrode materials, however, their electrochemical behaviors such as 
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CV, and GCD vary due to the phase change in battery-type material. It was seen that 

transition metal hydroxide/oxide and conducting polymer based electrode materials 

belong to the category of pseudocapacitance; whereas some of the multivalent 

oxidation states, transition metal oxides, are used as battery-type electrodes for 

charge storage. Figure 2.4 gives overview of the operational potential range of various 

pseudocapacitive and battery- type electrode materials including their application in 

the positive and negative potentials in water-based aqueous electrolyte [48, 49]. It was 

well documented that key properties like porous structure, high surface area and 

tunable chemical functionalities of MOFs make them potential candidate materials in 

the application of supercapacitors [31], hence, the focus in this work is on MOFs and 

their composites for supercabattery applications. 
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Figure 2.4: (a) Illustration of the potential range of the various redox active electrode 

materials, (b) The design and fabrication of an electrode based on ofα-Fe2O3@PANI 

nanowires. SEM images of (c) α-Fe2O3 and (d) α-Fe2O3@PANI, (e) TEM image of α-

Fe2O3@PANI. (f) Fabrication of asymmetric supercapacitor and (g) CV comparison of 

PANI@CC and α-Fe2O3@PANI electrodes at 100 mV/s [49].  
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2.4.1. Pure metal organic frameworks  

Metal organic frameworks (MOFs) are new porous materials with high surface area, 

tunable structures and high crystalinity, these materials are a combination of metal 

ions (Cu. Mn, Zn, Co) and organic linkers such as 1,2,5-benzenetricarboxylate (BTC), 

Imidazole and 1,4-benzenedicarboxylate (BDC). There are several synthetic routes 

for preparation of MOFs where metal salts were combined with organic linkers to 

produce the high crystalline structures [50-62] as shown in Figure 2.5(a-c). This 

techniques depicts synthetic routes through which they give rise to accurate control 

and tuneable structural shape and pore size [56].  Microwave-assisted technique as 

shown in the figure has shown to be an attractive technique for quick preparation of 

nano-porous materials [56, 57]. Apart from excellent crystallinity and high 

effectiveness, other advantages of Microwave-assisted method are good structural 

selectivity, and narrow particle size distribution [56]. This method involves applying 

heat to solution mixture of the substrates with microwave within 60 minutes to yield 

nano-sized structures. This method produces excellence of the crystals which are 

normally similar to the ones synthesised through solvothermal processes [57]. 

Mechanochemical method is used to prepare MOF in a solvent-free environment. The 

method involves molecular bonds breakage though mechanical process and chemical 

alterations [58]. With regard to mechanochemical method, it takes a less period of time 

(normally, 10 to 120 minutes) to achieve qualitative yields [56]. Occasionally, metal 

oxides are selected as starting materials in mechanochemical method over metal salts 

due to the former producing H2O as a by-product [56, 58]. Currently, 

mechanochemical synthesis method is rapidly used in the preparation of MOFs 

through the use of liquid-assisted grinding (LAG), in which a portion of solvent is added 

into a solid reaction mixture [56, 59]. The liquid can function as phase directing agent 

and LAG can accurately act as selective agent  for pillared-layered frameworks [60]. 

The electrochemical preparation of MOFs uses metal ions acting as anodes within 

electrochemical cell with methanol assisting to dissolve the organic linker. In case of 

HKUST-1, trimesic acid dissolved in alcohol and copper cathode were used in 

electrochemical synthesis for period of 150 min at a voltage of 12-19 V and a current 

of 1.3 A, to attain a greenish blue precipitate [56]. After activation by heat, a dark blue 

colored powder of octahedral crystals structure in nature with 0.5 to 5 μm size) 

possessing surface area of 1820 m2/g was obtained [61]. The experimental 
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parameters such as solvent, electrolyte, voltage-current density, and temperature on 

the preparation of MOF are vital in obtaining a desired structure [62].  

  

 

Figure 2.5: Different synthetic routes of MOF structures, operational temperatures 

related to each method and their final reaction products [58]. 

Metal organic frameworks as electrode materials are currently being studied for 

supercapacitors applications [50, 51], this is because of the ability to allow penetration 

of an electrolyte into the electrode material pores [50]. The fast diffusion process is 

vital for the supercapacitor performance and is one of the requirements for 

supercapacitor applications. MOFs usually show pseudocapacitance due to the high 

faradaic redox reactions between the electrode/electrolyte interactions and such 

faradaic reactions results in higher specific capacitances and better performance [51]. 

However, the stability of the metal organic frameworks is compromised by the 

chemical reactions and the MOF electrodes degrade after sometime of charging and 

discharging [50]. Diaz et al. [52] demonstrated the use of Co8-MOF-5 for 

supercapacitor applications, where the cyclic voltammetry of the material is observed 
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to be rectangular in shape which is characteristic of electrochemical double layer 

capacitors in Tetrabutylammonium hexafluorophosphate (TBAPF6) solution. As a 

result, the supercapacitor exhibits poor specific capacitance of 3.27 and 1.98 F/g 

calculated from cyclic voltammetry and charge-discharge at a current density of 0.01 

A/g, respectively. This was because of the electrodes were dominated by carbon black 

than Co8-MOF-5 and the lower conductivities of the MOF [53, 54]. It was also reported 

that the stability of the electrodes determined at a current density of 0.01 A/g 

possessed capacitance 8% reduction after cycling 1000 times [52]. Considering the 

higher specific surface area of Co8-MOF-5 which was found to be 2900 m2/g according 

to Langmuir, Diaz et al. [52] could not collaborate the low capacitance values with the 

electrode-electrolyte interaction but concluded that the low values were due to the poor 

conductivity of the metal organic framework. Lee et al. [55] also made use of Co-MOF 

electrode where the capacitance was calculated from charge-discharge at 0.6 A/g in 

1M LIOH solution was found to be 206.76 F/g as presented in Figure 6(a) The stability 

of the material was found to be 98.5 % after 1000 cycles but the performance was also 

not good in the electrolytes used and the energy of the electrodes was found to be 

7.18 wh/kg as shown by inset in Figure 2.6(a). 
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Figure 2.6 :(a) Cycling stability of Co-MOF film for 1000 cycles, (b) FTIR spectra of 

Co-MOF in different electrolytes, (c) XRD patterns, and (d) SEM image of Co-MOF in 

LiOH after 1000 cycles [55]. 

Lee’s work has demonstrated the importance of electrolytes in supercapacitor 

applications as the performance decreased when utilising KOH, KCl and LiCl [55]. Lee 

and co-works [55] used fourier-transform infrared spectroscope (FTIR), X-ray power 

diffractometer (XRD) and scanning electron microscope (SEM) to verify the structural 

stability and crystallinity of MOF films upon 1000 CV cycles in several electrolytes. In 

Figure 2.6 (b), they observed the MOF characteristic peaks in FTIR spectrum, showing 

that the inherent framework and structure of the MOFs was retained in LiOH, LiCl and 

KCl electrolytes whereas KOH electrolyte damaged the strcutures as a result of more 

basic character of this particular electrode. In addition, the XRD patterns after 1000 

CV cycles (Figure 2.6 (c) in LiOH electrolyte displayed a broad XRD peaks as an 

indicative of the transformation of MOF structure into fine crystalline structure and a 

new phase of cobalt oxide emerged when LiCl and KCl electrolytes were employed. 

Figure 2.6 (d) presents a SEM image of Co-MOF after 1000 cycles in LiOH.  The image 
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reveals that after 1000 cycles, the material contained nanocrystalline granules, which 

resulted as a result of constant de/formation of framework forcing reordering of MOF 

crystals structure [55]. Furthermore, Tan and co-workers [63] prepared a Zirconium-

based MOF, which showed a specific capacitance of 134 F/g at a scan rate of 5 mV/s. 

However, it was seen that the poor conductivity of MOFs hampers the charge transfer 

between the MOFs-based electrode and the current collectors, subsequently 

obstructing the utilization of MOFs as electrode candidates [65]. Furthermore, Yang et 

al. [65] synthesized Ni-MOF-24 material and observed a capacitance of 1127 F/g for 

this material in 6 M KOH electrolyte at the current density of 0.5 A/g.  

2.4.2. Metal organic framework composites  

It was shown that carbon materials are mostly utilised in double layer supercapacitors 

due to their abundance, high electrical conductivity, unable morphology and lower 

production cost. They can also be further modified to tailor their structural and 

chemical properties for different applications including supercapacitor applications. 

The commonly used categories of carbon materials include transition metal oxide, 

carbon-nanotubes (CNT), graphene, and activated carbons (AC). Activated carbon 

has been applied in supercapacitors because of its electrochemical double layer 

behaviour, however the readily available activated carbons have low surface areas 

limiting their application in supercapacitors. These materials were incorporated in 

metal organic frameworks to give nano-porous carbons with much better 

performances. For example, Liu et al. [65] reported a nano-porous carbon (NPC) 

derived from MOF-5 structures for suprecapacitor applications. In their work, a vacuum 

preteated and heat treatment processes were used to prepare the PFA/MOF-5 

composite. Furthermore, the composite was carbonised to prepare the final NPC. The 

NPC exhibited a specific capacitance of 204 F/g at a scan rate 5 mV/s which performed 

better than the ordered mesoporous silica material SBA-15. 

2.4.3. Metal organic framework and metal composites 

The transition metal oxides have been incorporated with MOF due to their ability to 

transition into various oxidation states allowing rich redox reactions and high specific 

capacitance [66]. Meng et al. [67] attained Co3O4 from Co-MOF through a solvo-

thermal method, followed annealing at low temperatures, resulting in a specific 

capacitance of 150 F/g using 2 M KOH electrolyte at 1 A/g. Furthermore, Yang et al. 
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[68] synthesised a series of Zn/Ni-MOF materials, and amongst the samples, MOF-2 

exhibited a maximum specific capacitance of 1620 F/g at a current density 0.25 A/g 

with only 8% loss of the capacitance after 3000 cycles. In other studies, Xu et al. [69] 

prepared nanrods derived from 1D Ni-MOF which has shown high performances with 

specific capacitance of 1698 F/g at 1 A/g and 94.8% retention after 1000 cycles. 

Ramasubbu et al. [70] reported on practical applicability of synthesised MOF 

composite material made of TiO2 aerogel/Co-MOF as a hybrid device for 

supercapattery. Their device was prepared through the combination of a battery-type 

electrode (for energy improvement) with a capacitive electrode (to improve the power) 

for increased operating potential window to give a large specific capacity of 111.2 C/g. 

They presented an asymmetry supercabattery where the battery side of the device 

was made up of TiO2/Co-MOF material while the capacitive side was made up of 

activated carbon (AC) as shown in Figure 2.7 (a). The AC was chosen to act as 

capacitive electrode since it has high conductivity and large pore sizes that are 

responsible for absorption of electrolyte ions [71]. The electrochemical evaluation of 

AC electrode and TiO2/Co-MOF electrode (Figure 2.7 (b)) were measured separately 

in a three-electrode cell for estimation of a potential window for supercapattery [70]. 

Steady potential windows were reported for activated carbons and TiO2/Co-MOF 

materials which were determined to be −0.9 to 0 V and 0 to 0.6 V vs Ag/AgCl, 

respectively. This showed that AC electrode performs better at lower potentials rather 

than positive potentials. Furthermore, the two electrodes were placed in 2M KOH 

electrolyte to evaluate their supercapattery studies [70]. Based on three electrode 

system, it is anticipated that the potential window for the prepared supercapattery 

device is the addition of the potential window of TiO2 aerogel/Co-MOF composite and 

AC electrodes which was seen to operate up to 1.5 V [70]. Figure 2.7 (c) shows the 

CV curves of the supercapattery at a potential ranging between 0 and 1.5 V at multiple 

scan rates [70], displaying nearly quadrangular shaped CV curves with an further wide 

redox peak due to the non-faradaic and faradaic activities [72]. In addition, Figure 7(d) 

displays the GCD curves of the TiO2 aerogel/Co-MOF//AC cell at a current density 

range of of 0.5 – 2.5 A/g [70]. The GCD curves showed a non-linear profile owing to 

the presence of the faradic activities of TiO2 aerogel/Co-MOF and nearly symmetric at 

all current densities which indicate the better kinetic competency of the device [73]. 



 29  
 

 

Figure 2.7: (a) Schematic illustration of an asymmetric supercapattery, b) Comparison 

of CV curves for AC and TiO2/Co-MOF electrodes, (c) CV and (d) GCD of battery-type 

electrode [70]. 

In addition to metal oxide, Ye et al. [74] fabricated as asymmetric supercapattery 

device from NiCo-MOF as positive electrode and AC as negative electrodes. The 

assembled NiCo-MOF//AC supercapattery device demonstrated a specific 

capacitance of 172.7 F/g at a current density of 0.5 A/g with very good cyclic stability 

retention of 92.7% after 4000 cycles. The high electron transfer of carbon-based 

materials can be well expressed by adding bimetallic MOFs to their structures. 

Furthermore, Liu et al. [75] prepared NiCo-MOF hybrid composite with acetylene black 

(AB) to form NiCo-MOF/AB composite (Figure 2.8 (a) and (b)). The assembled NiCo-

MOF/AB//AC asymmetric supercapattery (Figure 2.8 (c) and (d)) resulted in a specific 

capacitance of 115.05 F/g at a current density of 0.5 A/g with a maximum energy 

density of 33.84 Wh/kg and power density of 15.1 kW/kg. 

 



 30  
 

 

Figure 2.8: (a) Schematic diagram of NiCo-MOF/AB composite preparation. (b) CV 

profiles of nickel foam, NiCo-MOF and NiCo-MOF/AB composite at a scan rate 50 

mV/s. (c) Scheme showing the assembling of asymmetric supercapattery (NiCo-

MOF/AB//AC). (d) CV curves of NiCo-MOF/AB composite and AC [75]. 

 

2.4.4. Metal organic framework and conducting polymer composites 

The combination of MOFs with conducting polymers has shown good conductive 

properties [76].Conducting polymers are usually synthesised via the chemical 

oxidation as well as the electrochemical deposition. There are two states of these 

polymers that usually occur during their charge and discharge which are p-doping and 

n-doping where the ions from the electrolyte are extracted or inserted on the polymer 

backbone. Polymer structures are usually in straight chains which expose the whole 

polymer chains to the electrolyte ions. The disadvantage of using conducting polymers 

is that the polymer chain is being damaged during fast charge/discharge periods.   

Patterson and co-workers [76] have synthesised polypyrrole (PPy)–Co-MOF, PPy–Ni-

MOF and PPy–HKUST-1 composites. The structural and electrochemical properties 



 31  
 

of these composites consisting of three differing MOF types for use in supercapacitive 

applications were compared. The SEM images (Figure 2.9 (a-f)) of the resulted 

composites have shown PPy particles linked on the surface of large MOF crystals, 

which promotes the electron transfer between MOF particles. The enhancement of 

electron transfer was attributed to high conductivities of PPy with one-dimensional 

structure. With regard to electrochemical analyses (Figure 2.9 (g-j)), the authors 

reported a massive boost in terms of specific capacitance from 0.2 F/g in unmodified 

MOFs to more than 185 F/g upon composite formation at a current density of 0.8 

mA/cm2. Furthermore, the synthesised PPy-MOF composites displayed not so good 

cyclability, with only 70% of capacitance retained after 2500 cycles. They concluded 

that higher amount of PPy and balanced modification of particle surface 

hydrophobicity/hydrophilicity are recommended so that the MOF/electrolyte interface 

is limited, resulting in more stable electrode materials. 

 

Figure 2.9: SEM images of (a) Co-based, (c) Ni-based and (e) HKUST-1 MOFs and 

of (b) PPy–Co-MOF, (d) PPy–Ni-MOF and (f) PPy–HKUST-1 composites. (g) CV, (h) 

GCD, (i) long term charge retention, (j) diffusion coefficient results for all the 

composites [76]. 

2.4.5. Metal organic frameworks and carbon-based material composites 

The applications of most pure MOFs and its composite with conducting polymers, 

metal oxides and metal hydroxides have shown a pseudocapacitive-type and battery-

type of charge storage mechanism [77-101], as shown in Table 2.1. The fast faradaic 
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reactions included in the electrodes results in the electrode are deteriorated after 

certain number of cycles [77]. Furthermore, MOFs in ES applications have been 

reported to possess relatively easy decomposition, thermal stability and chemical 

stability as result of their skeleton structure [38]. Therefore, such factors limit the use 

of MOFs in ES applications. It was seen that carbon materials have been reviewed 

and shown to exhibits an EDLC in most supercapacitor applications. This section 

describes strategies that can be followed for the modification of MOFs with carbon 

materials recognised for their good electrical properties, surface area, and good 

physical stabilities. Therefore, the composites based on MOF materials with carbon 

materials can theoretically meet the important requirements of a high performance 

electrode material for supercapacitor applications. Hybridisation of carbon material 

with MOFs and forming a double shell structure are the common ways to avoid the 

irreversible capacity/capacitance loss caused in charge-discharge processes and 

therefore improving the stability and performance. This is due to higher chemical and 

thermal stability of the graphene materials and the MOF-carbon composites are 

theoretically good candidates for supercapacitor materials [78].   

Both single and multi-wall carbon nanotubes have been explored as electrode 

materials in energy storage and they have shown excellent pore structure, good 

thermal and chemical stability [79, 80]. However, individually these materials do not 

show sufficient electrochemical performance [79]. Nevertheless, MOF/CNT 

composites exhibits higher surface area, good physical properties and excellent pore 

size distribution characteristics due to the presence MOFs, good scale of electrical 

conductivity is observed due to the presence of highly conducting CNT component. 

Wen et al. [80] reported a composite of Ni-MOF and CNTs in 6M KOH electrolyte used 

as a positive electrode in an asymmetric hybrid supercapacitor. This Ni-MOF/CNT 

composite delivered specific capacitance of 1765 F/g at a current density of 0.5 A/g. 

The CV curves of the composite were tested at a potential range of -0.1 to 0.6V at a 

scan rate of 10mV/s. A pair of redox peaks is observed resulting from the reversible 

redox reaction of Ni2+/Ni3+ (Figure 2.10 (a)). The composite material displays both 

enhanced currents and depressed peak separation, demonstrating the improved 

utilisation of the electro active species. The capacitance performance was measured 

using GCD as shown in Figure 2.10(b). The specific capacitance of Ni-MOF/CNT 

composite was found to be 1765 F/g at a current density of 0.5 A/g. Figure 2.10 (c) 
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shows the orientation of CNTs and the Ni-MOF in the composite as well as the 

exchange of ions between the two materials. The hybrid asymmetric SC based on Ni-

MOF/CNT and rGO/C3N4 as positive and negative electrodes respectively exhibited a 

high energy density of 36.6 Wh/kg at a power density of 480 W/kg. Moreover, this 

asymmetric supercapacitor demonstrated an excellent life cycle with almost 95% 

capacitance retention after 5000 consecutive charge–discharge cycles [80]. 

 

Figure 2.10: (a) CV curves of Ni-MOF/CNT-5 hybrid composite at different scan rates 

(inset; peak current as a function of the square root of scan rates). (b) GCD curves of 

Ni-MOF/CNT-5 at different current densities. (c)  An illustration showing the transfer 

of electrons in the Ni-MOF/CNT composite. (d) Stability testing at a current density of 

2 A/g for 5000 cycles [80].  

On the other hand, Zhou et al. [81] developed an in-situ preparation of GO and Ni-

MOF hybrid composite as an electrode material for ES application. This synthesis 

method for the hybrid composite resulted in flower-like structures (SEM-image) with 

improved surface area (74.02 m2/g) as shown in Figure 2.11. 

 



 34  
 

 

 

Figure 2.11: Scheme showing the in-Situ hybridisation of Ni−MOF with GO nano-

sheets, copied with permission from [81]. 

The Ni-MOF@GO composite was tested for electrochemical performance in a three 

electrode system and the CV curves of the composite exhibited a pseudocapacitive 

behaviour which was due to the reversible intercalation-deintercalation of OH− ions 

(Figure 2.12 (a)). The GCD shows an increase in discharge time as the current density 

decreases with non-linear shapes as shown in Figure 2.12 (b).The maximum specific 

capacitance of the MOF/GO composite was 2192.4 F/g obtained at a specific current 

of 1 A/g (Figure 2.12 (c)) and 85.1% of its capacitance was preserved after 3000 cycles 

at a specific current of 10 A/g (Figure 2.12 (d)). According to Zhou [81], the outstanding 

capacitive behaviour of the composite are due to the unique flower-like structure and 

the synergetic effects shown by the Ni−MOF and the GO nano-sheets, which improves 

the electroactive sites with fast paths to allow ion movements as well as allowing 

excellent electron movement between the Ni−MOF and the GO nano-sheets [81]. 
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Figure 2.12: (a) CV curves of Ni-MOF@GO-3 at different scan rate. (b) GCD curves 

of Ni-MOF@GO-3 at different current densities. (d) Stability test of Ni-MOF@GO-3 for 

3000 cycles [81]. 

Amongst the graphene materials, rGO has emerged as the most cited material for 

EDLC SCs due to high electrical conductivity, excellent chemical and physical 

stabilities, and high surface area. The incorporation of rGO nanosheets on MOF 

structures is believed to produce a supercapacitor electrode material with high power 

and energy density as well as improved capacitances. For example, Srimuk et al. [82] 

developed MOF/rGO composite for supercapacitor applications. During the synthesis, 

10%wt of rGO was incorporated to MOF and a composite with high specific surface 

area of 1241 m2/g and pore volume of 0.78 cm3/g was produced. Figure 2.13 (a) shows 

SEM image of MOF/rGO composite where highly crystalline MOF structured are 

observed in the presence of partially agglomerated rGO nanosheets. The three 

electrode system was used to determine the electrochemical performance of the 

composite performed in 0.5M Na2SO4 electrolyte. The CV curve of the composite in 
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Figure 2.13 (b) was performed at a scan rate of 100mV/s and they show rectangular 

shapes which are characteristic of good EDLC electrode materials. The GCD results 

were in good correspondence with the CV results were a high discharge time is 

observed for the composite than rGO and MOF separately (Figure 2.13(c)). The 

electrode material exhibited a maximum specific capacitance of 385 F/g at a current 

density of 0.5 A/g as indicated in Figure 13(d). A solid-type hybrid full cell resulted in 

an energy density of 42 Wh/kg and power density of 3100 W/kg using a polymer gel 

electrolyte.  

 

Figure 2.13: (a) SEM image of rGO-HKUST-1 composite. (b) CV curves of the as-

prepared supercapacitor electrodes at a scan rate of 100mV/s, (c) GCD curves, and 

(d) the specific capacitances vs. applied current densities [82]. 

The presence of a redox additive electrolyte (RAE) is important for the enhancement 

of ES as it improves the redox activity of the electrolyte and therefore improves the 
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performance of the SC. Sundriyal et al. [83] developed a MOF/rGO composite for ES 

applications in a 1.0M Na2SO4 electrolyte with 0.2M K3 [Fe(CN)6] as a RAE. The 

ZIF/rGO hybrid electrode in the three-electrode cell shows a highly improved specific 

capacitance of 1453 F/g at a high specific current of 4.5 A/g performed at a potential 

window of −0.1 V to 0.5 V. Furthermore, the composite electrode was investigated in 

a symmetrical supercapacitor. The operation of the device included the presence of 

the RAE which has delivered high values of specific capacitance (326 F/g at a current 

density of 3 A/g) with maximum energy and power density of 25.5 Wh/kg and 2.7 

kW/kg respectively. The device retained about 88% of the initial specific capacitance 

after 1000 charge and discharge cycles. Their results has shown the importance of 

carbon material as a support for MOF materials and that the MOF/carbon composite 

materials are promising electrode materials for future SC with high energy and power 

density. 

Table 2.1: Summary of the electrochemical energy storage parameters of different 

types of MOFs for supercapacitors in three and two electrode systems. 

Active 

Material 

Component

s 

Electrolyte Current 

density 

Specific 

capacity/ 

cance 

Energy 

density  

(WhKg-1) 

Power 

density 

(WKg-1) 

Ref. 

MOF-5 MAC-A 6M KOH 0.25 A/g 271 F/g A A [84] 

IMCSs-4-8-6 6M KOH 0.05 A/g 

 

242 F/g  A A [85] 

carbon 1M 

NEt4BF4/PC 

0.6 A/g 175 F/g  A A [86] 

ZIF-8 PCPs 1M KOH 1 A/g 245 F/g  

 

A a [87] 

NPCF 1MH2SO4 1 A/g 332 F/g  

 

A a [88] 
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ZIF-8/PANI 6.0M 1 A/g 236 F/g  

 

A a [89] 

ZIF-8 + 

ZIF-67 

NC@GC 1MH2SO4 2 A/g 270 F/g  

 

A a [90] 

 Nanoporous 

Co3O4 

6M KOH *5 mV/s 272 F/g  

 

A a [91] 

UiO-66 HP-UiO-66 6M KOH 0.2 A/g 849 F/g A a [92] 

MOF-74 MOF-74–

NiCo1 

6M KOH 1 A/g 797  F/g  A a [93] 

Ni-MOF Pure Ni-MOF 6M KOH 1 A/g 1698 F/g  A a [69] 

Co-

MOF 

PureCo-MOF 5M KOH 1 A/g 2564 F/g  A a [70] 

Ni-MOF Ni-MOF/CNT 6.0M KOH 0.5  A/g 1765 F/g  A a [80] 

NiCo2O4@Ni

-MOF 

2.0M  2mA/cm2 209 mA/g A a [94] 

Mo/Ni-MOF KOH 1 A/g 802 C/g 

 

A a [95] 

Ni-MOF/rGO 3.0M KOH 1 A/g 1154 F/g  A a [96] 

 RGO/HKUST

-1 

KOH 1 A/g 385 F/g 

 

A a [82] 

 CNT/Mn-

MOF//CNT/M

n-MOF 

1.0 M 

Na2SO4 

0.25 A/g B 6.9 2240 [97] 

 AC// Ni@Cu-

MOF 

6.0 M 

KOH 

1 A/g B 17.3 798.5 [98] 
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 ZIF-

67/rGO//ZIF-

67/rGO 

1.0 M 

Na2SO4 

3 Ag−1 B 25.5 2700 [99] 

 AC// NiCo-

MOF 

2.0 M KOH 0.5 Ag−1 B 49.4 562.5 [100] 

 Ni- 

MOF/CNT//r

GO/C3N4 

6.0M KOH 0.5 Ag−1 B 36.6 480 [101] 

a=three electrode system and b= two electrode system 

2.4.6. Metallic nanoparticle loaded MOF-carbon composites. 

Metallic nanoparticles are believed to enhance the activity in MOF and carbon 

electrode materials. These materials provide larger active sites for the 

electrode/electrolyte interactions and thus improving the performance of an electrode. 

Previously Hu et al. [102] developed an electrode material based on Pd-rGO/MWCMT 

for electrochemical applications. SEM images (Figure 2.14 (a)) of Pd-rGO-MWCNT 

shows plenty of nanoparticles distributed on the composite surface, indicating 

successful synthesis of the palladium loaded hybrid composite. The CV curves in 

Figure 2.14 (b) compares materials that are palladium loaded with those without it. It 

is observed that there is an improved electrochemical performance and redox activity 

in palladium containing materials. Pd-rGO/MWCNT exhibited high catalytic activity 

and therefore confirms the importance of Pd nanoparticles in electrochemical 

performance. 
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Figure 2.14: (a) The SEM image of the prepared Pd/rGO-MWCNTs. (b) CV curves of 

bare GCE, rGO-MWCNTs/GCE, Pd/rGO-MWCNTs/GCE, Pd/rGO/GCE and Pd/GCE 

with hydrazine in 0.1 M PBS [102]. 

On the other hand, Gupta et al [103] developed a PdO nanoparticle loaded RGO for 

ES applications. Gold particles were later loaded on the composite for enhancement 

in the SC applications. The CV curves of rGO, PdO-RGO and Au-PdO-RGO 

composites in Figure 15 (b) has shown an EDL-capacitance, this is evidence that 

metallic nanoparticles could be involved in the improvement of electrochemical 

performance without showing any pseudocapacitive activity. RGO and PdO-RGO 

electrodes exhibited a specific capacitance of 135.0 F/g and 158.9 F/g at a current 

density of 0.2 A/g respectively (Figure 2.15 (a)). There palladium and gold 

nanoparticles exhibited an increase in the electrochemical performance of the 

electrode materials without tempering with the nature of the electrodes. 
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Figure 2.15: (A) GCD curves of rGO (a), PdO-RGO (b) and Au-PdO-RGO at a current 

density of 0.2 A/g. (B) CV curves of RGO (a), PdO-RGO (b) and Au-PdO-RGO at a 

scan rate of 5 mV/s [103]. 

Furthermore, the electrochemical performance of Pd-RGO composite and its 

precursors were determined using a three electrode system in 5.0 mM K3 [Fe(CN)6] 

containing 1.0 M KCl electrolyte. The CV curves of the composite produced a high 

current response which is due to reduced kinetic transfer resulting from the presence 

of palladium nanoparticles (Figure 2.16 (A)). The increase in palladium loading to the 

RGO shows a direct relationship to the current response in 1.0M KCl electrolyte 

(Figure 2.16 (B)). The GCD curves of RGO and Pd-RGO on glassy carbon electrode 

(GCE) were compared at a current density of 1.75 A/g and it is observed that Pd 

containing RGO shows high discharge performance as indicated in Figure 2.16 (C). 

Finally Figure 2.16 (D) shows the specific capacitance vs current density of Pd-rGO 

and it exhibited a high specific capacitane of 637 F/g at a current density of 1.25 A/g 

with high power and energy density of 56 Wh/kg and 1166 W/kg respectively [104].  
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Figure 2.16: (A) CV of (a) GO (b) GO and (c) PdNPs-GO in 5.0 mM K3[Fe(CN)6] 

containing 1.0 M KCl at a scan rate of 100 mV/s.  (B) CV of (a) GO, (b) PdNPs-GO 

(7.3% PdCl2), (c) (14.6% PdCl2), (d) (29.3% PdCl2) and (e)(58.6% PdCl2)) in 1 M KCl 

at a scan rate of 100 mV/s. (C) GCD curves of (a) GO, (b) PdNPs-GO at current 

density of 1.75 A/g.  (D) Specific capacitance of GN/GCE and PdNPs-GO vs current 

density [104]. 

These results have shown the importance of incorporating nanoparticles, especially 

palladium nanoparticles in ES electrodes for enhanced performances. However, the 

selection of a suitable electrolyte in the electrochemical testing and applications of this 

electrode is also important. Therefore, in the next topic a brief review on the present 

types and examples of certain electrolytes is discussed.  
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2.5. Electrolytes 

Electrolytes are conducting solutions with positive and negative ions used in SC 

analysis. They are classified into aqueous and non–aqueous as shown in figure 17(a) 

[105]. Aqueous electrolytes include Na2SO4, H2SO4, KOH, and KCl which are 

commonly used due to their high conductivity, abundance and low cost. Aqueous 

electrolytes are good in lowering the ESR which provides high power densities, 

however they are limited to narrow potential windows which therefore produces low 

values of energy densities. Aqueous electrolytes can further be subdivided into acid 

electrolyte (H2SO4), basic electrolyte (KOH) and neutral electrolyte (Na2SO4). Organic 

electrolytes used in SC are prepared by dissolving salts in organic solvents such as 

acetonitrile. This type of electrolytes exhibits high operating potential range which 

boots the energy density to higher values. However, these electrolytes suffer some 

drawbacks such as higher cost, low specific capacitance, a lower conductivity, and 

they are flammable, volatile and toxic. For high performances in electrochemical SC, 

a relevant, low cost and more conductive electrode has to be selected. Figure 17(b) 

summarizes the effects of electrolyte on the performance of an electrochemical 

supercapacitor. An ideal electrolyte for supercapacitors comprises of a wide potential 

range, good electrochemical stability, low internal resistance, low cost and high 

abundance [21].  

 

Figure 2.17: (a) Classification of electrolytes [105], (b) Effects of electrolytes on the 

performance of supercapacitors [77]. 
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2.6. Conclusion 

The burning of fossils for energy production results in harmful results including global 

warming, therefore various renewable energy sources are being developed in order to 

minimize or eradicate the use of fossils. Alternative energy storage mechanisms are 

required in order to store the produced energy for future use. Electrochemical 

supercapacitors are emerging as promising devices amongst the currently used 

energy storage devices. In this review, a detailed description of electrode materials 

based on metal organic frameworks, carbon materials and their composite is 

thoroughly given. More developments is needed for high-performance SC electrodes 

which can simultaneously give high capacitance, cyclic stability and excellent rate. 

MOFs, carbon-based materials and their composites are found to have the necessary 

potential for making effective electrodes for supercapacitors. Moreover, MOF-carbon 

hybrid composites are believed to improve the SC performances as they combine 

EDLC properties with those of a pseudocapacitive material. The high surface area and 

tunable pore sizes of MOFs allow more diffusion of the electrolyte in to the electrode 

structure for high performances. Generally pristine-MOFs suffer from poor conductivity 

and poor mechanical stability. These limitations might be overcome in near future 

through the hybridization of MOFs with materials with improved conductivities and 

stability. However, the properties of MOFs should be preserved during the process of 

composite formation. In summary, supercapacitor applications of MOFs and MOF-

carbon based composites are still studied at a laboratory scale. Further research 

efforts in the enhancement of MOF properties for supercapacitors may lead to the 

utilisation of MOFs as electrode materials for commercial supercapacitors. 
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CHAPTER THREE 

ANALYTICAL TECHNIQUES FOR CHARACTERISATION OF METAL ORGANIC 

FRAMEWORK COMPOSITES 

 

Summary 

The excellent chemical and physical properties of metal organic framework 

nanocomposites resulted in researchers and industrialists to have great interest in the 

discovery and applications in various systems. As the sizes of MOFs are reduced to 

nanoscale, the MOF based nanocomposites tend to display exceptional properties 

differing from those of their bulk counterparts, hence, they have found applications in 

supercapacitor applications. In order to apply MOF nanocomposite in supercapacitor 

particularly in supercabattery which is a combination of high-power EDLC and high-

energy density battery-type electrode, they should be studied and analysed to 

determine their ability to be utilised as electrode materials. Therefore, the great 

challenge lies in finding the state-of-the-art characterisation techniques to study the 

structural, morphological and electrochemical properties of MOF materials. In this 

regard, there is a need to review several techniques to accurately reveal the properties 

of the materials where in this chapter, a comprehensive overview on analytical 

techniques that can be used to study the chemical, physical and surface properties of 

materials.   

 

Keywords: Metal organic frameworks, composites, analytical techniques 

 

 

 

 

 

 



 61  
 

 

 

3.1. Introduction 

The field of electrochemical energy storage, more specifically, supercapacitors 

emerged as a promising candidate in energy applications, it experienced an 

exponential progress. Specifically, studies on metal organic framework have gained 

attention owing to their tuneable pore sizes and higher surface area [1–3]. Although 

the number of increasing research studies on improving MOF nanocomposites for 

energy applications is huge, their use in practical applications is still limited. One of 

the key worries of reseachers for the manufacture of novel nanocomposite based on 

MOF is the complexity of a deep characterisation, which would enable their perfect 

production and application in energy storage [4]. Therefore, a wide characterisation of 

MOF nanocomposites is vital before their use in real practical energy applications. 

Nevertheless, the present technology is challenging in the sense that many 

characterisation techniques have been used directly from those approaches used for 

bulk materials not at a nanoscale [5]. Therefore, there has been variours efforts that 

have been used for the improvement of the performance of current techniques. 

Nanocomposite characterisation can be divided into three categories: first, an 

analytical characterisation, useful for characterising the materials they are composed 

of as well as to find out the structural properties present; second, a morphological 

characterisation of the main parameters that will define the performance of 

nanomaterials; and third, the study of electrochemical characterisation of MOF 

nanocomposites to reveal their suitable electrochemical energy storage applications. 

Although numerous reviews for the characterisation of MOFs and their 

nanocomposites exist, most of them give a particular point of view, signalling only 

some techniques [6]. Hence, reserchers studying the development of novel 

nanocomposites find themselves lost in the huge but dispersed existent bibliography. 

Therefore, this encouraged other authors to write a series of these reviews with a 

scholastic character, to allow new scientists studying towards the nanoworld to have 

more knowledge for the precise characterisation methods of MOF nanocomposites. 

Hence, the purpose of the current review is to give a comprehensive overview of 

characterisations of nanocomposites. In this review, the authours did not give a deep 
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description of each specific characterisation method but rather designate concisely 

each technique to give a background to select the most appropriate characterisation 

technique for their study and look for relevent information in the various references 

assumed for each method. These techniques have been categorised as a function of 

the technique rather than what is being characterised: microscopic, spectroscopic, 

calorimetric, and electrochemical techniques for qualitative and quantitative analysis, 

determination of purity and confirmation of composite formation. 

 

3.2. Structural characterisation techniques 

3.2.1. Fourier transform infrared spectroscopy  

Fourier transform infrared spectroscopy (FTIR) is an analytical technique focusing on 

the atomic vibrations of molecules by applying middle infrared light (4000 cm-1 to 300 

cm-1) through a sample. Some of the energy from the light is absorbed causing the 

molecules in the sample to vibrate at a specific frequency and the frequencies are 

determined in terms of wavenumbers. A background spectrum is usually run before 

running the sample to give a correct spectrum of the analyte [7]. The various vibrations 

observed in the sample spectrum produces a number of absorptions which uniquely 

corresponds to their characteristic functional groups of the molecules in the sample. 

FTIR is mostly used for qualitative analysis of samples where by different functional 

groups are determined from the sample that is being characterised [8]. For example, 

The FTIR spectrum of copper-based MOF is observed in Figure 3.1(a) and its 

corresponding peaks are tabulated. The wide peak at 3400 wavenumbers may be 

attributed to the water molecules absorbed in the MOF pores [9]. This shows that FTIR 

may also be important for the determination of impurities in the desired materials. In 

Figure 3.1(a) for pristine HKUST-1, the characteristic peak at 728 cm-1 is due to Cu-O 

bond, confirming metal linker coordination [10]. Therefore, in MOF nanocomposite, 

FTIR is used for the determination and confirmation of functional groups present and 

also to reveal the type of interaction between MOF and its component to form a 

nanocomposite. Figure 3.1(b) also displays the FTIR spectrum of Ag3PO4/HKUST-1 

(silver phosphate/MOF) and Ag/Ag3PO4/HKUST-1 composites respectively. 

Compared with pristine HKUST-1, both Ag3PO4/HKUST-1 and Ag/Ag3PO4/HKUST-1 

shows two extra prominent peaks around 550 and 830 cm-1 ascribed to O=P–O 
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bending vibration mode of Ag3PO4, and asymmetric stretching vibrations respectively 

[11]. Hence, FTIR spectroscopy is a powerful tool to study interaction of components 

in the nanocomposites that show to be potential candidate electrode materials in 

supercapacitors.   

 

     

Figure 3.1: FTIR spectrum of copper based MOF [11]. 

 

3.2.2. Scanning electron microscopy  

Scanning electron microscopy (SEM) is one of the characterisation techniques that 

utilises focused beam of electrons for high-resolution imaging of surfaces of the 

materials and it allows analysis of inorganic, organic and nanomaterial at a very small 

scale. In SEM analysis, a beam of electrons is focused on the surface of a sample, as 

a result of the interaction of the electrons with the sample, secondary electrons, Auger 

electrons, back scatter electrons and others photons of different energies may occur. 

The images in SEM analysis come from the low energy secondary electrons and the 

backscattered electrons since they differ because of topographical changes [12]. The 

two detectors that are used for topographical imaging are:  (i) through the lens detector 

(TLD) and (ii) Everhart-Thonely detector (ETD), these detectors can sense both 

backscatter and secondary electrons [13]. Through SEM analysis, the beam of 

electrons penetrates the sample across its surface.The contact between the electron 

bean and the sample gives an emission of various signals which are collected and 

processed by detector (Figure 3.2.). SEM technique comprises three electron signals 
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(Figure 10) which include secondary electrons (SEs) for specimen classification, 

backscattered electrons (BEs) for the determination of the atomic number and lastly 

the Auger electrons which determine for luminescence property of sample. The 

interaction of sample with electron signals is demonstrated in Figure 3.2.  

 

Figure 3.2: Illustration of sample-SEM signal interaction during analysis [14]. 

 

Representative SEM micrographs of MOF nanostructures obtained from a simple 

hydrothermal method reported by Monama et al.  [15] are shown in Figure 3.3 (a). 

These MOF crystals are very clearly possessing an octahedral shape [15]. In addition, 

the inset image of Figure 3.3 (a) shows that MOF crystal has smooth surfaces with a 

particle size of 10-15 µm. Makhafola et al. [16] reported SEM images of GO and 

GO/MOF nanocomposite as shown in Figure 3.3(c) and (e), respectively, depict some 

dense flakes of graphene sheets and observation of rough surface. In addition, 

magnification of the octahedral crystals of GO/MOF composite as depicted in Figure 

3.3(e) (inset) showed that the integration of GO into the composite resulted in coarse 

and rough morphological characteristics on the surface of MOF suggesting a possible 

interaction between MOF and GO through oxygen groups on GO and Cu of MOF [16].  
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Figure 3.3: SEM images of (a) Cu-MOF, (c) GO (e) GO/Cu-MOF composite (inset: 

High resolution magnification) and EDS spectrum of (b) Cu-MOF, (d) GO, (f) GO/Cu-

MOF composite [16]. 
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3.2.3. Transmission electron microscopy  

Transmission electron microscopy (TEM) is a technique used in material science for 

sample analysis. Like in SEM, a beam of electrons is directed and shone through a 

thin layer of a sample to create an image. The interactions between the electrons and 

the atoms can be used to determine features such as the crystal structure, composite 

formations and layer growth. In a basic TEM instrument (Figure 3.4), high energy 

electrons are ejected from a tungsten electron gun then the electron beam is focused 

on the sample using the two condensers and the condenser aperture. Part of the 

electron beam is transmitted through the thin specimen and the image produced is 

focused and enlarged using the objective lens [17]. Other techniques that are being 

employed within TEM that use various signals arising from the interaction of the 

electron beam with the sample include higher resolution-TEM (HRTEM) and selected 

area electron diffraction (SAED). HRTEM resolution can be used to analyse the 

quality, shape, size and density of quantum wells, wires and dots in a sample being 

studied. These technique allows direct imaging of the atomic structure of a sample. 

SAED is used as a method to obtain information on the crystallinity from diffraction 

lines, acquired by the electron-beam illumination on a specimen [18]. Application of 

these above techniques combined, allows researchers to obtain very detailed 

information about the structure, texture, morphology and composition of materials 

studied. 
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Figure 3.4: Schematic diagram of TEM principle [17]. 

Modibane et al. [19] reported on the use of TEM for comfirmation of poly(3-

aminobenzoic acid) (PABA) incorporated cobalt zeolitic benzimidazolate framework 

(Co-ZIF) nanocomposite (Figure 3.5).  The authors observed the wrapping of MOF by 

polyaniline (PANI) derivatives (PABA) as shown in Figure 3.5(b) for PABA/Co-ZIF 

nanocomposite compared to pure PABA depicted in Figure 3.5(a). The TEM image of 

nanocomposite shows a highly disordered structure confirms the fully amorphous 

nature due to the presence of polymer with appearance of some spherical shape due 

to the presence of MOF [20]. In addition, the corresponding SAED patterns (shown in 

the inset image) show no clear rings as an indicative of an amorphous state [20] 
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Figure 3.5: TEM images of (a) of poly (3-aminobenzoic acid) and (b) of poly (3-

aminobenzoic acid)/cobalt zeolitic benzimidazolate framework nanocomposite, inset: 

SAED images [19]. 

 

3.2.4. Energy dispersive X-ray spectroscopy  

Energy dispersive X-ray spectroscopy (EDX) is an analytical technique used to 

determine the elemental or chemical composition of a sample. This technique uses 

SEM and TEM to detect elements with atomic number that is higher than that of boron, 

these elements can be observed at a concentration as low as 0.1%. The use of EDX 

can be for determination of contaminants, evaluation and identification of materials in 

a sample. When the electrons interact with the sample, X-rays that are characteristic 

of each element in the sample are produced and therefore they can be separated and 

characterised due to their concentrations in the sample [21]. This technique 

determines the weight percentage and atomic composition of elements in a 

compound. For example, the elemental structure of MOF and its composites was 

obtained using EDS technique (see spectrum in Figure 2(b)) and the spectrum has 

shown the presence of carbon, copper and oxygen elements. The EDS spectra (Figure 

3.3(d) and (f)) show the elemental spectrum of GO and composite, respectively. The 

GO comprises of oxygen and carbon, and these elements are clearly witnessed in 

Figure 3.3(d). Since the same elements in GO are also existing in MOF, the composite 

GO/MOF shows an increament in the elemental composition of carbon (Figure 3.3(f)). 

The EDS validate the presence of small peaks of manganese, potassium, chlorine and 
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phosphorus, which may be ascribed to impurities formed from precursors during the 

synthesis process of GO and GO/MOF composite [16].  

 

3.2.5. X-ray diffraction 

X-ray diffraction (XRD) is a powerful analytical technique that is used to characterize 

crystalline materials. It provides information on the unit cell dimensions, structures, 

phases, texture, and other structural parameters, such as average grain size, 

crystallinity, strain, and crystal defects. The instrumentation of this technique is made 

up of three main components which include the x-ray source, sample holder and the 

detector. When x-rays interact with matter, different absorptions and scattering are 

observed, and a constructive interference of monochromatic x-ray diffraction is 

observed in a material when Bragg’s law is followed.  

Bragg’s law is given by:    

 𝑛𝜆=2𝑑sin𝜃           (3.1) 

Where n is an integer (𝑛=1, 2, 3), 𝜆 designates the wavelength of the radiation beam, 

𝑑 is the interplanar spacing between two diffracting lines and 𝜃 is the diffraction angle 

[22].  

Bragg’s law relates the wavelength of electromagnetic radiation as a function of the 

diffraction angle and the lattice spacing in a crystalline sample. The diffracted X-rays 

are detected, filtered, and counted. Conversion of the diffraction peaks to d-spacings 

allows identification of the compound because each compound has a set of unique d-

spacings [23]. Typically, this is achieved by comparison of d-spacings with standard 

reference patterns. The crystallinity and purity of crystalline materials such as MOFs 

and amophours materials such as graphene oxide (GO) and carbon-nanotubes 

(CNTs) can be determined using this technique. For example, Figure 3.6 (d) shows 

very sharp peaks which are indicative highly crystalline structures of the Cu-MOF. 

Figure 3.6 (a-c) shows carbon materials which do not show any sharp peaks and these 

materials are characterized as amorphous [24]. In this study, XRD was used to 

determine the crystallinity of the materials using the known reference spectra and also 

to monitor the composite formation. 
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Figure 3.6: XRD of (a) MOF, (b) rGO, (c) CNT and (d) GO [24]. 

 

3.2.6. Thermogravimetric analysis  

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) are 

common and widely used thermal analytical techniques for the description of 

crystalline and amorphous structures. These two techniques are usually performed 

simultaneously to determine the types of changes that occur as temperature of a 

sample is increased and they are performed either in the presence of nitrogen or 

compressed air. Thermal gravimetric analysis is mostly used to study the thermal 

stability of materials and thus different degradation steps can be observed in different 

environment. The change in weight of a material is plotted as a function of increasing 

temperature and various weight losses and degradations are observed. The 

degradations may be due to evaporations of volatiles and decomposition of the 

materials in the sample. DSC measures various thermal transitions associated with a 

material when it is heated or cooled in a controlled manner. DSC monitors the change 

of heat flow as the sample is heated or cooled and reveals any change in heat capacity 

that occurs during any solid-state transition, and is, therefore generally useful for 

determining the glass transition temperature of amorphous materials. This change of 

enthalpy is detected as a heat-absorbed (endothermic) or heat-released (exothermic) 
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event in DSC [25]. For example, Ramohlola et al. [26] reported the TGA thermograms 

of MOF, PANI and PANI/MOF nanocomposite at a heating rate of 10 °C/min (Figure 

3.7). It can be seen that MOF exhibits two thermal degradation steps throughout the 

experimental temperature range which were attributed to water and ethanol 

physiosorbed in the framework of MOF, as well as the degradation of the organic linker 

and producing copper oxide. In the PANI/MOF nanocomposite, the lower rate of mass 

loss with increasing temperature may be due to the internal change in this material 

that is not accompanied by mass loss at elevated temperature [26].  

 

Figure 3.7: TGA curves of MOF, PANI and PANI/MOF composite [26]. 

 

3.3. Electrochemical characterisation techniques 

Electrochemistry is a powerful tool to probe reactions involving electron transfers. To 

perform electrochemical experiments, a potentiostat comprising of three electrodes or 

two electrodes (which is usually for application) is required to acquire electrochemical 

information of a certain cell. A three electrode cell contains three principle electrodes 

which are working electrode (WE), counter electrode (CE) which is also known as the 

auxiliary electrode and a reference electrode (RE) as shown in Figure 3.8(a). The WE 

is the electrode at which the electrochemical phenomena (reduction or oxidation) 

being investigated are taking place and this is where the potential is applied and the 

responding current is measured. The investigated material is usually the WE. The CE 

is employed to complete the circuit and allow electrons to flow so that current can be 
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passed from the external circuit through the cell. In simple terms. The current that 

flows into the solution through the WE leaves the solution via the counter electrode. 

Examples of CE include platinum wire or carbon, this is due to their non-reactivity and 

high surface area. The RE is used to monitor the working electrode potential. It 

contains a constant electrochemical potential as long as no current flows through it. 

Commonly used RE is the silver-silver chloride electrode (Ag/AgCl). The two electrode 

system contains of a positive electrode (cathode) and a negative electrode (anode) 

and it is usually used for application of electrochemical systems such as 

supercapacitors and batteries [27].  The electrochemical studies of supercapacitors 

include techniques such as cyclic voltammetry (CV), galvanostatic charge-discharge 

(GCD) and electrochemical impedance spectroscopy (EIS). 

 

3.3.1. Cyclic voltammetry 

Cyclic voltammetry is a technique used to provide qualitative information about the 

kinetics and the electrochemical behaviour of a sample. This information is a result of 

the electrode/electrolyte interaction in an electrochemical cell. In this technique the 

relationship between the current and the applied potential is observed and the 

presence of peaks indicated the electrochemical activity of the material. CV is a vital 

electrochemical technique for assessing the type energy storage mechanism in 

devices because it can show the electrochemical behaviour of species in a forward 

scan and the reverse scan, within a short period of time. CV is a technique that is 

usually applied on the principle of three electrodes (working, reference, and counter). 

However, in some instances it can be applied in a cell that comprices of only two 

electrodes.  The electrochemical behaviour of supercapacitors can be evaluated by 

applying voltage and reading the current response. 
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Figure 3.8: Schematic representation of (a) an electrochemical cell for CV experiments 

[27]. (b) CV curves of a EDLC and pseudocapacitor [27]. 

 

Theoretically, a rectangular CV curve (Figure 3.8(b), resembles an ideal capacitor; 

however, EDLC materials do not behave ideally, resulting in a deformed rectangular 

shape as displayed in the figure above. Faradaic reactions from pseudocapacitors 

output redox peaks. From these curves, capacitance (𝐶)  can be calculated using the 

formula: 

                        𝐶 =
𝑄𝑡𝑜𝑡𝑎𝑙

2𝑉𝑠∗∆𝑉
                     (3.2) 

where 𝑄𝑡𝑜𝑡𝑎𝑙 is the CV curve integral area, which represents the total charge in 

coulombs, and ∆𝑉 is the change in voltage between the terminals of the device and 𝑉𝑠   

is the scan rate [27-29]. 

 

3.3.2. Gravimetric Charge-Discharge 

Galvanostatic charge/discharge (GCD) is an electrochemical technique used for the 

evaluation of electrochemical supercapactor performance parameters, including 

specific capacitance and cyclic stability. In GCD technique, the current is kept constant 

while the potential is monitored with time at the WE relative to the RE. A potential 

range/limit is set for the working electrode and then it is simple to determine how a 

certain material charges and discharges. In this technique, a supercapacitor is 

charged (between E1 and E2) and then discharged (between E2 and E3) at constant 
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galvanostatic conditions.as demonstrated in (Figure 3.9(a)). A resistive part (Figure 

3.9(b)) representing the voltage drop is usually observed when the cell is discharging 

and this results from the equivalent series resistance (ESR) of the supercapacitor [30]. 

The specific capacitance or specific capacity can be determined using both three or 

two electrode system. Makgopa et al. [31] determined the specific capacitances of 

carbon/metal oxide composite using a three electrode system and the OLC/Mn3O4 

composite exhibited much better pseudocapacitive performance with higher discharge 

time as compared to other nanohybrid electrode materials [31]. In this work the charge 

discharge is used to determine the supercapacitor performance for the synthesised 

materials at various current densities. The specific capacitance, power density, energy 

density, cycling stability are also determined from the results of this technique. 

 

 

Figure 3.9:  (a) and (b) Schematic diagrams showing charge-discharge curves [29]. 

 

3.3.3 Electrochemical impedance spectroscopy 

Electrochemical Impedance spectroscopy (EIS) consists of a Nyquist plot which is 

imaginary versus the real time resistance. This technique is mostly used for a range 

of application including SC, corrosion monitoring, batteries and fuel cells. This 

technique is important and provides information such as the capacitance variation 

determined at a particular frequency range, the equivalent resistance of the electrode 

material and any potential-dependant faradaic resistance [32]. To measure the 

Impedance (Figure 3.10), the excitation signally is very small and the electrochemical 

system is subjected to a sinusoidal voltage at similar frequencies but different phases. 
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Figure 3.10: Sinusoidal voltage and its current response at the same frequency [33]. 

 

The excitation signal, expressed as a function of time, has the form 

 𝐸𝑡 = 𝐸0 sin 𝜔𝑡        (3.3) 

where Et is the potential at time t, E0 is the amplitude of the signal, and ω is the radial 

frequency. The relationship between radial frequency ω (expressed in 

radians/second) and frequency f (expressed in hertz) is: 

       𝜔 = 2𝜋𝑓               (3.4) 

In a linear system, the response signal, It, is shifted in phase (Φ) and has a different 

amplitude than I0. 

𝐼0 = 𝐼0 sin(𝜔𝑡 +  Φ)                           (3.5) 

An expression analogous to Ohm's Law allows us to calculate the impedance of the 

system as: 

𝑍 = 𝑍0
sin(𝜔𝑡)

sin(𝜔𝑡 + Φ) 
                  (3.6) 

 

The impedance is therefore expressed in terms of a magnitude, Zo, and a phase shift, 

Φ. 

The impedance can also be expressed as a complex function as a result of the oval 

produced in the Lissajous Figure, 
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𝑍(𝜔) =
𝐸

𝐼
= 𝑍0(cos Φ + j sin Φ)       (3.7) 

The impedance (Z (ω)) comprises of the real impedance and the imaginary 

expressions [33].  

 

    

Figure 3.11: (a) Schematic Nyquist plot of a typical EDLC electrode material [34]. (b) 

Experimental and fitted EIS data [35]. 

The Figure 3.11(a) shows a typical Nyquist plot for EDLC where a semicircle at high 

frequencies between points A and B, a non-vertical line at intermediate frequencies 

between points B and C, and a nearly vertical line at low frequencies beyond point C. 

In this figure resistance at A (RA) has been attributed to the equivalent series 

resistance (ESR) which is the total of the resistances of the electrolyte used, the 

electrode material and the resistance on the contact between current collector and 

electrode. The resistance (RAB) is attributed to (i) the electrolyte resistance in the pores 

of the electrodes (ii) the contact resistance between electrode and current collector 

and (iii) the sum of the electrode resistance. RB is regarded as the internal resistance 

of the electrochemical system. RBC is regarded as the equivalent distribution 

resistance and the low frequency region below represents the capacitive behavior of 

the electrode material [34].  

A Nyquist Plot is thus obtained when the imaginary part is plotted against the real part 

as shown in the Figure 3.11(b). Each Nyquist plot has a corresponding circuit that is 

fitted in and the capacitance can therefore be estimated using Equation 3.8. 

                     𝐶 =
1

2𝜋𝑓𝑍
        (3.8) 
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where C represents capacitance, f represents frequency and Z represents impedance 

[35]. 

 

3.4. Conclusions 

This work dealt to look at the role of various techniques for the characterisation of MOF 

nanocomposites. Several conventional analytical methods can be used for the 

characterisation of some features of nanocomposites. Hence in this comprehensive 

review, we demonstrated the use of different analytical techniques (spectroscopic, 

microscopic, thermal and electrochemical), emphasising on their principles as well as 

the mini-discussion on the corresponding results obtained from characterisation of 

MOF nanocomposites.  Therefore, this work will help to identify suitable techniques to 

be used in supercapacitors. FTIR technique probes the properties of nanocomposite 

by absorbing the light of a certain wavelengths can be used to reveal the functional 

groups which are useful to confirm formation and interaction. The other important 

analytical methods which can reveal the phase properties of nanocomposite is the 

XRD, is useful to calculate the crystalline sizes of the nanocomposite from the Debye-

Sherrer equations. SEM and TEM techniques scan on the surface or transmit through 

the nanocomposite, are valuable for revealing the external and internal morphologies 

of the MOF and its compounds. These microscopic techniques can be coupled with 

EDX detectors to reveal the elemental composition on the MOF materials. Thermal 

analyses can be beneficial to probe the thermal properties of MOF materials to 

understand their thermal stabilities and phase transitions. Finally, electrochemical 

methods have gained an interest in revealing the redox properties of the MOF 

nanocomposites and to study electrochemical energy storage in supercapacitors. It 

can be seen that there is still a need to understand the structural, morphological and 

electrochemical properties of the MOF based nanocomposites to be used in 

electrochemical energy storage such as solar cells, batteries or supercapacitors. 
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CHAPTER FOUR 

INTERROGATION OF ELECTROCHEMICAL PERFORMANCE OF REDUCED 

GRAPHENE OXIDE/METAL-ORGANIC FRAMEWORK HYBRID FOR 

ASYMMETRIC SUPERCABATTERY APPLICATION 

 

Summary 

Large scale energy storage system with low cost, high power, and long cycle life is 

crucial for addressing the energy crisis, especially when integrated with renewable 

energy resources. To realize grid-scale applications of the energy storage devices, 

there remain several key issues including the development of low-cost, high-

performance materials that are environmentally friendly. This study explores the 

synergic contribution of the reduced graphene oxide on metal organic framework as 

positive electrode for asymmetric supercabattery. The structural elucidation of the 

synthesised hybrid material and its precursors were characterised using XRD, FTIR, 

TGA, SEM and TEM. The electrochemical analysis of the synthesised hybrid material 

and its precursors was achieved using CV, GCD and EIS. The electrochemical 

behaviour of NF-rGO/MOF hybrid obtained from the three-electrode system exhibited 

a battery-type behaviour and accomplished an improved specific capacity of 459.0 Cg-

1 at the current density of 1.5 A/g. Furthermore, the two-electrode system fabricated 

in an asymmetric configuration made of NF-rGO/MOF hybrid as the positive electrode 

and activated carbon (AC) as the negative electrode studied in 3.0M KOH electrolyte, 

exhibited specific capacity of about 48.81 C/g at the current density of 0.4 A/g, the 

corresponding maximum energy density of 11.0 Wh/kg and the maximum power 

density of 640.45 W/kg. The cycling stability of the rGO/MOF hybrid asymmetric device 

displayed 70% capacity retention after 2000 cycles.  

 

Keywords: Hybrid, metal organic frameworks, reduced graphene oxide, nickel foam, 

supercabattery. 

 

 

https://www.sciencedirect.com/topics/chemistry/metal-organic-framework
https://www.sciencedirect.com/topics/chemistry/calcination
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4.1. Introduction 

The exhaustion of fossil fuels and emissions of greenhouse gases has led to an 

intensive search for alternative natural energy sources. Various renewable and 

environmental pollution-free energy sources such as advanced solar cells and wind 

turbines are being explored but the problem becomes the storage of the energy 

harvested for future purposes [1-3]. Amongst the currently used energy storage 

devices, batteries and supercapacitors are more researched as electrochemical 

energy storage devices to complement the applications of the renewable energy 

resources [4]. Batteries are widely known for their high energy densities, with low 

power densities and poor cycle life, whereas supercapacitors are famously known for 

their high-power densities with high cycle life and poor energy densities. 

Supercapacitors can be classified into two categories based on their methods of 

storing energy, i.e. the (i) EDLC which is based on the physical adsorption of charges 

at the solid-liquid interface, this is where the Helmholtz double layer is observed and 

(ii) pseudocapacitor which stores energy by involving rapid faradaic processes such 

as reduction/oxidation (redox) reactions and ion insertion/extraction at the surface of 

the electrode [5]. The latter method displays faster kinetics as compared to the battery, 

and depending on the choice of the electrode material, the behaviour of this 

electrochemical process can lean more toward either capacitor-type or battery-type [6, 

7] In the case of leaning towards a capacitor-type, the nomenclature of this process is 

just referred to as pseudocapacitor (capacitor-like behaviour), while in the case of the 

batter-type, is referred to as supercabattery. Understanding of this type of 

electrochemical behaviour has opened up new avenues in energy storage 

applications, thus, this novel energy storage device, supercabattery, which combines 

the advantages of supercapacitor and battery has become a hot topic in the energy 

storage research field [6-10]. This has been supported by the long-lasting efforts of 

improving the energy density of supercapacitors and power density of batteries.  

As shown above that one of the important factors in supercapacitor is the materials for 

electrode design, which plays significant role in the performance in energy storage. 

Carbon materials have shown suitability as electrode materials for EDLC. 

Nevertheless, these materials suffer from lower energy storage capacity. Metal oxides, 

conducting polymers and metal organic frameworks are used as electrode materials 

for pseudocapacitors application with the most of these materials specifically being 
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tailored for supercabattery applications. Reason for the interests in these materials is 

due to their high energy storage capacity, even though they still suffer from poor 

conductivity, and expansion during the application. Hence, successful integration of 

these materials with carbon nanomaterials to form hybrids offer an opportunity to 

develop excellent energy storage device suitable for both high energy storage and 

high-power output applications [11, 12]. 

Metal organic frameworks are perfect candidates as they show strong potential as 

electrode materials for a well performing electrochemical energy storage device due 

to their tuneable pore sizes, higher surface area and abundant active sites. MOFs are 

made up of a metal centre coordinated to organic linkers resulting in a porous material 

with high surface area [13]. As reasoned above, MOFs displays relatively high 

capacitive performance on their own due to their high surface area and redox activities 

on the metal centre, but poor conductivity and stability leads to them being used as 

sacrificial material [14]. Díaz et al. [15] has shown Co-based MOF as a promising 

electrode material for energy storage systems due to its high surface area of 2900 m2 

g−1 according to Langmuir model. It has been shown that the lower conductivities and 

higher redox interactions of the metal organic frameworks can be counteracted by the 

introduction of carbon-based materials such as carbon-nanotubes [15], activated 

carbon [16] as well as graphene oxide materials [17].   

Graphene materials are the most investigated EDLCs due to their excellent properties 

required for supercapacitor applications [18]. These are carbonaceous materials 

which can be viewed as a graphite monolayer containing various oxygen-containing 

functionalities. Graphene oxide materials have semiconductor or insulator 

characteristics, depending on the degree of oxidation, and their electronic and optical 

properties can be tuned in large scope [17-20]. Their insulator properties are owing to 

stacked portions of sp3 hybridized carbon-oxygen bonds, which thereof lead to higher 

resistance [20]. Amongst all graphene-based materials, reduced graphene oxide 

(rGO) is currently one of the most explored material for electrochemical storage 

applications due to its excellent surface area, high electrical conductivity, chemical 

stability, and excellent mechanical properties [21]. Sykam and Rao [22] demonstrated 

that the specific capacitance of rGO produced at room temperature to be 112.6 C/g at 

a current density of 1.0 A/g in 1.0M Na2SO4 electrolyte in a three-electrode 

configuration. This lower capacitance can be due to the agglomeration of the graphene 
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sheets, which resulted from the strong π-π bonds between the graphene sheets 

leading to the graphene sheets to restack back into graphite. [23]. In addition, rGO 

operates at a very high charge/discharge rate with a long cycle life, but they have low 

energy density [24]. Hence this work, focuses on the electrochemical performance of 

metal-organic framework integrated on reduced graphene oxide as positive electrode 

for an asymmetric supercabattery. The electrochemical performance of the hybrid 

composite is evaluated using cyclic voltammetry, galvanostatic charge-discharge, and 

electrochemical impedance spectroscopy techniques.  

 

4.2. Experimental  

4.2.1. Materials and Apparatus 

Copper nitrate trihydrate (Cu(NO3)2.3H2O), trimesic acid (H3BTC), graphite powder, 

hydrazine hydrate and nickel foam were purchased from Sigma-Aldrich, South Africa. 

Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), potassium hydroxide (KOH) 

pellets, hydrochloric acid (HCl), sodium nitrate (NaNO3) and sulphuric acid (H2SO4) 

were procured from Rochelle Chemicals, South Africa. Potassium permanganate 

(KMnO4) was supplied by SAARCHEM and hydrogen peroxide (H2O2) from Moncon, 

South Africa. Polyvinylidene fluoride (PVDF), N-methyl pyrrolidone (NMP), activated 

carbon and carbon black were obtained from Sigma Aldrich.  

 

4.2.2. Synthesis of rGO, MOF and rGO/MOF hybrid 

GO was prepared from graphite according to the modified Hummers method [25]. The 

synthetic route for preparation of rGO is reported elsewhere [26], with our own 

modifications. Concisely, the prepared GO (100 mg) was loaded in a 250 mL round 

bottom flask and water (100 mL) was then added, yielding an inhomogeneous yellow-

brown dispersion. This dispersion was ultrasonicated until it became clear with no 

visible particulate matter. Hydrazine hydrate (1.00 mL, 32.1 mmol) was then added 

and the solution heated in an oil bath at 100 oC under a water-cooled condenser for 

24 h over which the rGO gradually precipitated out as a black solid. This product was 

isolated by filtration over a medium fritted glass funnel, washed four times with 
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deionised water (250 mL) and methanol (250 mL), and dried on the funnel under a 

continuous air flow. 

Metal organic framework (MOF) was synthesised by following a hydrothermal 

procedure [27]. Briefly, 1.087 g of Cu(NO3)2.3H2O was dissolved in 10 ml of distilled 

water and then mixed with 0.525 g of H3BTC dissolved in 10 ml of ethanol. The mixture 

was stirred for 30 min and then transferred to a 23 ml Teflon stainless-steel autoclave 

and sealed to react for 36 hours at 120 °C in thermostatic drying oven. The resulting 

product was washed with ethanol and deionised water and dried at 50 oC overnight.  

The rGO/MOF hybrid was prepared through impregnation method (Scheme 1) [28]. 

Briefly, 0.1 g of as-synthesised MOF sample was dehydrated at 150 oC for 1 hour. It 

was then suspended in 10.00 mL DMF. In a separate beaker, 0.1 g of reduced 

graphene oxide was dispersed in 1.40 mL DMF, and then the two mixtures were mixed 

together and stirred magnetically for 24 hours at room temperature. The resulting 

product was recovered by filtration and washed with ethanol and then dried overnight 

at 50 oC.  

 
Scheme 4.1. Synthesis of rGO, MOF and rGO/MOF 
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4.2.3. Electrodes fabrication  

The preparation of electrodes was conducted following other reported methods [29]. 

Nickel foam (NF) of area 0.1 cm2 was soaked in 3M HCl and ultrasonicated for 15 min 

removing the nickel oxide layer, and further ultrasonicated in a mixture of deionized 

water and ethanol for another 15 minutes. After the pre-treatment, nickel foam was 

used as the current collector. The nickel foam was pressed at high pressure to close 

the various pores in their structure before coating the electrode materials. The working 

electrodes composed of three different materials which included 70% of the 

synthesised active materials (Cu-MOF, rGO and rGO/MOF hybrid), 10% of the binder 

PVDF and 20% of carbon black. The electrode materials were prepared by mixing the 

synthesised materials with NMP to make a paste before coated on the nickel foam. 

The coated electrodes were then dried overnight at 75 oC. The average loading of the 

materials on Ni foam was between 4-5 mg and only mass of MOF, rGO and rGO/MOF 

was included in calculating the active mass. For a two-electrode asymmetric 

configuration, the above electrode preparation was followed with rGO/MOF hybrid as 

a positive electrode and activated carbon (AC) as negative electrode.  

 

4.2.4. Materials characterisation 

Optical absorption spectra analyses were recorded at room temperature in the 

wavelength region 200–800 nm using a Varian Cary 300 UV-Vis-NIR 

spectrophotometer. The structures of GO, rGO, MOF and rGO/MOF hybrid were 

analysed using X-ray diffraction (XRD Phillips PW 1830, CuKα radiation, λ = 1.5406 

A). The formation of the hybrid was confirmed by Cary 600 series Fourier transform 

infrared (FTIR) spectrometer (Agilent Technologies). The spectra were obtained at 

room temperature in the wave number range between 500 and 4500 cm-1. A minimum 

of 32 scans were collected at a resolution of 4 cm-1. The thermal stability was studied 

by a thermogravimetric analyzer (TGA Perkin-Elmer 4000). Samples ranging between 

1 to 4 mg were heated from 30-500 °C at a heating rate of 20 °C.min-1 under N2 

environment. Morphological characterisations were performed using Auriga Field 

Emission Scanning Electron Microscope (FESEM) coupled with EDS detector for 

elemental analysis. High-resolution transmission electron microscopy (HR-TEM) 
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observations were acquired from HR-TEM, FEI Tecnai G2 F20X-Twin MAT 200-kV, 

Eindhoven, Netherlands.  

 

4.2.5. Electrochemical characterisation 

All the electrochemical evaluations of the as-prepared electrode materials were carried 

out using a VMP-300 Biologic potentiostat operated on EC-lab software at room 

temperature. In order to investigate the electrochemical properties of the prepared 

electrodes, cyclic voltammetry (CV) tests with various scan rates, galvanostatic 

charge-discharge tests at various current densities, electrochemical impedance 

spectroscopy (EIS) and cycling stability of the fabricated cells were performed in 3.0M 

KOH aqueous electrolyte. For the three-electrode system, platinum wire, Ag/AgCl and 

the prepared electrodes coated on nickel foam were used as counter, reference and 

working electrodes, respectively. The electrochemical evaluation of the assembled 

asymmetric supercapacitor AC//rGO/MOF was done using a two-electrode system 

(coin cell), where rGO/MOF hybrid was used as positive electrode and activated 

carbon (AC) as a negative electrode, while a filter paper was used as a separator. 

Prior to the electrochemical evaluation of the assembled asymmetric supercabattery 

AC//rGO/MOF, the mass balance between the two electrodes was analysed using the 

mass ratio of both the positive and negative electrodes using equation 4.1: 

𝑚+

𝑚−
=

𝑄𝑠−

𝑄𝑠+

∗
𝛥𝑉−

𝛥𝑉+
           (4.1) 

where m, Qs and ΔV represent the mass, specific capacity, and potential window 

obtained from the charging/discharging process of three-electrode system of the 

individual positive and negative electrode, respectively. 

 

The specific capacity (Qs), obtained from the GCD analysis in both three-electrode 

and two-electrode configuration were calculated using equation 4.2: 

 

𝑄𝑠 =
𝐼∗𝛥𝑡

𝑚
       (4.2) 
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where: I (A) is the current, Δt (s) discharge time, and m mass of active electrode (i.e., 

total mass of positive and negative active materials for two electrode configuration).  

 

The energy (E) and power (P) densities of the prepared asymmetric supercapacitor 

were all calculated from the gravimetric charge-discharge analysis using equation 4.3-

4.4 respectively:  

𝐸 (𝑊ℎ/𝑘𝑔) =
𝑄𝑠 ∗𝛥𝑉

2∗3.6
      (4.3) 

𝑃 (𝑊/𝑘𝑔) =
𝐸∗3600

𝛥𝑡  
       (4.4) 

 

4.3. Results and Discussion 

4.3.1. Spectroscopic characterisation 

Figure 1(a) shows the overlaid XRD patterns of rGO, MOF, MOF CSID, and rGO/MOF 

hybrid. The diffraction pattern of rGO is completely different from that of GO but similar 

to graphite [20]. After the reduction, the sharp XRD peak of GO (d-spacing 7.94 Å at 

2θ = 11o,) disappeared, but a new broad diffraction peak (d-spacing 3.7 Å at 2θ = 

24.01o) appeared, which is closer to the typical (002) diffraction peak of graphite (d-

spacing 3.35 Å at 2θ = 26.61o, [24]). This means that the oxygen containing groups 

were removed and that GO was effectively reduced to rGO by hydrazine hydrate. 

Furthermore, the peak also indicated that the rGO nanosheets are exfoliated into a 

monolayer or of few layers of rGO and resulted in a new lattice structure which is 

significantly different from that of GO [29]. The XRD pattern of MOF presented in Fig. 

4.1 (a), is in accordance with the one reported by Ramohlola et al. [30], showing good 

crystallinity. The peaks of the MOF pattern appeared at small 2θ angles which are 

characteristics of microporous materials, which possess numerous tiny pores or 

cavities that are in accordance with typical MOF structure. One of the main intense 

peaks of the pattern appeared at 2θ = 12o, which accounts for the reflection (222), 

when calculating the lattice plane. The peaks at 35o and 43o are related to Cu2O 

impurities, but their intensities are very low related to main peaks of the MOF, which 

confirm that the purity of the MOF was well preserved and the MOF was pure powder, 
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and identical to those of the simulated one (MOF CSID) [30]. It is interesting to note 

that the XRD pattern of the rGO/MOF hybrid is similar to that of MOF, which indicates 

that there was no apparent loss of crystallinity and decomposition of the framework 

structure after the incorporation of rGO. Furthermore, the reduction in the peak 

intensities of the hybrid confirmed the incorporation of rGO with MOF. 

The reduction of the oxygen-containing groups in GO by hydrazine hydrate was also 

confirmed by FTIR spectroscopy. As shown in Fig. 4.1 (b), the intensities of the FTIR 

bands corresponding to oxygen functionalities such as the C=O stretching vibration 

band at 1726 cm-1, the vibration and deformation bands of O–H groups at 3395 and 

1400 cm-1, respectively, the C–O (epoxy) stretching vibration peak at 1226 cm-1, and 

the C–O (alkoxy) stretching peak at 1052 cm-1 decreased dramatically, and some of 

them disappeared entirely [29]. These observations confirmed that most oxygen 

functionalities in the GO were removed. In the IR spectrum of MOF, the symmetric 

and asymmetric stretching vibrations of carboxylate groups in BTC appear at 1645/ 

1590 cm-1 and 1450/ 1370 cm-1, respectively. The lower wavenumber region of 1300-

700 cm-1 exhibits various bands assigned to out-of-plane vibrations of BTC [30]. The 

spectrum of the rGO/MOF hybrid exhibits similar bands to those of MOF but now with 

an enhanced band intensities, this is due to the increase in the amount of the C=O 

and C=C functionalities in the hybrid as compared to the parent MOF material (there 

is more of C=C and C=O in the hybrid, coming from both rGO and MOF). This also 

confirms the incorporation of MOF and rGO. In addition, there is a development of a 

new band appearing at around 617 cm-1, attributable to the Cu-O stretching vibration. 

This is the result of the oxygen emanated from GO and Cu metal centres on MOF, 

suggesting a plausible electrostatic interaction between the two parent materials as 

envisaged by XRD results. 
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Figure 4.1: (a) XRD patterns, (b) FTIR spectra, (c) TGA and (d) DSC thermograms of 

MOF, rGO and rGO/MOF hybrid.   

 

Thermogravimetric analysis (TGA) of MOF, rGO and rGO/MOF hybrid are shown in 

Fig. 4.1(c) below. The TGA of MOF indicated that this material was only stable up to 

370 oC. Its weight loss is displayed in two degradation steps. The first step (40-150 

oC) is associated with the removal of water molecules from pores, and the solvent 

molecules trapped in the MOF structure during synthesis [31]. At this degradation step, 

about 28% weight loss was observed. At the second step, degradation of OH groups 

and portion of organic frameworks at 280–370 oC occurred, which is responsible for a 

30% weight loss. Copper oxides are the final remaining products at higher 

temperatures [31]. rGO was found to be thermally stable up to 550 oC with the weight 

loss of about 15 wt.%. The region 28 oC-100 oC shows a weight loss of about 8 wt.%, 

which indicates that rGO did not have a lot of water or solvents trapped in it as shown 

in reported analysis [24]. The rGO/MOF hybrid, however, is slightly more stable than 

MOF. Wherein the first stage (40-150) is now moisture stable with the weight loss of 

2wt.% and the second stage has a loss of 28wt.%. DSC result correlates well to the 

TGA showing an exothermic peak (100–125 oC) due to the dehydration of MOF (Fig. 

4.1 (d)). One endothermic peak was also discovered by DSC analysis at 375 oC. This 
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may be due to the absorption of heat by the sample as it undergoes the 

endothermic phase transition from solid to liquid [29]. The DSC curve of rGO is similar 

to that of rGO/MOF hybrid, indicating a broad endothermic peak from 100 oC. This 

peak is due to absorption of heat as rGO decomposes [30].  

 

4.3.2 Morphological characterisations 

Figure 4.2(a), (c) and (e) show SEM images of MOF, rGO and rGO/MOF hybrid 

respectively whereas Fig. 4.2: (b), (d) and (f) show EDS spectra of MOF, rGO and 

rGO/MOF hybrid, respectively. The SEM images of MOF materials produced by 

solvothermal method show phases that are highly crystalline, which is an indication of 

micro-porous materials characteristics as shown by other reported analysis from the 

literature [30]. The EDS confirms the presence of Cu, O and C in the organic linker. 

The rGO synthesised though the reduction of GO by hydrazine shows some partial 

agglomeration which is due to strong van der waals forces between the graphene 

sheets and the agglomeration is not ideal for supercabattery application since the 

electrolyte used cannot access its dense areas. The SEM image of the hybrid shows 

both rGO and MOF for which the small dispersed particles of MOF are seen indicating 

that the preparation process of the hybrid based on the direct mixing which can assist 

the dispersion of the components of both materials in the hybrid. EDS confirms the 

presence of all the elements presence of those materials in the hybrid. 

 

https://en.wikipedia.org/wiki/Phase_transition
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Figure 4.2: (a), (c), (e) SEM images and (b), (d), (f) EDS spectra, of MOF, rGO and 

rGO/MOF hybrid, respectively. 

 

In addition, the TEM images of rGO/MOF hybrid are presented in Fig. 4.3(a) and (b). 

As seen in Fig. 4.3(a), the rGO layer was observed in the hybrid with a well exfoliated 

graphene nanosheets and wrinkled transparent sheet-like structure. The layers are 

due to the interaction between MOF blocks and rGO sheets. It was seen that the 

interaction is between the rGO benzene ring-containing functional groups and the 

MOF dimmers, resulting in π-π interactions upon formation of hybrids [31].  

Furthermore, it was seen that upon the hybrid formation, the octahedral shape of MOF 

crystal structure [32] was maintained, indicating the constrain effects of the layers of 
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rGO subsequent in preservation of the original shapes of the MOF crystals in their 

carbonized phase [33]. The large aggregates can be distinguished easily between the 

graphene phase and the MOF phase. Moreover, the thin layers of reduced graphene 

seem to have wrapped some of the MOF sites.  Furthermore, the SAED pattern in Fig. 

4.3 (c) of rGO/MOF hybrid depicts well-defined rings suggesting that the crystalline 

character of the rGO has been improved. The HR-TEM results clearly suggest the 

successful formation of hybrid-structured rGO/MOF and these observations are in 

good agreement with both XRD and SEM results. 

 

 

Figure 4.3: (a), (b) TEM images at different magnifications and (c) SAED, of rGO/MOF 

hybrid.   

 

4.3.3. Electrochemical properties 

4.3.3.1 Performance in three-electrode configuration 

Figure 4.4 shows comparative electrochemical performance of NF-MOF, NF-rGO and 

NF-rGO/MOF hybrid in a three-electrode configuration using Ni-foam as current 

collector and 3.0 M KOH as an aqueous electrolyte. Fig. 4.4(a) shows the overlaid CV 

curves of MOF, rGO and rGO/MOF hybrid at a scan rate of 10 mV/s. The nature of the 

CV curves display distinction from those of an ideal electrochemical double-layer 

capacitance, showing two redox peaks which are responsible for the faradaic 

capacitive behaviour of battery-type electrode materials. The intensity current peaks 

observed from the NF-rGO can be attributed to the redox reaction of the nickel foam 

in the electrolyte. The current response and the redox curve for NF-rGO/MOF hybrid 
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is relatively higher than those of NF-rGO and NF-MOF, this is due to the redox 

interactions of Cu+/Cu2+ and the porous nature of the MOF especially when combined 

with the electronic properties arising from the rGO such as an improved conductivity. 

These allow high diffusion of electrolyte ions on to the electrode surface thus showing 

better electrochemical performance for the hybrid. Thus, indicating that the hybrid is a 

better electrode material with energy storage capacity than its precursors [34]. The 

two well defined redox peaks exhibited by NF-rGO/MOF hybrid observed at around 

0.4V and 0.12V on the CVs are due to the faradaic behaviour of Cu+/Cu2+ assisted by 

the intercalation/de-intercalation of the OH- from the electrolyte [18]. Fig. 4.4(b) show 

the GCD curves of NF-MOF, NF-rGO and NF-rGO/MOF hybrid at a current density of 

2.5 A/g. It is observed that MOF alone displayed a lower specific capacity as compared 

to hybrid material. This could be attributed by the poor conductivity that resulted in 

lower discharging time (see Fig. 4.4(b)). After incorporation of the rGO to the 

framework of the MOF, a significant increase in the discharging time of the material is 

observed as an indication of a better electrochemical performance (i.e., energy 

storage capacity) than its precursors. These results correlate well with those from CV 

analysis in Fig. 4.4(a). The specific capacity of NF-rGO/MOF hybrid, NF-MOF, and 

NF-rGO at a current density of 1.5 A/g were found to be 459.0, 249.0, and 155.1 C/g, 

respectively. Fig. 4(c) shows the CV curves of the NF-rGO/MOF hybrid electrode at 

different scan rates (20 - 40 mV/s). It is observed that the current response of the 

hybrid increases gradually with an increase in the scan rate indicating a typical 

capacitive behaviour [33]. Fig. 4.4 (d) shows the charge-discharge curves of the NF-

rGO/MOF hybrid at different current densities. These curves display nonlinear 

behaviour, demonstrating the redox process during the charge storage at a potential 

range of -0.2 to 0.5 V, indicative of battery-type behaviour of the electrode materials. 

The specific capacities increase with a decrease in current density, and these falls 

within the typical characteristics of electrode materials applied in hybrid supercapacitor 

applications.  
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Figure 4.4: Overlaid (a) CV curves at a scan rate of 10 mV/s, (b) GCD curves at a 

current density of 2.5 A/g, of MOF, rGO and rGO/MOF hybrid. (c) CV curves at various 

scan rates, (d) GCD curves at various current densities, of rGO/MOF hybrid. Overlaid 

(e) EIS results, and (f) Qs vs current density, of MOF, rGO and rGO/MOF hybrid.  

 

In order to understand the charge mobility and electron transfer mechanism at the 

interface, EIS analysis was conducted in an open circuit voltage (OCV). Fig. 4.4(e) 
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shows the Nyquist plot of the NF-MOF, NF-rGO and NF-rGO/MOF hybrid. The plots 

were fitted in the circuit shown as the inset of Fig. 4.4(e) and the parameters obtained 

from fitting are shown in Table 4.1. The Nyquist plot of NF-MOF shows a very high 

resistance as compared to the NF-rGO and the NF-rGO/MOF hybrid, this is due to the 

insulating property of the MOF structure. However, the Nyquist plot of NF-rGO is much 

closer to the ideal behaviour due to the low charge transfer of the sp2 hybridized rGO. 

The Nyquist plot of NF-rGO/MOF hybrid display a low charge transfer resistance as 

compared to MOF. This improved electrochemical performance is due to the 

synergistic effect between rGO and MOF (due to the conductive structure of the rGO 

coordinated to the MOF via π to π interaction), leading to an improved conductivity of 

the hybrid, resulting in a decrease in the internal resistance of the electrode. Other 

contributing factor for such an improvement of the hybrid electrode could be attributed 

to the 3D porous network structure of the nickel foam which assists in providing an 

easy access of ions at the electrode/electrolyte interface [39]. Fig. 4.4(f) exhibit an 

overlaid specific capacity vs current density curves of NF-MOF, NF-rGO and NF-

rGO/MOF hybrid. The NF-rGO/MOF hybrid displayed an excellent specific capacity as 

the current density increases as compared to the NF-MOF and NF-rGO. All the 

specific capacities of the electrodes increased with a decrease in the current density, 

this is due to limited diffusion of electrolyte ions on the electrode surface at higher 

current densities. But even at higher current densities above 3 A/g the NF-rGO/MOF 

hybrid still showed higher specific capacity values that are above 250 C/g which 

indicates that the hybrid has a higher electrolyte-electrode interaction capability.  

Table 4.2 shows the electrochemical properties in terms of the energy storage capacity 

of NF-rGO/MOF hybrid compared with the literature values obtained in a three-

electrode configuration. It is observed in the Table 4.2 that upon introduction of carbon 

materials, MOF structures exhibits an improved specific capacity. The NF-rGO/MOF 

hybrid displayed much better specific capacitive properties as compared to most of 

the reported values. 

 

 

Table 4.1: Comparative fitting parameters for the EIS data for the MOF, rGO and 

rGO/MOF hybrid using the Randel circuit. 
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Material R1(Ω) C2(µF) R2(Ω) s2(Ω/√s) 

NF-MOF 0.7477 13.86 1.041 0.1719 

NF-rGO 0.2071 3.085 0.8748 0.6705 

NF-rGO/MOF 0.3492 1.392 0.5662 141.3 

 

Table 4.2: Comparison of battery-type electrode materials in three-electrode 

configuration. 

Active 
Material 

Current 
Density (A 

/g) 

Specific 
Capacity  

Electroly
te 

Potential 
Window 

(V) 
Ref 

SrO-Pani 0.8 258.0 C/g 
1.0M 
KOH 

0.6 V [34] 

Zn-Ni-
MOF 

1.0 237.0 mAh/g 
3.0M 
KOH 

0.45 V [35] 

Mo/NI-
MOF 

1.0 802.0 C/g 
3.0M 
KOH 

0.50 V [36] 

NiCuS 10.0 382.0 C/g 
3.0 M 
KOH 

0.40 V [37] 

rGO/TiO2 0.2 116.70 C/g 
1.0M 

Na2SO4 
1.0 V [38] 

Cu-
MOF/rGO 

1.5 459.0 C/g 
3.0M 
KOH 

0.7 V 
[this 

work] 

Key: strontium oxide (SrO), Metal Organic Frameworks (MOF), Nickel (Ni), Titanium 

Oxide (TiO2) 

 

 

 

 

4.3.4. Performance in an asymmetric two-electrode configuration  

Due to the leading performance of the NF-rGO/MOF hybrid in a three-electrode 

configuration, further investigation in an asymmetric two-electrode configuration was 

carried out using activated carbon (AC) and the hybrid as the negative and positive 

electrode, respectively, in 3.0M KOH aqueous electrolyte.  The mass-balancing of the 
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positive and negative electrode was done using the three-electrode configuration 

analysis and the calculated ratio was calculated to be 0.61, according to equation (2). 

The CV curves of the asymmetric cell (see Fig. 4.5(a)) were run at a potential range 

of 0 to 1.6V and they show semi-rectangular shape indicating the combination of 

double layer and faradaic behaviour of the device. From the GCD analysis of 

AC//rGO/MOF at different current densities (Fig. 4.5(b)), the discharge time of the 

asymmetric supercabattery decreases with an increase in the current density. 

Furthermore, it is observed that the slopes of the curves are not linear, confirming the 

presence battery-type electrode. The calculated specific capacities of an asymmetric 

supercabattery are found to be 31.79 C/g and 48.81 C/g obtained at current densities 

of 0.8 and 0.4 A/g, respectively. All the calculated specific capacities are shown in Fig. 

4.5(c). The Ragone plot in Fig. 4.5(d) shows the variation of energy density with the 

power density where the AC//rGO/MOF exhibited maximum energy and power 

densities of 11.0 Wh/kg and 640.45 W/kg, respectively. The stability of the ASC was 

analysed by continuous charge–discharge (2000 cycles) and the capacitance 

retention at a high current density of 0.85 A/g was observed.  

The EIS analysis was acquired to understand the charge mobility profile of the ASC 

cell prior and post stability test as shown in Fig. 4.5(e). The Nyquist plots of the cell 

both shows a semicircle which represents Faradaic charge transfer processes at high 

frequency region and a linear curve in the low frequency regions. The larger Rct 

semicircle for the cell after 2000 charge-discharge cycles indicates an increase in the 

impedance [42]. The device displayed a drastic loss of the initial specific capacitance 

in the beginning which later stabilised. This can be due to the activation of the active 

materials, which led to such initial loss (30%) in the capacitance. Later, the asymmetric 

supercabattery displayed to be stable after 2000 cycles and retained 70% of its initial 

specific capacity as shown in Fig. 4.5(f). The AC//rGO/MOF cell displayed comparable 

capacitive performance to the ones reported in the literature (Table 4.3) suggests that 

the hybrid electrode material is suitable for energy storage applications in 

supercabattery. 



 101  
 

 

Figure 4.5: (a) CV curves at different scan rates. (b) GCD at different current densities. 

(c) Specific capacitance at different current densities. (d) Ragone plot (e) Nqyuist plot 

before and after cycling and (f) Stability test after 2000 cycles, of AC//rGO/MOF 

asymmetric cell.  

 

 

Table 4.3: Comparison of properties for metal organic framework-carbon based 
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electrodes in two-electrode configuration. 

Active 
Material 

Electrolyte 
Current 
Density 

(A/g) 

Energy 
density  

(Wh/ 
Kg) 

Power 
density 
(W/Kg) 

Potential 
Window 

(V) 
Ref 

CNT/Mn-

MOF//CNT/Mn-

MOF 

1.0 M 

Na2SO4 
0.25 6.9 2240 1 [38] 

AC// Ni@Cu-

MOF 

6.0 M 

KOH 
1 17.3 798.5 1.6 [39] 

Mn-MOF//Mn-

MOF 

1.0 M 

Na2SO4 
0.25 4.3 171.6 1.5 [40] 

ZIF-

67/rGO//ZIF-

67/rGO 

1.0 M 

Na2SO4 
3 25.5 2700 1.5 [41] 

AC// NiCo-

MOF 
2.0 M KOH 0.5 49.4 562.5 1.5 [42] 

AC// rGO/MOF 3.0 M KOH 0.8 11.0 640.45 1.6 
[This 

work] 

 

4.4. Conclusions 

The rGO/MOF hybrid has been prepared by impregnation method. SEM and TEM 

analyses reveal that the rGO get wrapped around MOF. TGA analysis shows that 

hybrids have higher thermal stability than pure MOF. Strong interaction between rGO 

and MOF is evidenced by FTIR and XRD. The electrode material of the hybrid was 

fabricated by coating on nickel foam and it exhibited a battery-type behaviour with 

better capacity of 459.0 C/g at 1.5 A/g. The asymmetrical supercapacitor exhibited 

energy density of 11.0 Wh/Kg and power density of 640.45 W/Kg with an excellent 

cyclic stability after 2000 cycles and a loss of less than 30% specific capacity. 

rGO/MOF hybrid material is a promising electrode material for future supercabattery 

advances, however, compared with other asymmetrical supercapacitors there still 

need improvements in the developments of this type of material. This directs our future 

work to focus on improving the energy and power density by including more 

electrochemical active materials in the hybrid such as metal nanoparticles as well as 

to select a better performing negative electrode rather than AC.  
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CHAPTER FIVE 

HIGH PERFORMANCE ASYMMETRIC SUPERCABATTERY BASED ON 

REDUCED GRAPHENE OXIDE/ METAL ORGANIC FRAMEWORK 

NANOCOMPOSITE DECORATED WITH PALLADIUM NANOPARTICLES 

 

 

Summary  

Reduced graphene oxide/metal organic framework nanocomposite decorated with 

palladium nanoparticles (Pd-rGO/MOF) was studied as an efficient electrode material 

for energy storage applications. Pd-rGO/MOF nanocomposite was prepared by 

electroless plating of Pd nanoparticle on rGO followed by impregnation method of Pd-

rGO on to MOF. The Pd-rGO, MOF and Pd-rGO/MOF materials were characterised 

by X-ray diffraction, Fourier transform infrared, thermogravimetric analysis, scanning 

and high-resolution transmission electron microscopy. The resultant nanocomposites 

showed a morphology in which a thin layer of rGO coating existed over MOF with 

unique bright spots indicating the presence of Pd nanoparticle. The synthesised 

materials were analysed by cyclic voltammetry, electrochemical impedance 

spectrometry and galvanostatic charge-discharge for application in supercabattery. 

The Pd-rGO/MOF nanocomposite showed improved electron transfer kinetics and 

superior battery-type performance with large specific capacity of 712.0 C/g at 2.0 A/g 

in a three-electrode system. Furthermore, Pd-rGO/MOF nanocomposite displayed 

high electrochemical performance when applied as a positive electrode and activated 

carbon (AC) as negative electrode in an asymmetric, two-electrode system, 

configuration. The AC//Pd-rGO/MOF displayed excellent maximum energy density of 

25.68 Wh/kg (at 0.6 A/g), power density of 1600 Wh/kg (at 2.0 A/g) and good charge-

discharge stability after 3500 cycles. This highlights the impact of Pd nanoparticles on 

the rGO/MOF nanocomposite for energy storage applications in supercabattery.  

 

Keywords: Nanocomposite, metal organic frameworks, palladium nanoparticles, 

reduced-graphene oxide, supercabattery.  
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5.1. Introduction 

Currently, energy storage devices including batteries and supercapacitors have 

attracted many attentions owing to their low manufacturing cost, longer life cycles and 

high energy density [1-3]. However, the batteries do not have the desired efficiency in 

applications due to long time of charge/discharge rate [4]. On the other hand, 

supercapacitors are mostly applied in electronic gadgets, hybrid electric cars as power 

back-up to protect power disruption [5]. These are basically devices which posseses 

relatively high power density or fast charge-discharge rate above all types of batteries, 

moreover they exhibit high cycling stability, and they are environmentally friendly [6]. 

Supercapacitors contain two methods of storing energy, i.e. (i) electrical double layer 

capacitance (EDLC) which stores energy by physically adsorping charges at the 

electrode/electrolyte interface; and (ii) pseudocapacitance, in which charge is stored 

through reversible faradaic reactions at the electrode/electrolyte interface [7]. The 

EDLC uses carbon materials while pseudocapacitance uses metal oxides/hydroxides 

and conducting polymers as promising candidates for electrode materials [8]. Another 

emerging category of supercapacitor is supercabatteries, which is composed of a high-

power EDLC electrode material on one side and high energy density battery-type 

electrode on the other side of the cell. Supercabatteries are also named hybrid 

supercapacitor or asymmetric supercapacitor or battery–supercapacitor hybrid device 

[9]. Recently, MOFs have received more attention as battery-type electrode materials 

due to their rapid redox kinetics which results relatively higher capacitance. However, 

their low physical stability and poor life cycle limits their application in supercapacitors 

[9-10]. Alternatively, carbonaceous materials especially graphene materials have high 

power density and long-life cycle [11, 12].  

Graphene based materials including reduced graphene oxide (rGO) and graphene 

oxide (GO) have shown to be the most cited electrode materials used currently for 

EDLC supercapacitors [13-15]. These materials exhibits massive qualities for 

supercapacitor applications owing to their high electrical conductivity, outstanding 

chemical and thermal stabilities, and surface area. Therefore, in previous studies, 

graphene materials has resulted in supercapacitors which exhibits higher power 

density of about 10 kW/kg [16]. However, these materials show relatively low specific 

capacitances of 200 F/g or even lower [16, 17]. Hence, they do not certainly meet the 

preferred stipulations in terms of energy density and cycle life [17]. As a result, the 
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composite electrode materials based on carbon materials and metal-based materials 

which combine the advantages of EDLC, and high-energy density battery-type 

electrode can overcome these limitations leading to a hybrid supercabattery. It was 

also shown that the restacking of the graphene materials was improved by addition of 

metal organic frameworks (MOFs) which serves as a barrier between the graphene 

sheets [18]. 

MOF materials as electrodes for supercabattery applications have been reported [9-

10, 19-21]. In this regard, MOFs prepared from different metals (e.g., Ni, Co, Cu, Mn, 

Cr, Zr, Fe, and Zn) connected to organic linkers such as BDC, amino-BDC, BTC, and 

imidazole have been investigated for such applications [19]. MOFs have been reported 

as emerging supercapacitor electrodes, however, their cyclic stability decreases with 

repetition of charging-discharging cycles as a result of electrode-electrolyte 

incompatibility and occasional material dissolution during reduction cycle [21]. 

Pattarrachai et al. [22] demonstrated a composite material based on reduced 

graphene oxide (rGO) and metal organic framework (rGO/MOF) which was coated on 

flexible carbon paper and applied as a supercapacitor electrode material. The 

electrode of the rGO/MOF material showed a high specific capacitance of 385 F/g at 

a current density of 1 A/g in the presence of 0.5 M Na2SO4 electrolyte for symmetry 

supercapacitor application. On the other hand, the introduction of metal nanoparticles 

to carbon materials has shown to improve the electrochemical surface area and active 

sites of the materials. For example, Riyadz et al. [23] reported palladium nanoparticle–

reduced graphene nanosheet composite (Pd-rGO) showed increase in electron 

transfer kinetics. Their composite showed higher capacitive performance with great 

specific capacitance of 637 F/g, exceptional cyclic performance and extreme energy 

density of 56 Wh/ kg and power density of 1166 W/ kg, at a current density of 1.25 

A/g. In the present work, the electrochemical performance of a novel Pd-rGO/MOF 

composite synthesised by electroless deposition of Pd followed by impregnation 

method was investigated. The electrochemical evaluation of the composite on nickel 

foam exhibited battery-type characteristics. Furthermore, the performance of 

asymmetric supercabattery containing activated carbon (AC) as the anode and Pd-

rGO/MOF as the cathode materials is also reported. 
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5.2. Experimental  

5.2.1. Materials and reagents 

Copper nitrate trihydrate (Cu(NO3)2.3H2O), trimesic acid (H3BTC), graphite powder, 

hydrazine hydrate, phosphoric acid (H3PO4), sodium nitrate (NaNO3), palladium 

chloride (PdCl2), ammonium solution (NH4OH), ammonium chloride (NH4Cl) and 

potassium hydroxide (KOH) were purchased from Sigma Aldrich, South Africa. 

Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), hydrogen peroxide (H2O2), 

sodium hypophosphite (NaPO2H2) and sulphuric acid (H2SO4) were acquired from 

Rochelle Chemicals, South Africa. Potassium permanganate (KMnO4), and 

hydrochloric acid (HCl) were obtained from SAARCHEM, South Africa and hydrogen 

peroxide (H2O2) from Moncon, South Africa. Polyvinylidene fluoride (PVDF), N-methyl 

pyrrolidone (NMP), Nickel foam, activated carbon and carbon black were obtained 

from Sigma Aldrich, South Africa. The 3.0M KOH was used as a supporting electrolyte 

solution. All measurements were carried out at 22  2 °C.  

 

5.2.2. Synthesis of materials 

MOF was synthesised as reported in the literature [24]. Briefly, 1.087g of 

Cu(NO3)2.3H2O was dissolved in 10 ml of diionised water and then mixed with 0.525 

g of H3BTC (1,3,5 tricarboxylic acid benzene/trimesic acid) dissolved in 10 ml of 

ethanol. The resultant mixture was then stirred for 30 min and then transferred to a 23 

ml Teflon stainless-steel autoclave and sealed to react for 36 hours under 120 oC in 

thermostatic drying oven. After cooling to room temperature, the mother liquor was 

then decanted. The product was washed by ethanol repeatedly, and then dried at room 

temperature for overnight.  

Graphene oxide was prepared according to the modified Hummer method [25]. 

Concisely, the as-prepared GO (100 mg) was loaded in a 250-mL round bottom flask 

and water (100 mL) was then added, yielding an inhomogeneous yellow-brown 

dispersion. This dispersion was sonicated until it became clear with no visible 

particulate matter. Hydrazine hydrate (1.00 mL, 32.1 mmol) was then added and the 

solution heated in an oil bath at 100 oC under a water-cooled condenser for 24 h over 

which the reduced GO (rGO) gradually precipitated out as a black solid. This rGO 



 113  
 

product was isolated by filtration over a medium fritted glass funnel, washed copiously 

with water (5x100 mL) and methanol (5x100 mL), and dried on the funnel under a 

continuous air flow through the solid product cake [26]. 

Pd-rGO was prepared using electroless palladium deposition [27] through immersion 

of rGO in a sodium hypophosphite-based plating bath. The plating solution was 

prepared by firstly dissolving 2 g of PdCl2 in 4 mL HCl (32%) and 20 mL of ultra-pure 

water, and then heated at 50 oC for 30 minutes with constant stirring at 300 rpm. After 

complete dissolution of PdCl2, 160 mL of NH4OH (28%) and 27 g of NH4Cl were added 

respectively. The mixture was then transferred to 1 L volumetric flask and made up to 

the mark with ultra-pure water. The electroless plating bath, containing 50 mL of 

sodium hypophosphite (10 g/L) as a reducing agent to initiate the reaction and 5 g 

batch of rGO, was subjected to constant agitation (300 rpm) for 30 minutes at 50 oC 

in a separate bath to avoid decomposition during storage of the bath. Finally, the 50 

mL of plating solution was added in to the bath solution and the mixture was agitated 

for 30 minutes to allow the plating of Pd to the surface of rGO sheets. The mixture was 

filtered, washed with ultra-pure water and dried for overnight at 80 oC. 

Pd-rGO/MOF composite was synthesised by impregnation method [28] of Pd-rGO and 

MOF. Approximately, 0.1 g of as-synthesised MOF sample was dehydrated at 150 oC 

for 1 hour. It was then suspended in 10 mL DMF. In a separate beaker, 0. 1 g of Pd-

rGO was dispersed in 1.4 mL DMF, and then the two mixtures were mixed together 

and stirred magnetically for 24 hours at 50 oC. The resulting product was recovered 

by filtration and washed with ethanol and then dried overnight at 50 oC.  
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Scheme 5.1: Synthesis of the MOF, Pd-rGO and Pd-rGO/MOF composite.  

 

5.2.3. Supercabaterry electrode fabrications  

The preparation of supercabattery electrodes were conducted according to literature 

[29]. Nickel foam of area 0.1 cm2 was soaked in 3M HCL and ultrasonicated for 15 min 

removing the nickel oxide layer, the electrodes were further ultrasonicated in a mixture 

of deionised water and ethanol for another 15 minutes. The nickel foam electrodes 

were further pressed at high pressure to close the various pores in their structure 

before coating. The electrodes composed of three different materials which included 

70% of the synthesised materials (MOF, Pd-rGO and Pd-rGO/MOF composite), 10% 

of the binder (PVDF) and 20% of the solid material (carbon black).The combination of 

the three materials were crushed and saturated in N-methyl pyrrolidone (NMP) before 

coated on the nickel foam. The coated electrodes are then dried overnight at 75oC. 

The average loading of the materials on Ni foam was between 4-5 mg and only mass 
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of MOF, Pd-rGO and Pd-rGO/MOF was included in calculating the active mass. A 3M 

KOH electrolyte was prepared in a 500 ml volumetric flask where 84.15g KOH pellets 

were weighed and filled to the mark with distilled water. 

 

5.2.4. Electrochemical assessment 

The electrochemical evaluation of the materials was done using the Biologic 

instrument in a temperature controlled lab at 25 oC. The device uses VMP-300 Biologic 

potentiostat and EC lab software. For the three-electrode system platinum wire, 

Ag/AgCl and the prepared electrodes were used as counter, reference and working 

electrodes, respectively. The electrochemical evaluation of the assembled 

supercabattery was done using a two-electrode asymmetric system where the as-

prepared electrodes were used at cathodic electrodes and activated carbon was used 

as an anodic electrode. Specific capacities of the battery-type composite in three 

electrode and two electrode systems were obtained from the galvanostatic charge-

discharge curves using Equation 5.1: 

 

𝑄𝑠 =
𝐼∗𝛥𝑡

𝑚
           (5.1) 

 

In the above equation 𝑄𝑠 is the specific capacity, 𝐼 is the average applied current, ∆𝑡 

is the discharging time and 𝑚 is the active mass. The energy density (𝐸𝐷) and power 

density(𝑃𝐷)  were calculated using Equations 2 and 3, respectively: 

𝐸𝐷(𝑊ℎ 𝑘𝑔−1) =
1

2∗3.6
𝑄𝑠∆𝑉                   (5.2) 

 

𝑃𝐷(𝑊𝑘𝑔−1) =
𝐸𝐷∗3600

∆𝑡
         (5.3) 

 

where ∆𝑉 is the change in potential window. 

The assembled supercabattery was prepared using AC as the negative electrode and 

Pd-rGO/MOF as the positive electrode (AC//Pd-rGO/MOF). The supercabattery was 
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tested in a 3M KOH electrolyte solution using a coin-type electrochemical cell. A filter 

paper was used as a separator and the mass ratio between the two electrodes were 

determined using Equation 4: 

𝑚+

𝑚− =
𝑄−

𝑄+ (
∆𝑉−

∆𝑉+)                   (5.4) 

where 𝑚+, ∆𝑉+, and 𝑄+ denote the mass, potential window and specific capacity of 

the positive electrode, respectively; and 𝑚−, ∆𝑉−, and 𝑄− mass, potential window and 

specific capacity corresponding to the negative electrode, respectively.  

 

5.2.5. Materials characterisation 

Optical absorption spectra were recorded at room temperature in the wavelength 

region 200 – 800 nm using a Varian Cary 300 UV-Vis-NIR spectrophotometer. The 

structures of Pd-rGO, MOF, and Pd-rGO/MOF composite were analysed using X-ray 

diffraction (XRD Phillips PW 1830, CuKα radiation, λ = 1.5406 A). The formation of the 

composite was confirmed by Cary 600 series Fourier transform infrared (FTIR) 

spectrometer (Agilent Technologies). The spectra were obtained at room temperature 

in the wave number range between 500 and 4500 cm-1. A minimum of 32 scans were 

collected at a resolution of 4 cm-1. The thermal stability of the samples was performed 

on a Perkin-Elmer STA 6000 instrument connected to a PolyScience digital 

temperature controller under N2 gas purged at a flow rate of 20 ml/min. The calibration 

of the instrument was performed using indium (m.p. 156.6 ºC) and aluminium (m.p. 

660 ºC). Samples ranging between 1−4 mg were heated from 30-600 ºC at a constant 

heating rate of 10 ºC /min. The data was collected and analysed using Pyris software®. 

Morphological characterisations were performed using Auriga Field Emission 

Scanning Electron Microscope (FESEM) coupled with EDS detector for elemental 

analysis. High-resolution transmission electron microscopy (HR-TEM) observations 
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were acquired from HR-TEM, FEI Tecnai G2 F20X-Twin MAT 200-kV, Eindhoven, 

Netherlands.  

5.3. Results and discussion 

5.3.1. Structural properties 

The FTIR spectra of MOF, Pd-rGO, and Pd-rGO/MOF are presented in the Figure 5.1 

(a). The lattice vibrations of as-prepared MOF are in agreement with literature [30]. 

Since MOF consisted of benzene-1,3,5-tricarboxylicacid (BTC), bands of the spectrum 

essentially derived from BTC. Thus, the band at 1370 cm-1 was assigned to C-O of 

BTC and the bands at 1450 cm–1 as well as 1590 cm-1 were attributed to C=O of BTC.  

The band at 1645 cm-1 resulted from aromaticC=C and 1719 cm-1 from COO− of BTC 

[30]. The region below 1300 cm-1, shows various bands assigned to out of plane 

vibrations of the BTC ligand. Typically, the FTIR peaks belonging to the rGO either 

disappear or their intensities are significantly reduced after the reduction process, 

which in turn confirms the formation of Pd nanoparticle on rGO. It can further be 

observed that the intensities of the band in Pd-rGO are very low and some 

disappeared with reference to rGO spectrum [31]. It implies that the incorporation of 

palladium on rGO is on the surface of graphene oxide sheets.  

The spectrum of Pd-rGO/MOF is similar to that of MOF [27,28] with enhancement of 

aromatic peaks for the C=C, C-H and C-C and appearance of rGO peak at ~1000 cm-

1 as indicative of incorporation of Pd-rGO in the nanocomposite.  

The X-ray diffraction patterns of the parent materials as well as the composites are 

presented in Figure 5.1 (b). For MOF, the patterns obtained is in accordance with the 

one reported in the literature for this specific network and is supported by the MOF 

CSID pattern [32] with the main intense peak of the pattern appeared at 2θ = 12o, 

accounting for the (222) hkl index. The peaks at 35o and 43o are related to Cu2O 

impurities, but their intensities are very low related to main peaks of the MOF, which 

confirm that the purity of the MOF was well preserved and the MOF was pure powder. 

In the case of Pd-rGO, the characteristic peak at 2θ = 24° is ascribed to the (002) 

planes of the chemically reduced GO stacks [33], indicating the effective reduction of 

GO by hydrazine hydrate. The two diffraction peaks centred at 2θ of 39o and 45o are 

corresponding to the (111) and (200) reflections of Pd nanoparticles [33], respectively. 
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The XRD pattern of the Pd-rGO/MOF nanocomposite is similar to that of MOF, which 

shows that the incorporation of Pd-rGO did not affect the crystallinity of MOF. A 

decrease in intensity of the diffraction peaks also confirms the formation of the Pd-

rGO/MOF nanocomposite. TGA graphs (Figure 5.1 (c)) show weight profiles of powder 

samples as variation of temperature under N2 flow. In the region below 250 oC, Pd-

rGO has no weight loss, which implies that this compound does not contain water or 

any organic solvents. This is expected because rGO was reported to be thermally 

stable up to 800oC [34]. In the case of MOF, the TGA thermogram shows the 

dehydration takes place with 25 wt.%  mass loss, corresponding to three water 

molecules per copper center in the framework (fully hydrated MOF is reported to hold 

up to 40 wt. % water [24]). MOF was found to be thermally stable up to 370oC before 

starting to gradually disintegrate at higher temperatures. The TGA curve of MOF 

exhibits a huge decomposition (approximately 28 wt. % mass loss) at 330-375oC 

corresponding to the collapse of the structure back to its precursors, accompanied by 

the release of CO2 [28]. The composite Pd-rGO/MOF show that moisture stability and 

overall thermal stability is now enhanced. These is supported by DSC curves of MOF, 

Pd-rGO and Pd-rGO/MOF nanocomposite in Figure 5.1 (d). The MOF curve exhibits 

an exothermic peak as an indicative of the removal of moisture from the porous 

structure of the MOF. The DSC curves of Pd-rGO is similar to that of Pd-rGO/MOF but 

the composite exhibits higher heat flow rate than Pd-rGO. The weight loss in the TGA 

of Pd-rGO/MOF composite is supported by the observation of the endothermic peak 

in the DSC results. MOF alone has a very high heat flow rate compared to Pd-rGO 

and the nanocomposite which indicates that MOF is highly heat sensible than the 

composite [34].  
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Figure 5.1: (a) FTIR spectra, (b) XRD patterns, (c) TGA and DSC curves of MOF, Pd-

rGO and Pd-rGO/MOF.  
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5.3.2. Morphological Characterization 

 

Figure 5.2: SEM image of (a) MOF, (c) Pd-rGO and (e) Pd-rGO/MOF. EDS of (b) MOF, 

(d) Pd-rGO and (f) Pd-rGO/MOF nanocomposite.  

Figure 5.2 (a) presents SEM image of MOF. The hydrothermaly synthesized 

MOFexhibits only highly crystalline faces which are characteristic of micropourous 

octohydral materials,and this indicates indicactes the purity of our MOF [34]. The EDS 

spectrum of MOF (Figure 5.2 (b)) confirms the availability of Cu from the salt and O 

and C from the organic linker. Figure 5.2 (c) shows that the palladium nanoparticles 

are present in rGO as they appear as discrete bright spots while the rGO sheets shows 

partial agglomeration which is a result of strong van der Waals forces between the 

sheets [23]. The Pd nanoparticles act as spacers between the sheets reducing the 

restacking capacity of the graphene sheets and therefore preventing the loss of active 
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sites on the sheets [31]. The EDS of Pd-rGO in Figure 5.2 (d), shows the presence of 

Pd from the nanoparticles, C- and O-atom from the graphene material. MOF crystalline 

materials are observed in the SEM image of nanocomposite (Figure 5.2 (e)) and the 

rGO sheets with embedded bright spots are observed on the MOF surface. Its EDS  

spectrum (Figure 5.2 (f)) shows the presence of Pd as well as an increased in 

intensities of C- and O-atom from both MOF and rGO, revealing a good loading of Pd 

nanoparticles on rGO, which is consistent with the SEM observations. In addition, the 

TEM images of the Pd-rGO/MOF composite are observed in Figure 5.3(a-c)). Figure 

5.3 (a) shows the low magnification TEM image where rGO sheets are clearly 

observed on the surfaces of MOF structures. In this image, the Pd-nanoparticles are 

not clearly observed. Figure 5.3 (b-c) show higher magnification TEM images of Pd-

rGO/MOF. The MOF octahedral structures are still conserved in the composite (Figure 

5.3 (b)) and the Pd-nanoparticles (dark spots) are observed on the surface of the 

graphene nanosheets and they are clearly distinguishable in Figure 5.3 (c). The 

electron diffraction pattern of the composite (Figure 5.3 (d)) represents a less 

crystalline structure, as we observe less diffraction patterns and a reduction in bright 

spots [23]. 



 122  
 

 

Figure 5.3: TEM images of Pd-rGO/MOF at different magnifications (a-c). (d)SAED of 

Pd-rGO/MOF nanocomposite. 

   

5.3.3. Electrochemical properties 

5.3.3.1. Three electrode system performance 

The electrochemical testing of NF-MOF, NF-Pd-rGO and NF-Pd-rGO/MOF were 

performed at a potential range of -0.2 to 0.5V in a 3.0M KOH electrolyte (Figure 5.4.). 

Figure 5.4(a) shows an overlaid CV curves of MOF, Pd-rGO and Pd-rGO/MOF at scan 

rate of 10 mV/s to determine the behaviour of the electrode material. MOF, Pd-rGO 

and Pd-rGO/MOF shows distinct anodic and cathodic peaks observed around 0.2 and 
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0.4V respectively, which indicates redox activities of battery-type electrodes [35]. The 

current response for MOF is slightly higher due to high diffusion of the electrolytes in 

to MOF pores than Pd-rGO, however, the MOF is less redox active than Pd-rGO as 

clear redox peaks are observed on the Pd-rGO. The Pd-rGO/MOF nancomposite 

electrode exhibits higher current response than that of MOF and Pd-rGO with 

improved redox activity and high current response, this makes our final nanocomposite 

a good battery-type electrode material. Figure 5.4 (b) shows GCD curves of NF-MOF, 

NF-Pd-rGO and NF-Pd-rGO/MOF nanocomposite at current density of 2 A/g and -0.2 

to 0.5V potential range. It is observed that MOF alone exhibits a short discharge time 

compared with Pd-rGO. The incorporation of Pd-rGO to the MOF structures resulted 

in a massive increase in discharge time of the material as an indication to be a suitable 

electrode material for supercabattery applications. The specific capacities of the 

individual electrodes were calculated from the GCD results and were obtained as 

205.53, 173.99 and 711.99 Cg-1 for NF-MOF, NF-Pd-rGO and NF-Pd-rGO/MOF at 

current density of 2 A/g, respectively. The GCD results correspond perfectly with the 

CV results in Figure 5.4 (a). Figure 5.4 (c) shows CV curves of NF-Pd-rGO/MOF at 

different scan rates (10 to 80mV/s). A gradual increase in current response as the scan 

rate increases and a small shift in the redox peaks are observed indicating a low 

resistance of the electrode material and a good rate capability which are characteristic 

of a typical capacitive material [37]. In addition, the shape of the CV profile was well 

maintained from a lower scan rate to a higher scan rate which demonstrates that the 

device exhibited capacitive behavior within this range of scan rate [37]. Figure 5.4(d) 

demonstrates GCD curves of Pd-rGO/MOF nanocomposite at different current 

densities. An inverse proportionality of current density and discharge time is observed 

which indicates that the materials can be applied at lower current densities to obtain 

high discharge times and good specific capacitances. The nonlinear shape of the 

charge-discharge curves also provides evidence of the presence of redox reactions in 

the storage mechanism of the electrode [36]. The current response as a function of 

square root of scan rate curve in Figure 5.4(e) was used to determine the diffusion 

coefficient (D) employing Randles Ševćik equation shown as Equation 5.5: 

 

𝐼𝑝 = 2.65 × 105𝑛1.5𝐴𝐶𝐷0.5𝑣0.5      (5.5) 
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where, n is the number of electrons transferred, A is the electrode area in cm2, D is 

the diffusion coefficient in cm/s, C is the bulk molar concentration of the electroactive 

species in mol/cm3 and v is scan rate is V/s. A high diffusion coefficient of MOF was 

reported by Monama et al. [28] to be 14.8×10-7 cm/s in H2SO4. The diffusion coefficient 

of Pd-rGO and Pd-rGO/MOF electrode were found to be 7.40×10-7 and 12.7×10-7 cm/s, 

respectively. The relationship between the specific capacity and current density of 

MOF, Pd-rGO and Pd-rGO/MOF nanocomposite were presented in Figure 4(f). All the 

materials had shown an increase in specific capacity with decrease in current density. 

Pd-rGO/MOF composite further demonstrated specific capacity values of more than 

550 C/g at current densities above 3 A/g whereas the minimum specific capacitance 

was 613.79 C/g at a current density of 4 A/g. The decrease in specific capacity was 

due to the sluggish movement of charges. Interestingly, the Pd-rGO-MOF based 

electrodes displayed a specific capacity of 712 C/g at 2 A/g. This value is much greater 

than those obtained for NiCo-MOF as 601.0 C/g [37] and Pd-rGO as 557.6 C/g [23]. 

The enhanced performance is mainly because of the unique structure of the 

nanocomposite cause by synergic effect of Pd-rGO and MOF. The nanocomposite 

has a 3-D interconnected continuous network as seen in SEM and TEM, offering not 

only a high surface area and good pathway for charge transport but also it shortens 

the diffusion path and facilitates electrolyte diffusion into the pores thereby improve 

the electrochemical performance. 

 

Table 5.1. Comparison of previously reported MOF-carbon electrode materials for 

supercapacitor applications 

Active 

Material 

Current 

Density 

 (A/g) 

Specific 

Capacity  

(C/g) 

Electrolyte 
Potential  

Window (V) 
 Ref 

NiCo-
MOF 

1.00 601.0 2.0M KOH 0.5  [37] 

Pd-rGO 1.25 557.6 1.0M KCl 0.8  [23] 

Ni-
MOF/CNT 

0.50 706.0 6.0M KOH 0.4  [38] 
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PdO-rGO 0.50 113.6 1.0 Na2SO4 0.8  [39] 

Pd-
rGO/MOF 

2.00 712.0 3.0 KOH 0.7  This work 

       

 

 

Figure 5.4: CV of (a) MOF, Pd-rGO and Pd-rGO/MOF at a scan rate of 10mV/s. (b) 

GCD curve of MOF, Pd-rGO and Pd-rGO/MOF at a current density of 2 A/g (c) CV 
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of Pd-rGO/MOF at different scan rates. (d)GCD curves of Pd-rGO/MOF at 

different current density. (e) Peak current as a function of square root of scan 

rate for Pd-rGO and Pd-rGO/MOF. (f)Specific capacity vs current density curve 

of MOF, Pd-rGO and Pd-rGO/MOF. 

5.3.3.2. Asymmetric supercabattery evaluation 

The high performance of NF-Pd-rGO/MOF composite in the three-electrode system 

exhibited a battery-type performance and has led to further investigation in a 

supercabattery system. The supercabattery comprised activated carbon (AC) as a 

negative electrode in 3.0M KOH electrolyte. For maximum performance of the cell, the 

mass ratio of the active materials on the positive and negative electrode were 

determined using the Equation 5.4. According to the specific capacities of AC (188.64 

C/g) and Pd-rGO/MOF (653.56 C/g) at current density of 2.5 A/g and potential of 0.7 

V for both electrodes; and the mass ratio was found to be 0.28. The mass of AC and 

Pd-rGO/MOF were determined to be 2.29 mg and 7.99 mg, respectively. In order to 

confirm the operational potential window of the two electrode device, Figure 5.5 (a) 

shows the CV curves of AC//Pd-rGO/MOF at different scan rates (50 to 150 mV/s) and 

they show a feeble (quasi-rectangular) redox shapes as an indicative for redox 

activities of the battery-type electrode and the capacitive behaviour of AC  [37]. The 

CV curves show an increase in current response as the scan rate increases and the 

redox peaks are observed clearly at potentials above 1.0 V. To further evaluate the 

application of NF-Pd-rGO/MOF composite, the GCD experiments of the 

supercabattery were performed at a potential range of 0 to 1.6 V as shown in Figure 

5.5 (b). The charge-discharge curve shows an increasing discharge time with a 

decrease in current density and a nonlinear behaviour of the curves is observed. The 

specific capacities of the asymmetric supercabattery were calculated to be 115.59, 

114.57, 109.0, 97.5 and 89.8 C/g at current densities of 0.6, 0.7, 1.0, 1.5 and 2.0 A/g 

respectively as indicated in Figure 5.5 (c). The AC//Pd-rGO/MOF cell exhibited a 

maximum energy density of 25.68 Wh/kg and power density of 1599.99 W/kg, as 

shown in the ragone plot (Figure 5.5 (d)). These results are even better than other 

reported materials such as AC//Ni@Cu-MOF (17.3Wh/kg) and 798.5 W/kg) [40],  NiS 

HNPs//AC(11.6 Wh/kg and 187.5 W/kg) [41], Ni-Co oxide//AC (10.8 Wh/kg and 474.4 

Wk/kg) [42], MnO2/Ni foam//AC (7.7 Whk/g at 600 W/kg) [43]. Cyclic stability of the 

device is one of the important factors for the realisation of the device. The cyclic 
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stability (Figure 5.5 (e)) of AC//Pd-rGO/MOF was evaluated by continuously charging 

and discharging at a current density of 0.9 A/g and potential range of 0 to 1.6 V shown 

in Figure 5.5 (e) insert. It is observed that the capacitance gradually decreases at 

higher number of cycles but more than 70% of the capacitance was retained after 

cycling for 3500 cycles. This shows that the specific capacity value decay only 30.0% 

of its initial value which manifest excellent stability of the fabricated device. To further 

evaluate the electrochemical behaviour of the electrodes, electrochemical impedance 

spectroscopy was performed before and after cycling at open circuit voltage and the 

Nqyuist plots are shown in Figure 5.5 (f). Depressed semicircle at the high frequency 

region, corresponded to the charge transfer resistance (Rct), was attributed to the 

redox reactions of the electrodes. The straight line at the low frequency region, 

corresponded to the Warburg impedance (Zw), was related to the diffusion of 

electrolyte along the nanostructures. The AC//Pd-rGO/MOF cell exhibits a lower 

charge transfer resistance (Rct) and lower internal resistance (Rb), suggesting the 

larger electro-active surface area, and higher electrical conductivity of the electrodes. 

Even after cycling more than 3000 times, the low resistance was maintained [44].  
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Figure 5.5: (a) CV of AC//Pd-rGO/MOF at different scan rates. (b) GCD of AC//Pd-

rGO/MOF at different current densities. (c) Specific capacity vs current density curve 

of AC//Pd-rGO/MOF. (d) Ragone plot of AC//Pd-rGO/MOF. (e) Stability testing of 

AC//Pd-rGO/MOF cell at a current density of 0.9A/g. (f) Nqyuist plot of AC//Pd-

rGO/MOF before and after stability cycling. 
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Table 5.2. EIS parameters for Pd-rGO/MOF cell before and after cycling. 

Cell R1 C2 R2 s2 

Before cycling    0.5930 Ω 

    

0.5464 mF 0.1762 Ω 2.428  Ω/√s 

After cycling  0.6036 Ω 0.7909 mF 0.1849  Ω 1.93  Ω/√s 

 

5.4. Conclusions 

Herein, Pd-rGO/MOF nanocomposite was prepared first time by electroless deposition 

method followed by impregnation of Pd-rGO and MOF using 1:1 mass ratio. The 

successful preparation of Pd-rGO/MOF nanocomposite was confirmed by XRD, FTIR, 

TGA, DSC, SEM, TEM and SAED. The standard three electrode cell studies showed 

well defined redox behaviour of Pd-rGO/MOF nanocomposite in 3 M KOH at room 

temperature. This confirmed the supercabattery behaviour of Pd-rGO/MOF 

nanocomposite with specific capacity value of 712 C/g. The two electrode cell of 

AC//Pd-rGO/MOF for asymmetric supercabattery, demonstrated excellent 

performance in the potential range of 0 to 1.6 V. The maximum energy density was 

found to be of 25.68 Whk/g and power density of 1599.99 Wk/g which is considerably 

higher to the reported results in the literature. The enhanced performance of Pd-

rGO/MOF is attributed to it unique nanostructured material which offers high 

electrochemical surface area and extended redox active sites as well as channels for 

charge transportation. Nevertheless, compared with other MOF composites the 

cycling stability here still needs to be improved but the specific capacitances are good 

but more than 30% of the capacitance was retained after 3500 cycles. Therefore, our 

future work will contribute to enhance the specific capacitance and cycling stability to 

further promote their practical applications. 
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CHAPTER SIX 

GENERAL CONCLUSIONS AND FUTURE RECOMMENDATIONS. 

 

6.1. Conclusions. 

This chapter focuses on the general discussions and conclusions of the results 

obtained in this study. The main aim was to develop a high performance electrode 

material for supercabattery applications. Porous materials especially MOFs have 

attracted extensive attention in response to an ever increasing demand for high 

performance supercapacitor electrodes. This is due to their porous structure which 

allows excessive diffusion on ions into the electrode material thus leading to better 

performances. On the other hand the introduction of graphene material was to improve 

the performance and also the mechanical and chemical stability of the MOF based 

electrode. Furthermore, palladium nanoparticles were introduced to improve the active 

sides and the electrochemical performance of the MOF/graphene composite. This 

study comprises of six chapters including this chapter. 

 

Chapter one comprises of the problem statement, aims and objectives of this study. 

Furthermore, the solving of the problem statement is identified in the rationale whereby 

MOF based composites are used for supercapacitor applications. Palladium loaded 

MOF/rGO composite was identified as a promising electrode material for 

supecapacitor (supercabattery) applications. Chapter two focused on previous work 

done on MOF based electrode materials for supercapacitor applications and also an 

advanced introduction or background on supercapacitors. The analytical techniques 

used in this work for morphological, structural, physical and electrochemical properties 

were reviewed in chapter three of this work. 

  

Chapter four of this work focused on the synthesis, characterisation and application of 

the rGO/MOF composite. The copper based MOF used in this work was prepared 

using the hydrothermal method to obtain its high crystalinity and the rGO was 

chemically derived from graphite powder. The composite was prepared via direct 

mixing in DMF where the composite has shown the preservation properties of both 

materials in the composite. The successful preparation of the rGO/MOF composite 

was confirmed using FTIR, XRD, SEM and TEM. This techniques has further shown 
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the high crystalinity and the rGO covering the MOF structures in the composite. The 

electrochemical performance of the composite was determined using CV, GCD and 

EIS. The composite has shown a battery-type behaviour and exhibited a more 

improved performance compared to MOF alone. An improved specific capacity of 

459.0 Cg-1 was obtained at a current density of 1.5 Ag-1. Furthermore, the composite 

in a two-electrode system using rGO/MOF hybrid as the positive electrode exhibited 

maximum energy density of 11.0 Wh kg-1 and the maximum power density of 640.45 

W kg-1.  

 

In chapter five, palladium nanoparticles were loaded on rGO using electroless 

deposition. Furthermore the Pd-rGO/MOF composite was also prepared through direct 

mixing of Pd-rGO and MOF in DMF at room temperature. The main aim for the 

introduction of palladium nanoparticles was to improve the performance of the 

composite by increasing the active sites for better interaction with the electrode 

material. The composite was also confirmed using FTIR, XRD, SEM and TEM which 

has shown bright spots of the palladium between the graphene sheets. The physical 

properties were determined using EDX and TGA. The electrochemical performance of 

the composite for supercapacitor application of the composite was obtained using CV, 

GCD and EIS. The Pd-rGO/MOF has exhibited better performance than both MOF 

and rGO/MOF composite. The Pd-rGO/MOF composite showed improvement in 

electron transfer kinetics and superior battery-type performance with large specific 

capacity of 711.99 Cg−1. The nanocomposite was further applied as a positive 

electrode in a supercabattery and possessed excellent cyclic performance, maximum 

energy and power densities of 3500, 25.68 Whkg-1 and 1599.55 Wkg-1, respectively. 

These results has demonstrated that rGO/MOF and Pd-rGO/MOF composites can be 

used in supercapacitor applications for energy storage. Furthermore this works has 

proved that graphene materials can improve the stability of MOF materials and also 

improve their performance in energy storage devices. Lastly, the palladium 

nanoparticles have shown a massive improvement in the electrochemical 

performance of MOF based composites for supercapacitor applications. This work 

demonstrated the importance of electrochemically efficient Pd nanoparticles, reduced 

graphene oxide and copper based metal organic framework for energy storage 

applications. 
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6.1. Future work and recommendations. 

Although this work has shown to be effective in supercapacitor applications, there are 

still various parts of the study that still requires to be investigated to improve the 

properties of the electrode materials used in this work. To improve the properties of 

rGO/MOF and Pd-rGO/MOF other methods such as in-situ composite preparations 

can be used rather than impregnation/direct mixing.  For future work, higher potential 

window can be applied as this directly affects the energy and power densities of the 

supercapacitor. More studies can also be done on other electrolytes such as inorganic, 

organic and neutral electrolytes as this work only focused on aqueous electrolyte 

(KOH). It is important to explore other carbon based materials to support MOFs in 

energy storage. This is due to the restacking tendency of graphene sheets after long 

charge-discharge cycles. To get the correct stability of asymmetric supercapacitors, it 

is important to have more than 10 000 cycles rather than only 3500 cycles.  

 

 

 

 

 

 

 

 

 

 

 

 




