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Abstract 

 

Recent research efforts are focused on alternative energy production instead of fossil fuels. 

Meanwhile, the developments of more efficient energy storage devices are driven by many 

factors. One is related to our environment. There is a need to significantly control emission of 

greenhouse gases, and reduce the amount of global warming majorly caused by fossil fuels. 

The products of combustion processes from fossil fuel usually lead to environmental pollution 

and poisonous atmospheric smog in our environment. In spite of growing developments in 

addressing various issues inherent to energy storage devices, supercapacitors continue to 

exhibit low energy density when compared with lithium ion batteries. The study in this thesis 

has utilized low-cost and environmentally-friendly carbon-based nanostructured hybrid 

materials as electrodes for designing a novel hybrid supercapacitor, which allows for a 

bolstering alliance of characteristics of dissimilar components in synergistic combinations, 

therefore providing enhanced energy and power densities by combining battery and 

supercapacitor materials storage mechanisms. Morphologies, compositions, structures and 

surface area/pore size distribution of the as-prepared materials nanocomposites were 

characterized using field-emission scanning electron microscopy (FESEM), transmission 

electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), X-ray powder 

diffraction (XRD), Raman spectroscopy, Fourier transform infrared (FTIR) spectroscopy, 

thermal gravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), Brunauer-

Emmett-Teller (BET) and X-ray fluorescence (XRF), while the performance characteristics 

were electrochemically evaluated through cyclic voltammetry and charge/discharge cycling in 

both three- and two-electrode configurations. Electrodes fabricated from both graphene oxide 

(GO) nanogel gel and carbon nanorods materials gave a maximum specific capacitance of 
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436.5 F g
-1

 and 719.5 F g
-1

 corresponding to specific capacities of 48.5 mAh g
-1

 and 80.8 mAh 

g
-1 

at a specific current of 0.5 A g
-1

 respectively. The assembled hybrid asymmetric 

supercapacitor with carbonized iron cations (C-FP) selected as the negative electrode, NiCo-

MnO2//C-FP proved a specific capacitance of 130.67 F g
-1

, high energy and power densities 

of 48.83 Wh kg
-1

 and 896.88 W kg
-1 

at 1 A g
-1

 respectively, with an excellent cycling stability 

for up to 10,000 cycles. Also, an assembled Ti3C2-Mn3O4//C-FP delivered a specific capacity 

of 78.9 mAh g
-1

, high energy and power densities of 28.3 Wh kg
-1

 and 463.4 W kg
-1 

at 1 A g
-1

 

respectively. The device showed good cycling stability with an energy efficiency of 90.2% 

and capacitance retention of 92.6% for up to 10,000 cycles at a specific current of 3 A g
-1

 over 

a voltage window of 1.5 V. It is can be observed that electrolyte selection is critically 

important to achieving better performance for carbon-based material electrodes for enhanced 

supercapacitors electrochemical performance. Thus, this work is subjected to further studies 

by exploiting organic and ionic liquid electrolytes that may greatly enhanced the energy 

density and stability of the device. 
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 Chapter 1 

  Introduction  1.1

 Background and motivation of the study 1.2

 

Most of the electrical energy used in the world is currently supplied from fossil fuels. 

Therefore, measures are being adopted in a variety of different fields to help prevent global 

warming by reducing CO2 emissions. Hence, the automotive industry has become a focal 

point when considering the impact of fossil fuel use on our environment. The ever increasing 

human population concomitant with increasing energy consumption and demand has left the 

energy sector with a huge challenge of meeting the ever increasing energy demand owing to 

the consistent rise in human population. Therefore, this is making energy research 

technologies a crucial aspect in the scientific world. The over dependence on fossil fuels and 

other associated natural resources pose high risks to human life due to associated 

environmental degradation through climate changes and toxic gas emissions that may result in 

high cost of management. Thus, a model shift from fossil fuels to a greener, environmentally-

friendly and cost effective energy source is necessary to meet up with the ever increasing 

energy demand for convenient management and sustainability of available energy, as well as 

to keep up with the appeal for environmental protection [1], [2]. Hence, the use of renewable 

energy sources that can further improve the energy efficiency has been identified as potential 

solution to achieve the goal. Solar and wind energy technologies are becoming promising 

sources with large fluctuations in the generation of electricity. Today, numerous exciting 

renewable energy technologies are being developed, such as mechanical, thermal, physical, 
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chemical and electrochemical energy storage systems. Batteries are mostly being used to store 

energy, nevertheless, their reliability does not seem to stand the ever-growing demands in 

technological applications. Electrochemical capacitors also known as supercapacitors are 

energy storage devices with high power capability, long cyclic life, fast charge propagation 

dynamics with cost-effectiveness and are thus, a perfect fit as an alternative to batteries for 

energy storage applications [2]. 

Supercapacitors have attracted attention due to their potential to be used in electric/hybrid 

electric vehicles, backup memories, airplane emergency doors, micro-devices and portable 

electronics. They store charges in a highly reversible pathway which enable them to be useful 

in long term applications paving the way for the development of fast energy storage 

technology [2]–[4]. They have also been identified to possess superior power density relative 

to batteries with a higher energy density than conventional capacitors. Supercapacitors 

performances depend on the materials‘ properties, thus, optimization of materials‘ properties 

plays a crucial role in energy conversion and storage technologies.  

More importantly, advances in environmental technology, such as the emergence of hybrid 

electric vehicles in the 1990's, have brought innovation to an era when vehicles have been 

traditionally powered by gasoline [2], [4]. Consequently, the challenge facing the energy 

research world remains the development of efficient intermediate hybrid materials with a 

blend of both batteries and capacitors features. Carbon based materials have been playing a 

crucial role in the development of alternative clean and sustainable energy technologies such 

as batteries, supercapacitors, and fuel cells owing to their unique properties which include 

high specific surface area, electrical conductivity, thermal and chemical stability as well as 

cost-effectiveness [5], [6]. Carbon materials find an application in supercapacitors which are 

characterized by a low energy density, and are mainly used in hybrid systems, providing the 
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high power that a lithium battery is unable to deliver reversibly. In this case, the electrode 

materials are based on high specific surface area nanostructured carbons [5], [7]. However, 

there is need to search for new and optimized carbon materials with well-controlled 

nanostructure and surface functionality, in order to improve the storage capacity and the cycle 

ability of the power supply [4], [5]. 

Supercapacitors (SCs) can be divided into three categories viz:  (1) Electric double-layer 

capacitors (EDLCs) which arise as a result of charge separation at an electrode/electrolyte 

interface (electric double-layer capacitive behaviour), (2) pseudocapacitors and redox SCs 

which use the charge-transfer arising from redox reactions occurring on the surface of the 

electrode (Faradaic behaviour) and (3) hybrid capacitors which combine both the EDLCs 

properties with a battery-type electrode material to form asymmetric SCs or hybrid systems 

[8]. 

EDLCs are mainly carbon materials that store energy through charge accumulation at the 

interface between electrode and electrolyte via induced polarization with a mechanism similar 

to that of a conventional capacitor. Nevertheless, they store a higher magnitude of charges 

compared to the conventional capacitor due to their superior specific surface area and the 

short charge separation distance [9]. Unlike batteries, the electrolyte ions that accounts for 

charge mobility in-between electrode material and the electrolyte interface requires very fast 

processes [4]. This is responsible for their short-term pulse (dynamic charge-propagation), 

making them highly useful in evolving technologies like electric trains, emergency doors, 

hybrid electric cars etc., that require initial high specific power. 

Pseudocapacitive and redox electrochemical capacitors store energy using fast charge transfer 

through a redox process, which uses metal oxides, metal hydroxides, layered double 

hydroxides and conducting polymers as active electrode materials. They possess high 
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theoretical specific capacitances cum battery-like capacitive behavior compared to the 

EDLCs, but differ from batteries in terms of charge and discharge behavior, which occurs 

within seconds or minutes [8], [10]. A hybrid material is one that is composed of at least two 

components (usually an organic and an inorganic component), which are molecularly 

distributed throughout the material [11]. It is a special case of composites with a blend of the 

various components on the molecular length scale. 

Hybrid capacitors/devices on the other hand, combine both the EDLCs and battery-like 

electrode materials‘ properties to form asymmetric SCs or hybrid systems. The hybrid 

(asymmetric) capacitor can overcome the energy density limitation of the conventional 

EDLCs since it employs a hybrid system of a battery-like (Faradaic) electrode and a capacitor-

like (non-Faradaic) electrode, producing higher working voltage and capacitance/capacity 

[12], [13]. 

In spite of the current global research efforts towards generating alternative energy sources 

from renewable energy to combat global warming and toxic gas emissions, there is still a 

considerable amount of energy consumption from fossil fuels and other natural resources. 

Therefore, there is a need for a double edge approach that involves efforts on the generation of 

alternative energy sources with their corresponding energy storage systems and proper 

environmental management. This will help in combating the detrimental effects of the 

remaining fossil fuels usage, as its exploitation has not being completely terminated and is 

still a dominant source of energy production in a country like South Africa. Today, 

researchers are focusing more on the fabrication of SCs that can compete favorably with 

batteries as far as specific energy and long cycle life are concerned. In order to improve the 

energy density of SCs, scientists search for new electrode materials, new electrolytes and new 

electrochemical concepts to meet the increasing demand [14]–[16]. 
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An assessment of various research studies related to energy storage device technology has 

shown extensive efforts by many experts in the field to produce materials with desirable 

properties [17]. This led to the emergence of various syntheses techniques of new materials, 

most of which require high temperature reaction environments and a continuous power supply 

to obtain the final products [8,16,17]. 

Transition metal hydroxides/oxides nanomaterials have attracted much attention as potential 

candidates for energy storage devices applications. Generally, transition metal 

oxides/hydroxides are plagued with a low electrical conductivity but high specific capacity 

due to their characteristic redox reaction. As such, they do not yield a high performance under 

high-rate specific currents [19], [20]. On the other hand, transition metal hydroxides/oxides 

have been intensely studied with a view to overcome the above limitation and refine their 

properties to fit the desired use [21]. Transition metal hydroxides/oxides are semi-conductive 

materials among which Ni based oxides have been taken into account as a promising 

candidate as electrode materials for electrochemical capacitors owing to their cost 

effectiveness, natural abundance as well as adequate electrochemical performance [22]. The 

latest progress of NiCo-based application for supercapacitor and battery have been reported in 

the literature [22]–[24]. Nevertheless, the demonstrated electrochemical performances of the 

so called supercapacitor electrodes are nonetheless not enough, particularly in terms of energy 

density. 

Carbon materials are suitable for supercapacitor applications due to their good electrical 

conductivity, high corrosion resistance, large specific surface area, cost-effectiveness, good 

cycle life, good thermal and chemical stability as well as good substrate materials for other 

materials deposition for composites synthesis. Forms of carbon suitable for this application 
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include graphene, onion-like carbons, carbon nanorods/nanotubes and activated carbons, 

among others [4], [18], [25], [26]. 

In this thesis, hybrid materials comprising carbon-based materials and transition-metal 

hydroxide/oxide have been selected as electrode materials with a view to enhancing the 

energy density and electrochemical stability of supercapacitors, by forming a synergy of the 

individual electrochemical features of these materials. 

 Objectives of the study 1.3

 

The study is focused at investigating the mechanism and enhancing properties of the 

synthesized samples inclusively, which have not been studied concentratedly still. And to 

develop a robust 3D network architecture with an anti-aggregation attributes for improved 

specific energy and long-time cycling via the assembly of a continual 1D carbon-based 

nanostructures, which provides sharp ion/electron transport tracks cum adequate electrode-

electrolyte contact as well as short ion diffusion farness compared with many other 

nanostructures. 

The specific objectives of this research are to: 

(i) synthesize sample materials for the preparation of carbon-based nanostructured 

electrodes with good potentials for energy storage applications; 

(ii)  synthesize graphene oxide (GO) gel and carbon nanorods obtained from the GO gel 

using a modified Hummers‘ method and force-driven reflux process respectively; 

(iii) synthesize NiCo-MnO2 nanocomposite from their mixed metal hydroxides, and 

carbonized iron cation via salt hydrolysis and annealing processes; 
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(iv) synthesize two-dimensional Ti3C2-Mn3O4 nanocomposite and carbonized iron cation (C-

FP) using solvothermal technique and an annealing process respectively; 

(v) study the electrical, structural, morphological and elemental composition of the samples 

using various techniques; 

(vi) test the suitability of the prepared nanostructured electrode materials as a possible route 

for preparing supercapacitor materials. The galvanostatic charge-discharge 

performances cum cyclic voltammetry of the samples will be tested by using an 

electrochemical workstation. 

 Structure of the thesis 1.4

 

This thesis is split into five chapters:   

Chapter 1 presents the detailed background introduction and motivation of the research work, 

aims and objectives and the structure of the thesis  

Chapter 2 presents a literature review on supercapacitors (electrochemical capacitors). 

Chapter 3 describes the details of the synthesis procedures and characterization techniques 

employed in this work. 

Chapter 4 describes the results obtained from the synthesis, characterization and 

electrochemical measurements of the as-prepared carbon based nanostructured materials. 

Chapter 5 depicts the general conclusion derived from this study as well as recommendations 

on the future study. 

 



  

8 

 

2 2.0 Chapter 2 

  Literature review 2.1

 

2.1.1 Energy storage systems 

 

An energy storage device is an apparatus used to store electrical energy when needed and 

release the stored energy when required. The role of energy storage device technology in 

fields such as renewable energy generation and electric/hybrid electric automobile systems 

has become increasingly important in modern society as a measure of checking the ever 

increasing global warming. Among common electrical energy storage devices in use are lead–

acid batteries, lithium ion batteries (LIBs) and supercapacitors. Batteries with high energy 

density and supercapacitors (SCs) with excellent power density are currently considered to 

meet the needs of increasing energy demand [27]. LIBs can store a large amount of energy, as 

high as 150-200 Wh kg
-1

, but are confined to their low power density (below 1000 W kg
-1

) 

and poor cycle life (usually less than 1000 cycles) [28]. 

The most widespread known energy storage devices are the batteries, particularly, secondary 

batteries also known as rechargeable batteries such as lithium ion batteries (LIBs), which are 

often used in energy storage applications. One of the most promising and effective methods to 

store energy is through a LIB due to its high specific energy density and light weight [27]. 

Rechargeable batteries like LIBs are in great demand in modern society due to the 

development of numerous portable consumer electronic devices such as mobile phones and 

laptops, and the emergence of plug-in electric/hybrid electric vehicles. Capacitors store rather 

small amounts of energy and are widely used in electronic devices [29]. A supercapacitor is a 
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special type of capacitor which has a larger energy density than conventional capacitors. 

Supercapacitors possess capacitances that are a much orders of magnitude higher compared to 

the conventional capacitors [30]. They can store 10 to 100 times more energy per unit 

volume/mass than conventional capacitors, accept and deliver charge much faster than 

batteries, and tolerate many more charge and discharge cycles than rechargeable batteries 

[31]. A Ragone chart in Fig. 2.1 shows relationship between the power and energy densities 

of various energy storage devices. 

 

Figure 2.1: Ragone chart showing energy density as a function of power density of various 

capacitors and batteries (adapted from [32]) 

https://en.wikipedia.org/wiki/Specific_energy
https://en.wikipedia.org/wiki/Specific_energy
https://en.wikipedia.org/wiki/Rechargeable_battery
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2.1.2 Capacitors (Cs) 

 

Capacitors can be divided into three categories namely, electrolytic capacitors, non-

electrolytic capacitors and supercapacitors [29], which can be specified further through 

materials combinations [33]. Generally, a capacitor comprises two conducting metal plates 

and a dielectric medium in between, and stores energy electrostatically [29]. Fig. 2.2 shows 

the composition and working principle of an ideal parallel plate capacitor. In a charged 

capacitor the metal plates are oppositely charged and an electric field is formed in the 

dielectric medium [29]. When charged, the energy is stored in a static electric that permeates 

the dielectric between the electrodes. The total energy increases with the amount of stored 

charge, which in turn correlates linearly with the potential between the plates. The maximum 

potential difference between the plates is limited by the dielectric's breakdown field strength. 

The capacitance, C can be defined as [29,32]: 

    
 

 
                                                                                                                                    1  

 

where   refers to the charge (Coulomb) and V to the potential (volts). Furthermore, the 

capacitance C  of a parallel plate capacitor can be described as: 

         
 

 
                                                                                                                          2 

 

where    is the vacuum permittivity and    is the relative permittivity of the medium. A is 

the electrode area (m
2
) and d is the distance (m) between the electrodes. 

https://en.wikipedia.org/wiki/Dielectric_breakdown
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Figure 2.2: A schematic diagram of (a) the design of a parallel plate capacitor (adapted from 

[35]); and (b) a charged parallel plate capacitor (adapted from [34]). 

2.1.2.1 Supercapacitors (SCs) 

 

 

Supercapacitors are a general term for various types of electrochemical capacitors. They are a 

high-capacity device with capacitance values much higher than that of the conventional 

capacitors but with lower voltage limits, that bridge the gap between electrolytic capacitors 

and rechargeable batteries. They typically store 10 to 100 times more energy per unit volume 

or mass than conventional capacitors. Supercapacitors can accept and deliver charge much 

faster than batteries, and tolerate many more charge and discharge cycles than rechargeable 

batteries [9]. They can be used to complement batteries or to extend the life-time of batteries 

by balancing temporary power peaks [36], [37]. SCs can be divided into electric double layer 

capacitors (EDLCs), pseudo-/Faradaic capacitors (PCs), and hybrid capacitors (HCs) 

https://en.wikipedia.org/wiki/Capacitor
https://en.wikipedia.org/wiki/Electrolytic_capacitor
https://en.wikipedia.org/wiki/Rechargeable_battery
https://en.wikipedia.org/wiki/Specific_energy
https://en.wikipedia.org/wiki/Specific_energy
https://en.wikipedia.org/wiki/Rechargeable_battery
https://en.wikipedia.org/wiki/Rechargeable_battery
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according to the mode of energy storage. Fig.2.3 shows a family tree of supercacitors 

including the sub-groups with some examples of active electrode materials. 

 

 

Figure 2.3:: Supercapacitor types; electrochemical double-layer capacitors and 

pseudocapacitors as well as hybrid capacitors are defined over their electrode designs 

(adapted from [38]). 

 

2.1.2.2  Electrochemical double-layer capacitors (EDLCs) 

 

Electric double-layer capacitors (EDLCs) are a type of supercapacitors that employ 

electrostatic charge separation at the interface between the electrode surface and the 
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electrolyte. The electrostatic charge transfer in this device is fully reversible, which gives rise 

to efficient devices with long cycle life. EDLCs comprise at least two electrodes separated by 

an ion permeable separator that prevents short circuits between the electrodes. When 

charging, two layers (electric double-layer described by different models) of opposite charges 

are formed at the electrode/electrolyte interface [9]. EDLCs are comparable to the parallel 

plate capacitors, which is due to electrodes polarization, resulting in adsorption of oppositely 

charged ions as shown in Fig. 2.4a. The energy storage mechanism of the EDLCs called the 

Helmholtz model, was first established by Helmholtz in 1987 [39]. The capacitance of the 

EDLCs can be estimated by: 

  
     

 
           3 

where    is the electrolyte solution permittivity,    is the dielectric constant of a vacuum, A is 

the active material surface area, and d is the distance of the charge separation or effective 

thickness of the double-layer.  

 

 

 Figure 2.4: EDLCs models at the positive electrode (a) Helmholtz model (b) Gouy-Chapman 

model (c) Stern model (adapted from [4]). 
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Gouy and Chapman later improved on the Helmholtz model by suggesting the existence of a 

diffuse layer within the electrolyte due to ionic build-up close to the active material surface as 

shown in Fig. 2.4b [3], [4], [40]. Stern later combined both the Helmholtz and Gouy-

Chapman models due to the failure of the Helmholtz and Gouy-Chapman models to properly 

account for various crucial factors. The Helmholtz model failed to account for the diffusion of 

ions within the electrolyte, and the relations of the dipole moment of the electrolyte and active 

material. Two ionic distribution regions are involved in the Stern model: the outer region 

(diffuse layer) and the inner region (Stern layer or compact layer) [41], as depicted in Fig. 

2.4c. The two layers are equivalent to two series capacitors with capacitances CH and CD 

corresponding to capacitance from the Helmholtz layer and diffuse layer respectively, while 

the electrode equivalent capacitance, CEq can be estimated as [40]:   

 

   
 

 

  
 

 

  
           4 

The electrochemical performance of the active material in an EDLC system is governed by 

the electric field across the active material, the electrolyte ions, solvent used to dissolve the 

electrolyte ions, as well as the chemical affinity between the active material surface and the 

adsorbed ions.  

2.1.2.3  Pseudo-/Faradaic capacitors 

 

Supercapacitors that store energy electrochemically are known as pseudo-/Faradaic 

capacitors. They use the charge-transfer arising from redox reactions occurring on the surface 

of the electrode (Faradaic behaviour). Electrodes are mostly doped with transition metal 

oxides, e. g. MnO2, or coated with conducting polymers [42]. The Faradaic processes in 

pseudocapacitors are faster than those in rechargeable batteries but slower than the 
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electrostatic charge separation in EDLCs. The same trend applies to the reversibility and life-

time of the devices. Pseudocapacitive reactions show a better reversibility than rechargeable 

batteries since they produce a smaller amount of reaction products, but EDLCs do not perform 

any phase changes and thus have the longest life-time. Nevertheless, pseudo-/Faradaic 

capacitive reactions increase the capacitance of a supercapacitor [8], [42]. 

2.1.2.4 Hybrid supercapacitors 

 

Hybrid supercapacitors are energy storage devices that combine pseudo-/Faradaic 

capacitances with double-layer capacitances using two disimilar electrodes [15]. One 

electrode contains a material that conducts a pseudo-/Faradaic capacitive process, while in the 

other electrode; charge separation occurs due to double-layer formation only. The associated 

specific problems with either supercapacitor or battery devices could be compensated for by 

appropriate design of a hybrid device [15], [43]. Supercapacitors may have either a symmetric 

or asymmetric electrode configuration. In the case of the symmetric configuration, both 

electrodes have the same capacitance, while asymmetric configurations possess essentially 

different capacitance values for each electrode [15], [43], [44]. Asymmetric supercapacitor 

designs are mostly associated with the combination of electrode materials with different 

storage mechanisms, ideally, a capacitive EDLC material and a battery-type Faradaic or 

pseudocapacitive material, in a type of design called a hybrid supercapacitor. It has different 

anode and cathode materials which could include hybrid materials. In a hybrid device, the 

battery-type electrode provides high energy density while the capacitor electrode furnishes the 

system with high power capability [15], [45]. 
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2.1.2.4.1  Supercapattery  

 

A supercapattery is a term used to describe a hybrid supercapacitor which integrates the 

conventional supercapacitor behaviours with those of the battery. Such a device is neither a 

supercapacitor nor a battery owing to its energy storage mechanisms, and thus is capable of 

enhanced technical/electrochemical performances [32]. 

2.1.3  Batteries 

 

In this section of the thesis, a brief explanation of the working principle of lithium ion 

batteries (LIBs) as an example of secondary batteries will be given, with some differences 

between secondary batteries (LIBs) and supercapacitors. 

A battery is a transducer that converts chemical energy into electrical energy and vice versa. It 

contains an anode, a cathode, and an electrolyte. The anode, in the case of a lithium ion 

battery, is the source of lithium ions. The cathode is the sink for the lithium ions and is chosen 

to optimize a number of parameters, discussed below. The electrolyte which serves as a 

simple buffer, provides for internal ionic transport between the electrodes, and in a perfect 

battery the lithium ionic transport number will be unity in the electrolyte [46], [47]. The cell 

potential is determined by the difference between the chemical potential of the lithium in the 

anode and cathode. Li
+
 ions move from the cathode to the anode via the electrolyte/separator 

during charging and back when discharging, and simultaneously, the electrons flow out of the 

external circuit to provide the electrical power [46] as shown in Fig. 2.5. 
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Figure 2.5: Schematic representation of a typical lithium ion battery containing an 

intercalation cathode on an aluminium collector, an electrolytic solution, and an anode on a 

copper current collector. 

Generally, batteries are more of a chemical than an electrical energy storage device. They 

employ chemical reactions to store and deliver energy [29]. In secondary batteries such as 

LIBs batteries, reversible electrode reactions take place during charging and discharging. 

These redox processes are not fully reversible, hence batteries have a shorter life-time 

compared to supercapacitors. Besides, the chemical reactions in batteries are slow compared 

to the fast electrostatic charge separation in supercapacitors, giving rise to long charge and 

discharge times [29], [46]. Fig. 2.6 shows the difference between a supercapacitor and a 

battery in terms of energy and power. Batteries can hold the charge much longer and maintain 

the voltage while supercapacitors will self-discharge much quicker. Supercapacitors have 

about 5 to 10 times less energy density than Li-ion battery, however due to low internal 

resistance, the power that it can put out is 10 times that of battery. 
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Fig. 2.6: The difference between a supercapacitor and a battery (Courtesy: Elcap). 

 Electrolytes 2.2

 

An electrolyte is a substance which when dissolved in a solvent like water, produces an 

electrically conducting solution, with the dissolved electrolyte being separated into cations 

and anions which are evenly dispersed within the solvent. The solution is electrically neutral. 

The electrochemical performance of a supercapacitor is greatly influenced not only by the 

choice of material but also the electrolyte [48]. They both determine and limit the electrical 

properties. Mostly, the pore structure and pore size of the active material and the size of the 

electrolyte ions dictate the capacitance. The size of the ions/solvated ions determines the 

packaging density of the ions at the electrode surface. The maximum operating potential is 

another crucial property of the electrolyte. This limits the amount of energy that can be stored 

https://en.wikipedia.org/wiki/Conductivity_(electrolytic)
https://en.wikipedia.org/wiki/Cation
https://en.wikipedia.org/wiki/Anion
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in a supercapacitor. Electrolytes can be divided into three categories, namely, (1) aqueous, (2) 

organic and (3) ionic liquid electrolytes [40]. 

2.2.1 Aqueous electrolytes 

 

In supercapacitors, aqueous electrolytes comprise mainly non-toxic and inexpensive acidic, 

basic and neutral electrolytes such as KOH, Na2SO4, H2SO4, and NH4Cl among others [49]. 

They have a low operating potential due to the water electrolysis above 1.23V, but display 

higher ionic conductivities resulting from their excellent ionic concentration and smaller ionic 

radius compared to organic electrolytes, owing to their active proton transport process [49], 

[50]. The limited operating potential (1.23V) makes aqueous electrolytes less advantageous in 

terms of energy densities compared to organic and ionic liquids electrolytes. Aqueous 

electrolyte performance can be enhanced for use in supercapacitors by addition of surfactant 

such as sodium dodecyl sulphate (SDS), and tetrapropylammonium bromide (TPAB) among 

others, in low concentration. Such a surfactant decreases the surface tension in the 

electrode/electrolyte interface and allows better penetration of electrolyte into the pores. This, 

improves the accessibility of the electrolyte to the surface of the electrode [51], [52]. 

2.2.2 Organic electrolytes 

 

Supercacitors with organic electrolytes can operate at higher potentials of up to ~3.5 V. They 

are most widely selected for industrial applications to avoid solvent decomposition and to 

achieve optimum operating potentials. Acetonitrile (ACN), propylene carbonate, (PC), 

tetraethylammonium tetrafluoroborate (TEA BF4), triethylmethylammonium tetrafluroborate 

(TEMABF4) and/or their mixtures are some of the commonly used organic electrolytes [53], 

[54]. ACN, a volatile, toxic and flammable liquid facilitates high conductivities due to its low 
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viscosity and achieves high energy and power densities. However, environmental instability, 

toxicity, and high flammability restrict its use to controlled environments [55]. 

Supercapacitors with organic solvents exhibit lower capacitances compared to those with 

aqueous electrolytes. Organic electrolytes show much lower conductivities (typically one 

order of magnitude) than aqueous electrolytes.  

2.2.3  Ionic liquid electrolytes 

 

Ionic liquids can operate at much wider electrochemical potentials of up to 6V due to their 

non-volatility, low vapor pressure and non-flammability [56]. Some ionic liquids melt (their 

salts) at room temperature, composing of positive and negative ions. However, ionic liquids 

are costly and often have high viscosities and low electrical conductivities [57]. The high 

viscosity does not only limit the charge transportation speed but also limits the accessibility of 

the electrolyte to smaller pores in the electrode surface. Poor chemical stability may also limit 

their employment as electrolyte in supercapacitors in some cases [57], [58]. Their 

conductivity can be enhanced by addition of solvents such as propylene carbonate or 

acetonitrile. Typical examples include quaternary ammonium salts (tetraalkylammonium 

[R4N]
+
), and cyclic amines (aromatic pyridinium, imidazolium and saturated piperidinium, 

and pyrrolidinium) among others [58], [59]. 

 Electrode materials for supercapacitors 2.3

 

In supercapacitors, the role of active materials in energy generation and storage is very 

crucial, thus, electro active materials development that can meet the required energy demand 

is ultimately important. Supercapacitors capacitance depends on the specific surface area of 
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the electrode materials. The choice of electrode determines and limits the electrical properties 

of a supercapacitor [60]. Especially the pore structure and pore size of the active material and 

the size of the electrolyte ions affect the capacitance. However, it has been shown that there is 

no linear relationship between the area and the measured capacitance [61], since the entire 

surface area is not fully electrochemically accessible to the electrolyte. Moreover, charge 

screening and ion size affect the accessibility of small micropores to the electrolyte. 

Electrochemical doping of density of states and quantum capacitance all have an effect on the 

capacitance of the material. Hence, for the electrochemically accessible surface area, 

―electrochemical active surface area‖ may be appropriate to describe the behavior of electrode 

materials capacitance. The pore size as well as the pore size distribution (PSD) of the 

electrode material also play an important role and thus have a great impact on the capacitance 

[18], [62]. In general, supercapacitor electrode materials are categorized into three types 

namely: carbon materials, conducting polymers, transition metal oxides/hydroxide and their 

composites [9], [63]. 

2.3.1 Carbon electrode materials 

 

The excellent properties such as good electrical conductivity, high specific surface area, 

natural abundance, cost-effectiveness, wide operating temperature, and high chemical 

inertness among others make carbon electrode materials a best choice for industrial 

application [3], [64]. They are classified into various categories namely, onion-like carbon, 

carbon nanotubes, graphene, activated carbons, carbon black and carbide-derived carbons. 

The zero-dimensional (―quasi 0D‖) quasi-spherical called onion-like carbon comprises 

concentric graphitic shells materials prepared by annealing nanodiamond powders in vacuum 

or argon or detonation nanodiamond, resulting in bulk nanoparticles of few nanometres. They 
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possess relatively high specific surface area (SSA) ranging from 500-600 m
2
 g

-1
 compared to 

activated carbon which is mostly accessible to ion adsorption due to its lack of porous 

network within the carbon. They have been known to demonstrate modest gravimetric 

capacitance at about one-third that of activated carbon in previous studies [64]. 

The one-dimensional (―quasi 1D‖) carbon nanotubes have gained extensive studies for 

supercapacitors applications in recent years owing to their unique pore structure, superior 

electrical properties, good mechanical and thermal stability [26]. They can be classified as 

single-walled carbon nanotubes (SWNTs), double-walled carbon nanotubes (DWCNTs) and 

multi-walled carbon nanotubes (MWNTs), of which all have been extensively studied as 

supercapacitors electrode materials. They are known to have potential as high-power 

electrode materials owing to their great electrical conductivity and readily accessible surface 

area. Besides, the tubular network combined with high mechanical resilience make them a 

good support for active materials [26], [64], [65]. 

Activated carbons have gained popularity as supercapacitors electrode materials as a result of 

their high surface area. They are usually prepared via oxidation of bulk carbon in water vapor, 

KOH, or CO2 in an activation process. The process creates a three-dimensional porous 

network with micropores (pore size <2 nm) and mesopores (2-50 nm) giving rise to the high 

specific surface area of about 2000 m
2
 g

-1
 in the carbon materials. Low-cost activated carbons 

can be produced from carbonization and activation of natural carbon precursors such as wood, 

coconut shells, palm kernel shell, or anthracite, which are amorphous with a network structure 

majorly consisting of sp
2
 and some sp

3
 bonded atoms [16]. A structure that contains chemical 

moieties like oxygen, nitrogen among other atoms, with oxygen-containing functional groups 

results in a decrease in conductivity. This leads to the need for addition of acetylene black or 

carbon black as a conducting agent to such carbon electrodes [16]. They are widely used in 



  

23 

 

commercial devices due to their cost-effectiveness, high capacitance and scalable 

manufacturing. 

Another large family of the carbon called carbide-derived carbon (CDC) are derived from 

carbide precursors that are transformed into pure carbon via a physical process such as high-

temperature treatment/thermal decomposition, or a chemical process like chlorination or 

halogenation [66], [67]. Their unique properties, which include high specific surface area and 

tunable pore size with a narrow size distribution acquired by halogenation, makes them an 

ideal supercapacitor or absorbent electrode [67]. Their bulk porosity is widely determined by 

the carbide structure. When metal atoms are extracted from the carbide lattice, the remaining 

carbon forms microporous structures known as carbide-derived carbon (CDC). Various 

techniques and precursors have been employed to obtain CDC with controllable nanostructure 

and pore characteristics for use as supercapacitor electrodes. The choice of precursor, particle 

size and other parameters, and most importantly, synthesis temperature has a great influence 

on the capacitance of the materials. CDC derived from zirconium carbide (ZrC-CDC) and 

titanium carbide (TiC-CDC) are some of the most commonly used examples of carbide-

derived carbon materials [67], [68]. 

Graphene is a two-dimensional lattice of hexagonally arranged sp
2
-bonded carbon atoms, 

forming a one-atom-thick monolayer [69]. Fig. 2.7 shows the structure of graphene and 

graphite (an allotrope of carbon that has a planar structure and is composed of many layers of 

graphene) [69]. Graphene oxide (GO) describes a monolayer of chemically modified 

graphene. Electrically, GO acts as an insulator, owing to the disturbance of its sp
2
 bonding 

networks. Reducing the GO helps it recover the honeycomb hexagonal lattice of graphene, 

and restores its electrical conductivity. Graphene is a zero-gap semiconductor with significant 

electronic properties. It exhibits linear dispersion at a high symmetry point in the reciprocal 
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space, resulting in effective dynamics of electrons similar to that of massless relativistic Dirac 

Fermions [70]. It provides not only significant electronic properties, but excellent optical, 

thermal, mechanical and electrochemical properties that are superior to other allotropes of 

carbon such as graphite and carbon nanotubes among others [70]–[72].  

 

Fig: 2.7: Structure of (a) graphene and (b) graphite [73]. 

It can be obtained by dispersing graphite oxide in a solvent accompanied by intensive 

exfoliation. The GO used in this work was synthesized by a modified Hummers technique 

[17]. 

2.3.2  Conducting polymers 

 

Good properties like high conductivity, high potential window, good storage 

capacity/reversibility, adjustable redox activity via chemical modification and cost-

effectiveness among others, associated with conducting polymers make them suitable as 

supercapacitor electrode materials [74]–[76]. They make use of redox processes, during 

oxidation; ions are transferred to the polymer backbone, and are released into the electrolyte 

during reduction. Polyaniline (PANI), polypyrrole (PPy), polythiophene (PTh), and poly(3,4-
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ethylene-dioxythiophene) (PEDOT) are some of the most commonly studied conducting 

polymers for supercapacitor applications [75], [77], [78]. Nevertheless, the swelling and 

shrinking associated with conducting polymers during intercalation/deintercalation process 

results in mechanical degradation of the electrode as well as poor electrochemical 

performance during cycling hindering their commercialization as electrode materials [78].  

 

2.3.3 Transition metals oxides/hydroxides 

 

Transition metal oxides/hydroxides materials exhibit electrochemical Faradaic reactions 

between electrode materials and ions within appropriate potential windows [79], [80]. TMOs 

such as RuO2, MnO2/Mn(OH)2, NiO/Ni(OH)2, Co3O4 /Co(OH)2, SnO2, TiO2 and V2O5 [81]–

[87] among others have been explored and investigated as electrode materials for 

supercapacitor applications..  

Generally, transition metal hydroxides are plagued with low electrical conductivity but high 

specific capacitance due to their characteristic redox reactions. As such, they do not yield a 

high performance under high-rate current densities [19], [20]. On the other hand, transition 

metal hydroxides/oxides have been intensely studied with a view to overcome the above 

limitation and refine their properties to fit the desired use [16], [21]. Transition metal 

hydroxides/oxides are semi-conductive materials among which Ni based oxides have been 

shown to be a promising candidate as an electrode material for electrochemical capacitors 

owing to its cost effectiveness, natural abundance as well as adequate electrochemical 

performance [20], [88]. They can provide higher energy density for supercapacitors than 

carbon materials and better electrochemical stability than conducting polymer materials. 
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However, transition metal oxides/hydroxides are disadvantageous as electrode materials due 

to their small potential, poor electron and ion exchange, and low conductivity [89].  

2.3.4 Composite materials 

 

Composite materials provide an attractive alternative approach for combining materials with 

different electrochemical behavior. For instance, pseudo-capacitive metal oxides or 

conducting polymers can be combined with a capacitive carbon material to take advantages of 

properties offered by the individual material. This results in an enhanced electrochemical 

performance of supercapacitors. The individual material in the composites provides a 

synergistic effect resulting in minimized particle size, enhanced specific surface area and 

induced porosity. This  prevents agglomeration of particles, facilitating electron and proton 

conduction, expanding active sites, extending the potential window, protecting active 

materials from mechanical degradation, improving cycling stability, and of course providing 

extra pseudocapacitance [16]. The resulting composite materials could achieve higher 

electrochemical performance. Nevertheless, a reverse effect might occur, hence a compromise 

in the individual substance compositions and an optimized molar ratio of the individual 

constituent is required [16]. 

  Supercapacitor electrodes and device fabrication, testing and evaluation  2.4

 

2.4.1  Electrode fabrication for supercapacitors 

 

In supercapacitors, electrodes are fabricated by mixing the active materials with a carbon or 

acetylene black as a conductive agent to improve the conductivity of the materials, and a 
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binder usually polyvinylidene fluoride (PVDF) or polytetrafluoroethylene (PTFE) in a small 

amount of N-methyl-2-pyrolidone (NMP) solvent with slow stirring at room temperature to 

form homogeneous slurry. The prepared slurry is then smeared on a current collector made of 

materials with good electronic conductivity and corrosion resistance. Materials include nickel 

foam [90], [91], carbon cloth or paper [90], and some metal foils. The electrode material‘s 

slurry application determines the thickness of the electrode.  

2.4.2 Electrode testing for supercapacitors 

 

Electrochemical measurements for supercapacitor electrodes are normally carried out in both  

a three-electrode (single or half-cell) configuration and/or a two-electrode (full-cell (device)) 

configuration. A three-electrode set-up shown in Fig. 2.8 is used primarily to examine the 

electrochemical behaviours of an electrode material. These properties include specific 

capacitance/capacity, working potential, and cycle life among others. The set-up comprises a 

working electrode usually the as-prepared active material, counter and reference electrodes, as 

well as a preferred electrolyte [91]. The counter electrode is made up of highly conductive 

materials that are chemically inert such as glassy or vitreous carbon, and platinum. The 

counter electrode is responsible for the generation of an amount of current required at the 

working electrode, by altering its potential in the electrolyte. The reference electrode on the 

other hand, serves as the reference point for voltage regulation and measurements in a three-

electrode configuration, without allowing a flow of current across it. The choice of both the 

counter and reference electrodes relies on the nature of the electrolytes employed for a 

particular measurement [92]. A platinum or glassy carbon counter electrode is selected for use 

with acidic and neutral electrolytes, with a saturated calomel electrode (SCE) or silver/silver 

chloride electrode (Ag/AgCl) as reference electrode. Mercury/mercury oxide (Hg/HgO) is the 
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ideal choice of reference electrode for alkaline electrolytes, while the choice of reference 

electrode for the non-aqueous electrolytes is determined by the electrolyte in question [92]–

[94]. 

 

Fig. 2.8: A three-electrode configuration set-up [95]. 

 

 

Fig. 2.9: A two-electrode configuration set-up [95]. 
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Fig. 2.9 shows the pictorial set-up of a supercapacitor two-electrode configuration. It can be 

used to fully evaluate the electrochemical properties of a material, since the heightened 

sensitivity of a three-electrode configuration could over-project the storage capability of an 

electrode material for practical supercapacitor use [96]. A two-electrode system can comprise 

two symmetric (same material) or asymmetric (two dissimilar materials) materials, as both the 

negative and positive electrodes with a separator in-between them in an electrolyte. The 

anode, separator, and cathode are impacted by a metallic spacer to ensure tight contact as 

shown in Fig. 2.9. Electrochemical properties of a supercapacitor such as energy and power 

densities, and longer cycle life among others, can be estimated with a two-electrode 

measurement [97]–[99]. Theoretically, the equivalent specific capacitance (F g
-1

) of a 

symmetric cell is equal to ¼ of the specific capacitance measured for a three-electrode (half-

cell) [95], [97]. The theoretical factor of ¼ automatically converts the equivalent specific 

capacitance of the cell as well as effective mass of the two electrodes to that evaluated in a 

three-electrode system [99]. Nonetheless, the specific capacitance measured for one of the 

electrodes in a device is practically not the same as that of the electrode of a half-cell since the 

solvated cation and anion vary in sizes, and also due to potential variations in the oppositely 

charged electrodes during the charge-discharge test. 

 Supercapacitor device fabrication 2.5

 

2.5.1 Symmetric device 

 

A symmetric device is one that has both the anode and cathode made from the same material, 

and therefore both electrodes have the same capacitance. If C1 = C2, then CT = C1/2. The total 
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capacitance, CT equals half the capacitance of a single electrode [100]. From the fact that the 

galvanostatic charge/discharge plots been based on two-electrode cells, the specific 

capacitance, CS (F g
-1

) of a single electrode, the maximum energy density, ED (Wh kg
-1

) and 

the maximum power density, PD (kW kg
-1

) of the supercapacitor can be estimated using the 

equations below [99]: 
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where Cs is the equivalent specific capacitance of the cell, I is the constant discharge current 

(A),  t is the discharge time (s), m is the total mass (g) of the active material in both 

electrodes, and ∆V is the working potential (V). 

2.5.2 Asymmetric device 

 

Asymmetric supercapacitors comprise two dissimilar materials as the anode and cathode. The 

electrodes are of different capacitances, and one of them is usually of a higher capacitance 

than the other. [100].  

The potential window is a function of the active material‘s capacitance in each electrode. 

Thus, for optimal performance of the asymmetry device, the mass on each electrode must be 

balanced using the charge balance equation,        , with the charge stored on each 

electrode expressed as [101]: 

                      8 
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where Q (C) is the stored charge on the electrode, CS (F g
-1

) is the specific capacitance of the 

electrode based on the mass of active material, m (g) is the mass of active material, and  V 

(V) is the potential window. 

The mass balance between the positive and negative electrodes can accurately be determined 

by further considering [102]: 
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With proper mass balancing, capacitance of the respective electrode becomes equal, thus, the 

device behaves like a symmetric device. Hence, equations 3-5 can be applied to estimate the 

specific capacitance as well as energy and power densities [103]. 

The maximum constant-current discharge power density,      of the device can be predicted 

using the effective solution resistance, Rs (ohm) determined from the Z‘-intercept of the 

Nyquist plots of frequency analysis according to the relation below [104], [105]: 
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Where V (V) and m (g) are the potential window as well as the mass loading of the active 

material respectively. 

 Evaluation of supercapacitor electrodes  2.6

 

Electrochemical performances of supercapacitor electrode materials can be evaluated using 

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

impedance spectroscopy (EIS) irrespective of whether a three or two electrode configuration 

is considered. 
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2.6.1  Cyclic Voltammetry (CV) 

 

CV is a common technique used to investigate the thermodynamic effect, as well as electron 

transport dynamics at the boundary in-between the active material and the electrolyte in the 

supercapacitor. The technique is used to interpret the reactions occurring on the surface of the 

active material. The measurement is done within a specific working potential, with the applied 

potential measured at various scan rates. The current response at the cathodic and anodic 

sweeps plays a crucial role in determining the electrochemical performance of the electrode 

material. The gravimetric specific capacitance, Cs (F g
-1

) of a half-cell can be derived from the  

CV curves according to the formula stated in equation 11 below [106]. 

   
∫     

   
           11 

where ID (current divided by the mass of the electrode) is the average specific current, ∆V is 

the potential window, and v is the scan rate (mV s
-1

).  
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Fig. 2.10: CV curves showing fundamental differences between static capacitance 

(rectangular) and pseudo-/Faradaic capacitance (curved) (adapted from [95]). 

 

In figure 2.10, the ideal rectangular shape confirms a typical reversible capacitive behavior of 

an ideal EDLC material, exhibiting no chemical reaction. The curved CV profile for the 

pseudocapacitve material is evident of the reversible oxidation and reduction peaks, indicating 

a Faradaic redox process. For a reversible electrochemical process, the following properties 

can be deduced: 

(i) The potential peak position does not depend on scan rate. 

(ii) The potential difference between the oxidation and reduction peaks must be small 

(usually ~ 59 mV n
-1

, where n is the number of electrons).  
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(iii) The peak current ratio must be equal to unity. 

(iv) The peak currents are directly proportional to the square root of the sweep rate 

following the power law; I =   
1/2

 (diffusion controlled process normally existing in 

pseudocapacitive materials), while the peak current in the case of mass a transport process 

(EDLCs) is proportional to the sweep rate, i.e. I α v where I is the current and v the scan rate.  

 

2.6.2 Galvanostatic charge-discharge (GCD) 

 

GCD is a powerful and important tool for the study of electrochemical properties of 

supercapacitors. Specific capacitance/capacity, power and energy densities, specific current, 

rate capability and efficiency of a supercapacitor are evaluated from the GCD measurement. 

In a GCD measurement, the lower and upper voltage boundaries are fixed, as the charge-

discharge process runs, the potential increases until the upper fixed potential is attained. Thus, 

a current reversal occurs and results in a potential decrease to its lower limit as shown in Fig. 

2.11(a and c). The next cycle begins after a fixed lower potential is reached due to the 

reversed current at the lower fixed potential (Fig. 2.11b and d). The nature of the GCD 

profiles as in the case of the CV curves, dictates the nature and properties of an active 

material. A linear GCD profile is an indication of ideal EDLCs, due to their constant charge 

distributions during the charge-discharge process. The pseudo-/Faradaic supercapacitors 

exhibit a non-linear GCD profile resulting from the oxidation and reduction reactions during 

the charge-discharge process. The GCD measurement is necessary to further investigate the 

electrochemical performance of a supercapacitor electrode. It is adopted to further determine 

electrochemical properties such as energy and power densities, capacitance/capacity retention, 
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maximum constant-current discharge power and diffusion rate of a supercapacitor electrode, 

among others. The energy density of a supercacitor is a function of the its working potential. 

The larger the working potential, the higher the energy density, the power density increases 

with an increase in a material‘s specific current. 

 

 

Fig. 2.11: The figure shows (a) current vs. time plot for current reversal, and (b) current vs. 

time profile for cyclic GCD, (c) voltage vs. time plot for an typical Faradaic behavior, (d) 

voltage vs. time plot for a cyclic Faradaic behavior (adapted from [95]). 

 

The gravimetric discharge specific capacitance,    of a supercapacitor can be estimated via 

GCD profiles according to the following equations [17]: 

   
   

  ∫ ( )                   12 

where Cs is the discharge specific capacitance (F g
-1

), t is the discharge time (s),    is a 

specific current (A g
-1

), and V is the applied potential (V). 
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For an EDLC material in which the potential is proportional to the charge-discharge time, 

equation 8 reduces to [107]: 

   
   

  ⁄                    13 

where ID is a specific current (A), t is the discharge time (s), m is the mass of active material 

(g), and ΔV is the voltage range (V). 

For a supercapacitor exhibiting Faradaic behavior, specific capacity rather than specific 

capacitance is evaluated, according to the equation stated below [108]: 

    
    ⁄            14 

where   is the discharge specific capacity (mAh g
-1

), t is the discharge time (s), I is the 

applied current (mA), and m is the mass of active material (g) [109]. The corresponding 

energy density ED of such a material‘s full cell can be evaluated by integrating the area under 

the discharge curve according to the following equation: 

          ∫     [Wh kg
-1

]        15 

where I is the discharge current in Amperes (A), m is the mass loading of the active material 

in grams (g), V is the operating potential window in volts (V), and t in seconds is the electrode 

discharge time respectively. 

2.6.3  Stability test for supercapacitors 

2.6.3.1 Cycle life 

 

Supercapacitors can be subjected to charge-discharge over a number of cycles. The cycle life 

depends on the actual conditions under which the cycling is set up [110]. The applied current, 
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potential limits, device history, as well as temperature are important parameters during 

cycling. Cyclic galvanostatic charge–discharge (CGCD) is the standard method used to test 

the performance and cycle life of supercapacitors. 

Efficiency (coulombic or energy) is amongst some crucial parameters used to determine the 

electrochemical behavior of a SC. The coulombic efficiency    can be estimated in the case 

of an EDLC SC while energy efficiency    is estimated for a faradaic SC. They are both 

deduced from the GCD curves according the relations [108]: 

   
  

  
              16 

where tD and tC are the discharge and charge time respectively. 

   
  

     
              17 

where Ed and Ec are the discharge and charge energy respectively. 

2.6.3.2 Self-discharge 

 

Figure 2.12 shows the self-discharge curve of a supercapacitor. Self-discharge is a measure of 

the voltage drop on a charged device with no load, over a specific period of time. For a 

realistic measure of the leakage (self-discharge) currents, a device is required to be subjected 

to several hours of charging, and then allowed to discharge with no load on it. The test is 

aimed at evaluating the energy loss over the test interval and estimating the decrease in 

capacitance of the device‘s voltage during the test [111], [112]. 
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Fig. 2.12: Self-discharge curve of a supercapacitor [112]. 

From the curve (Fig. 2.12), the voltage maintenance rate, VMR (%), as a measured parameter 

can be estimated according to the relation: 

     
    

    
                18 

where VEnd is the voltage between open device terminals after ~72 h, and VMax is the rated 

voltage [112]. 

2.6.3.3 Floating or voltage-holding test 

 

Floating or voltage-holding has been established as an alternative and reliable method to 

analyze the stability of supercapacitor electrodes. It is carried out at a constant load by 

holding the device at the highest voltage and calculating the capacitance over the entire period 

as shown in figure 2.13, and in a sequence usually repeated several times [90]. The floating 

test provides direct insights into the possible effect and degradation phenomena that might 

occur during the electrochemical process in EDLC devices at elevated cell voltages when 

compared with the traditional cycling test which often shows no degradation. It also gives a 
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true resistance effect after being subjected to maximum voltage that may be close to practical 

relevance [90], [113].  

 

Fig. 2.13: Schematic illustration of a floating test (adapted from [90]). 

 

2.6.4 Electrochemical impedance spectroscopy (EIS) 

 

Electrochemical impedance spectroscopy (EIS) or alternating current (ac) impedance 

spectroscopy methods have seen a tremendous increase in popularity in recent years.  It is a 

technique that measures the behavior of small potential perturbations at different frequencies 

(ranging from mHz to MHz) at a constant ac signal or open circuit potential. EIS is often 

represented by the Nyquist plot that presents the real and imaginary part of the impedance on 
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both the x and y-axis respectively. The Nyquist plot takes into account the different 

parameters (resistance, capacitance, inductance and etc.) all being contingent on the 

frequency. Initially applied to the determination of the double-layer capacitance [114]–[116] 

and in ac polarography, [114] they are now applied to the characterization of electrode 

processes and complex interfaces. It is a crucial technique used to further evaluate the 

electrical resistance of a SC material. EIS studies the system response to the application of a 

periodic small amplitude ac signal. The EIS measurements are carried out at different ac 

frequencies and, thus, the name impedance spectroscopy was later adopted. Analysis of the 

system response contains information about the interface, its structure and reactions taking 

place there. EIS analysis is mostly performed in an open circuit potential, recorded by 

introducing a small-amplitude alternating potential (mV) over a broad frequency (f) range, 

such as 10 mHz–100 kHz.  The Nyquist and Bode plots are usually employed in the EIS data 

analysis.  

Fig 2.12 shows a typical Nyquist EIS plot. The figure depicts both the imaginary (Z(ω)ʹʹ) and  

real (Z(ω)ʹ) parts of the impedance. In the plot, three regions exist namely, the low, medium 

and high-frequency regions [108]. In the high-frequency region, the existence of a small 

semicircle is attributed to the interfacial charge transfer resistance (Rct) and mass transport 

through the material. The intersection with the real Z′ axis is ascribed to the total resistances 

at the electrolyte-electrode-current collector interface known as the solution or equivalent 

series resistance (RΩ), the intrinsic resistance of the active material and the contact resistance 

at the interface between the active electrode material and current collector. The medium 

frequency region (10 to 1 Hz) is an exhibition of pseudo-charge transfer resistance attributed 

to the material‘s porosity. The low-frequency region is due to the diffusion mechanism of ions 

in the material; the parallel line to the imaginary axis is an ideal capacitive nature. 
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Nonetheless, in practice, a slight shift from the ideal vertical line usually at around 45˚-90˚, is 

attributed to the ions diffusion process [117]. 

The low-frequency region also exhibits a capacitance (C(ω)) due to the sum of the imaginary 

(C″(ω)) and real (C′(ω)) parts of the capacitance, according to the following equations [59], 

[108]: 

 ( )    ( )     ( )            19
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where C′(ω) relates to the stationary capacitance obtained during the steady current discharge, 

C″(ω) relates to energy dissipation of the electrode through a voltage (IR) drop and an 

irreversible Faradaic charge transfer mechanism. |Z(ω)| is the modulus of impedance, and ω is 

the angular frequency [59], [108], [117]. 

The needed time to effectively supply the stored energy known as the relaxation time (τ), can 

be estimated via the knee frequency in the plots of Cʹ(ω) and Cʹʹ(ω) as a function of frequency 

and expressed as     
 

 
, where f is the distinctive frequency of the active material, and τ is 

maximum in the imaginary capacitance against frequency plot. This demonstrates the 

difference between the capacitive and resistive behavior of the active material. 

Another important plot from the EIS measurements is the Bode plot. The Bode plot 

emphasizes the correlation between the frequency and the imaginary part of the impedance 

((Z(ω)ʹʹ), and the capacitance of the material can be deduced from the linear portion of a 

graph of log Zʹʹ against log f using the equation: 
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where C is the capacitance (F), f is the frequency (z), and Zʹʹ is the imaginary impedance. 

Unlike the Nyquist plot, the Bode plot explicitly shows frequency information. A tilted line 

with respect to the real axis with the angle of 45ᵒ ≤ θ      is achieved, and this has been 

shown to correspond to an ion diffusion mechanism between the Warburg diffusion and ideal 

capacitive ion diffusion [118]. 

 

 

Fig. 2.14: An EIS Nyquist plot [95]. 
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3 3.0 Chapter 3 

 

  Experimental details 3.1

 

This chapter of the thesis explains the procedures used for materials synthesis and the 

characterization techniques employed in this work. It also includes a brief description of some 

of the devices used for materials synthesis and characterization. 

 

3.1.1  Preparation of electrode materials 

 

3.1.1.1 The Hummers’ method  

 

The Hummers‘ method [119], established in 1958, is a chemical process that can be used to 

generate graphite oxide through the addition of potassium permanganate to a solution of 

graphite, sodium nitrate, and sulfuric acid. It is commonly used by engineers and lab 

technicians as a reliable method of producing quantities of graphite oxide. It has also been 

revised in the creation of a one-molecule-thick version of the substance known as graphene 

oxide. The method was developed as a safer, quicker and more efficient way of producing 

graphite oxide than other techniques such as the Staudenmeier–Hoffman–Hamdi [120] 

method which includes potassium chloride and however, posed more hazards and could only 

produce one gram of graphite oxide to ten grams of potassium chloride [120], [121]. This 

method involves addition of potassium permanganate to a solution containing graphite, 

https://en.wikipedia.org/wiki/Graphite_oxide
https://en.wikipedia.org/wiki/Potassium_permanganate
https://en.wikipedia.org/wiki/Graphite
https://en.wikipedia.org/wiki/Sodium_nitrate
https://en.wikipedia.org/wiki/Sulfuric_acid
https://en.wikipedia.org/wiki/Graphene_oxide
https://en.wikipedia.org/wiki/Graphene_oxide
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sodium nitrate, and sulfuric acid [121], [122]. Hummers‘ method came into the limelight after 

the discovery of graphene in 2004. The method does not require high temperatures (above 98 

˚C) and avoids most of the explosive risks associated with the Staudenmeier–Hoffman–Hamdi 

method [123]. This thesis presents two phases of carbon-based materials namely; graphene 

oxide (GO) gel and carbon nanorods obtained from the GO gel via a modified Hummer‘s 

method and a force-driven reflux process respectively, using powdered graphite as the main 

precursor.  

 

3.1.1.2 The reflux system  

 

Reflux is a technique involving the condensation of vapors and the return of this condensate 

to the system from which it originated. It is used in industrial and laboratory [124] 

distillations. It is also used in chemistry to supply energy to reactions over a long period of 

time. A mixture of reactants and solvent is placed in a suitable vessel, such as a round bottom 

flask. This vessel is connected to a water-cooled Liebig or Vigreux condenser, which is 

typically open to the atmosphere at the top. The reaction vessel is heated in order to boil the 

reaction mixture; vapours produced from the mixture are condensed by the condenser, and 

return to the vessel through gravity. The purpose is to thermally accelerate the reaction by 

conducting it at an elevated, controlled temperature (i.e. the solvent's boiling point) and 

ambient pressure [124].  

 

 

https://en.wikipedia.org/wiki/Condensation
https://en.wikipedia.org/wiki/Distillation
https://en.wikipedia.org/wiki/Chemistry
https://en.wikipedia.org/wiki/Energy
https://en.wikipedia.org/wiki/Chemical_reaction
https://en.wikipedia.org/wiki/Chemical_reaction
https://en.wikipedia.org/wiki/Solvent
https://en.wikipedia.org/wiki/Round_bottom_flask
https://en.wikipedia.org/wiki/Round_bottom_flask
https://en.wikipedia.org/wiki/Condenser_(laboratory)#Liebig_condenser
https://en.wikipedia.org/wiki/Condenser_(laboratory)#Vigreux_condenser
https://en.wikipedia.org/wiki/Boil
https://en.wikipedia.org/wiki/Solvent
https://en.wikipedia.org/wiki/Boiling_point
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3.1.1.3 Synthesis of graphene oxide (GO) gel 

 

Graphene oxide gel was prepared at room temperature using a modified Hummers method 

[125]. Briefly, 1.0 g of graphite powder and 6.0 g of KMnO4 were poured into a beaker 

containing 120 mL of concentrated sulphuric acid (H2SO4) (95-99.9%). The mixture was stirred 

for 15 min to secure a homogeneous dispersion of the solution which resulted in a yellowish-

green dark suspension. This was then transferred into a silicone oil bath and further stirred at 50 

° C for 180 min to obtain a thick dark-grey solution which was left to cool down to room 

temperature. A stoichiometric volume of 30% H2O2 and distilled water was subsequently poured 

into the solution to subdue the residual permanganate and manganese (IV) oxide mixture to a 

colourless soluble manganese sulphate. This caused a large heat evolution due to the 

dehydration of the tetraoxo sulphate (VI) ions. The reacted solution became very hot with 

distinct agitation. The recovered solution was stirred for 1 min and then centrifuged for 10 min 

with the supernatant decanted away. The recovered gelatinous solution was re-dispersed in 

distilled water by mechanical shaking (250 oscillations/minute) for 1 h, with additional 

centrifugation for 30 min and thereafter was kept for 10 days in ambient conditions to solidify. 

The recovered solid (graphene oxide) was dried in an electric furnace under normal pressure at a 

temperature of 90 °C for 2 h. 

 

3.1.1.4  Synthesis of carbon nanorods 

 

 

The carbon nanorods in this work were synthesized by re-dispersing 0.3 g of the as-prepared GO 

gel into 45 ml of 10 M aqueous NaOH solution with continuous stirring for 5 min. The mixture 
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was transferred into a reflux set-up with magnetic stirring. The reflux flask was put in a silicone 

oil bath on a hot plate at 100 °C which is close to the boiling point of the high-concentration 

alkaline solution (ca. 120 °C) for 24 h at a stirring rate of 500 revolutions per minute, as shown 

in Fig. 3.1. This synthesis was carried out under reflux condition so that the pressure within the 

system during synthesis is kept constant at ambient atmospheric pressure. After the reaction, the 

reflux flask was taken out of the bath and allowed to cool naturally to room temperature. The 

resulting sample was collected via centrifugation, washed repeatedly with deionized water to 

obtain a pH of 7. The recovered sample was re-dispersed in water with 2 ml HCl (32%) added 

drop wise and heated at 100 °C for 20 min to further neutralize the solution. The supernatant 

was decanted away and the resulting sample was washed several times with deionized water. 

The recovered product was put in an oven to dry at a temperature of 80 °C. 

 

 

Fig. 3.1: The synthesis process of carbon nanorods from as-prepared graphene oxide gel. 
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3.1.1.5 Annealing 

 

In an annealing process, a material usually a metal is subjected to a temperature above its 

recrystallization temperature, and maintained at that temperature for a particular time for 

homogenization followed by gradual cooling to enhance equilibrium structural growth within 

the material [126]. The process improves a material‘s formability, toughness and electrical 

conductivity among other properties. It is a means to adjust the required microstructure and 

characteristics in a material. 

3.1.1.6 Atmospheric pressure chemical vapor deposition technique (APCVD) 

 

The APCVD device shown in Fig. 3.2 was employed for the annealing of some samples used 

in this work. It was established in the early 1960s to prepare carbon fibers and carbon 

nanofibers. The materials are placed at the middle of the reactor chamber in a continuous gas 

(or a mixture of gases) flow at a particular temperature. The method is simple, cost-effective 

and reliable. It is suitable for the production of good quality, uniform and large-scale 

deposition of materials [127].  
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Fig.3.2: The APCVD device used for annealing in this work.  

3.1.2  Preparation of NiCoMn-triple hydroxide (NiCoMn-TH) and ternary NiCo-

MnO2 composites 

 

In the synthesis of the NiCoMn-TH sample, 0.67 g of Mn(NO3)2∙4H2O, Ni(NO3)2∙6H2O and 

Co(NO3)2∙6H2O precursor salts were completely dissolved in 100 ml of deionized water 

whilst magnetically stirring the mixture. Subsequently, 14 ml of 1 M NaOH was added 

dropwise to maintain a pH of 10 for polarization, with the homogeneous mixture kept at 40 

°C for 2 h upon magnetic stirring. The resulting greyish-cream mixture was left to stand for 

about 10 h for complete precipitation. It was then centrifuged and washed several times with 

deionised water and ethanol. The solid precipitate was collected and dried in an oven at 60 °C 

for 12 h. The interim solid ternary nickel cobalt manganese triple hydroxide (NiCoMn-TH) 

material was then annealed in air at 650 °C for 1 h at a ramping rate of 2 °C/min to obtain a 
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more stable ternary NiCo-MnO2 composite. Fig. 3.3 shows the synthesis route used to produce 

the composite materials. 

 

 

Fig. 3.3: Schematic of the synthesis route of NiCoMn-TH and NiCo-MnO2 composites 

 

3.1.2.1  Solvothermal process 

 

A solvothermal process can be defined as a process in a closed reaction vessel inducing 

decomposition or chemical reactions between precursors in the presence of a solvent at a 

temperature higher than the boiling temperature of the solvent [128], [129]. The pressure can 

be autogeneous (in such a case the pressure value depends on the filling of the reaction vessel) 

or imposed (the pressure value being higher than 1 bar (105 Pa) at the starting point of the 

experiment through the compression of the reaction medium). Depending on the experimental 

conditions (pressure and temperature), the solvothermal system can be heterogeneous or 

homogeneous and in subcritical or supercritical conditions [129]. The word ―solvothermal‖ 
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can be used whatever the chemical composition of the solvent is aqueous or non-aqueous 

[128]–[130]. Originally such processes were developed with water. For aqueous solutions the 

word ―hydrothermal‖ is commonly used [129]. Solvothermal process allows for the precise 

control of the size, shape distribution, and crystallinity of metal oxide nanostructures [130]. 

Fig. 3.4 shows the set-up used for the solvothermal process in this research. 

 

 

Fig. 3.4: Solvothermal apparatus. 

3.1.3 Preparation of Mn3O4 nanoparticles 

 

The Mn3O4 nanoparticles employed in this work were prepared by dissolving 0.768 g of 

KMnO4 in 100 mL ethanol (99.9 %) followed by addition of 0.5 mL of 10.2 M HCl drop-wise 

with magnetic stirring at room temperature to achieve a homogeneous mixture. The contents 
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were then transferred into a Teflon-lined autoclave for a dwell time of 4 hours at a 

temperature of 150 ˚C. The system was allowed to cool down naturally to room temperature 

and the recovered sample was washed several times with deionized (DI) water to remove 

excess reagent. The brown precipitate was then dried for 12 h in an electric oven at 60 ˚C in 

air (under normal laboratory conditions). 

3.1.4  Preparation of the Ti3C2-Mn3O4 nanocomposite 

 

Briefly, 100 mg Ti3C2 was dispersed in 100 mL ethanol 99.9 % with magnetic stirring at room 

temperature. The mixture was sonicated for 1 hour to speed-up the uniform dispersion. 

Thereafter, 0.768 g KMnO4 was added to the Ti3C2 mixture with a drop-wise introduction of 

0.5 mL HCl (10.2 M) for homogeneity while magnetically stirring the entire reaction chamber 

for 20 minutes. The resulting mixture was poured into a Teflon-lined stainless steel autoclave 

unit and bubbled with argon gas to prevent oxidation of the sample before being sealed and 

heated up to 150 ˚C for a dwell time of 4 hours. After cooling to room temperature, the 

resulting precipitate was washed several times with deionized water until a neutral pH was 

recorded and then oven dried at 60 ˚C for 12 h in air to obtain the Ti3C2-Mn3O4 

nanocomposite. Fig. 3.5 below shows the synthesis process of the composite material. 
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Fig 3.5: Schematic of the synthesis process to the Ti3C2-Mn3O4 nanocomposite. 

 

3.1.5 Preparation of carbonized iron cations adsorbed onto PANI (C-FP) 

 

Iron (III) nitrate nonahydrate (0.2 g),  0.0125 g of polyaniline (PANI) and  0.026 g each of 

carbon acetylene black (CB) and polyvinyldifluoride (PVDF) were completely dissolved in 

ethanol (50 mL, 99.9 %) whilst magnetically stirring for 5 minutes. The precursors‘ masses 

were carefully selected to ensure an approximate weight ratio of 80:10:10 for iron (III) nitrate 

salt and PANI (80 %), CB (10 %) and PVDF (10 %) respectively. After 5 minutes of stirring, 

the resulting mixture was sonicated several hours to form a slurry. The recovered slurry was 

then coated onto cut-to-size nickel foam (1 cm × 1 cm) which was transferred into a chemical 

vapour deposition (CVD) system under N2 atmosphere at 850 °C for 2 h to obtain iron cations 

adsorbed onto the PANI film (C-FP) directly grown onto the nickel foam as displays in Fig. 

3.6 below:  
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Fig. 3.6: Synthesis route of C-FP electrode material. 

 

3.1.5.1 Preparation of polyaniline (PANI) 

 

0.2 M of aniline hydrochloride (C6H8ClN) (2.59 g aniline hydrochloride in 50 ml deionized 

water) was added to 0.25 M of ammonium peroxydisulfate ((NH4)2S2O8) (5.71 g ammonium 

peroxysulfate in 50 ml deionized water. The mixture was stirred for 10 minutes, and then left 

to stand overnight to polymerize. The supernatant was decanted away and the recovered 

precipitate was washed several times with deionized water. The resulting sample was dried 

overnight in an electric oven at 60 °C under ambient condition. 
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 Material characterization techniques 3.2

 

3.2.1 Scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry 

(EDX) 

 

The surface morphology and the composition of the samples in this thesis were visualized and 

examined using scanning electron microscopy. Scanning electron microscopy uses a focused 

beam of high-energy electrons to generate a variety of signals at the surface of the solid 

samples. The types of signals usually produced by a SEM include secondary electrons (SE), 

back-scattered electrons (BSE), characteristic X-ray, light cathodoluminescence (CL), 

specimen current and transmitted electrons. Secondary electron detectors are standard 

equipment in all SEMs, but it is rare that a single SEM would have detectors for all possible 

signals. The signals result from interactions of the electron beam with atoms at or near the 

surface of the sample. The signals that are derived reveal information about the sample such 

as morphology, chemical composition, thickness, porosity and orientation of the microscopic 

materials that make up bulk material. Due to the very narrow electron beam, SEM images 

have a large depth of field yielding a characteristic three-dimensional appearance useful for 

the understanding the surface structure and texture of the sample. In SEM, a wide range of 

magnifications is possible, from about 10 times (equivalent to that of a powerful hand-lens) to 

more than 500,000 times, about 250 times the magnification limit of the best light 

microscopes. In most applications, data are collected over selected areas of the surface of the 

sample, and a 2-dimensional image that displays spatial variations in these properties is 

generated. The Carl Zeiss Ultra Plus 55 scanning electron microscope, shown in Fig. 3.7, is 

located at the Microscopy lab, University of Pretoria. The system combines all the advantages 
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of an optical and electron microscopes in one integrated system without compromising on 

ease of use or time to result. 

Energy Dispersive X-ray spectroscopy (EDS) is an analytical technique used for the elemental 

analysis or chemical characterization of a sample, it can serve as a complementary technique 

for IBA techniques such as Particle Induced X-ray Emission technique. In recent time, this 

technique is usually coupled with the field emission scanning electron microscopy (FESEM) 

using a high-resolution (Carl Zeiss, Ultra Plus 55) on SEM equipment and the analyses are 

usually carried out simultaneously. Information about samples is obtained from interaction of 

some sources of X-ray excitation and a sample. Its characterization capabilities are due in 

large part to the fundamental principle that each element has a unique atomic structure 

allowing unique set of peaks on its X-ray spectrum [131]. To stimulate the emission of 

characteristic X-rays from a specimen, a high-energy beam of charged particles such as 

electrons or protons, or a beam of X-rays, is focused into the sample being studied. An atom 

within the sample contains ground state (or unexcited) electrons in discrete energy levels or 

electron shells bound to the nucleus. The incident beam may excite an electron from inner 

shell, ejecting it from the shell while creating an electron hole. An electron from an outer, 

higher-energy shell then fills the hole, and the difference in energy between the higher-energy 

shell and the lower energy shell may be released in the form of an X-ray. The number and 

energy of the X-rays emitted from a specimen can be measured by an energy-dispersive 

spectrometer. As the energy of the X-rays is characteristic of the difference in energy between 

the two shells, and of the atomic structure of the element from which they were emitted, this 

allows the elemental composition of the specimen to be measured [131]. The accuracy of EDS 

is usually affected by various factors. For instance, many elements may have overlapping 

peaks. The accuracy of the spectrum can also be affected by the nature of the sample. In 
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addition, X-rays can be generated by any atom in the sample that is sufficiently excited by the 

incoming beam. These X-rays are emitted in any direction, and so they may not all escape the 

sample. The likelihood of an X-ray escaping the specimen, and thus being available to detect 

and measure depends on the energy of the X-ray and the amount and density of material it has 

to pass through. This can result in reduced accuracy in inhomogeneous and rough samples. 

The microscopic images and elemental compositions for all samples in this thesis were 

examined by the field emission scanning electron microscopy (FESEM) using a high-

resolution Zeiss Ultra Plus 55, operating at 2.0 kV, coupled with integrated energy dispersive 

X-ray spectrometer (EDX), operating at 20 kV. 

 

 

Fig. 3.7: High-resolution FESEM instrument (Carl Zeiss, Ultra Plus 55) at the University of 

Pretoria, South Africa. 
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3.2.2  Transmission electron microscopy (TEM) 

 

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

electrons is transmitted through an ultra-thin specimen, interacting with the specimen as it 

passes through. An image is formed from the interaction of the electrons transmitted through 

the specimen; the image is magnified and focused onto an imaging device, such as a 

fluorescent screen, on a layer of photographic film, or to be detected by a sensor such as a 

(charge-coupled device) CCD camera. 

TEM is capable of imaging at a significantly higher resolution than light microscopes, owing 

to the small de Broglie wavelength of electrons. This enables the instrument's user to examine 

fine detail—even as small as a single column of atoms, which is thousands of times smaller 

than the smallest resolvable object in a light microscope. TEM forms a major analysis method 

in a range of scientific fields, in both physical and biological sciences. TEM finds application 

in cancer research, virology, materials science as well as pollution, nanotechnology, and 

semiconductor research. At smaller magnifications TEM image contrast is due to absorption 

of electrons in the material, due to the thickness and composition of the material. At higher 

magnifications complex wave interactions modulate the intensity of the image, requiring 

expert analysis of observed images. Alternate modes of use allow for the TEM to observe 

modulations in chemical identity, crystal orientation, electronic structure and sample induced 

electron phase shift as well as the regular absorption based imaging [132], [133]. Fig. 3.8 

shows the high-resolution transmission electron microscopy (HR-TEM) JEOL 2100F (from 

Japan) equipped with LaB6 filament, a Gartan U1000 camera of 2028 х 2028 pixels and 

operated at 200 kV, employed to acquire electron micrographs for all samples in this thesis. 
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Fig: 3.8: Transmission electron microscopy instrument (HR-TEM-JEOL 2100F). 

 

The device is equipped with an integrated scanning transmission electron microscope along 

with energy dispersive X-ray (STEM-EDX). Sample specimens were prepared via uniform 

dispersion of the powder specimen in an ethanol solvent (100%), and sonicated over an hour 

and subsequent drop casting on a lacey carbon-coated copper grid which was then dried 

before loading onto the analysis chamber. 
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3.2.3 X-ray powder diffraction (XRD) 

 

XRD characterization in this thesis was done using an XPERT-PRO diffractometer in a θ/2θ 

configuration, with a cobalt tube at 35 kV and 50 mA (PANalytical BV, Netherlands), located 

at the Department of Geology, University of Pretoria, South Africa. 

Powder X-ray diffraction techniques were employed for the determination of the crystallinity 

and phase changes in the materials as they are subjected to different physical and chemical 

treatments. The materials were all subjected to careful scrutiny before and after preparation to 

ascertain among others the effect of preparatory methods on the microstructure of the 

materials. XRD is a non-destructive analytical technique utilized for the investigation of the 

phases of crystalline materials [134], [135], as well as other parameters that include lattice 

parameters, crystallite sizes, and phase distribution via Rietveld confinement [134]. The 

device is made-up of three major components, namely an X-ray tube, a sample holder, and an 

X-ray detector, all assembled on the circumference of the circle called the ‗focusing circle‘. 

Electrons are emitted from a cathode ray tube by heating the filament and subsequently 

accelerated to the target (the anode, usually composed of copper or cobalt) where the 

bombardment occurs to yield X-rays in a cathode ray tube. The X-ray production is the 

product of the interaction of the bombarded electrons with electrons in the inner shell of the 

target material that results in the dislodgement of the inner shell electrons by the bombarded 

electrons [135], [136]. The type of the anode material used determines the type of the 

characteristic X-rays to be produced (for example, Cu produces X-ray with a λ = 1.5406 Å 

and Co with λ = 1.7890 Å). Using the X-ray interaction with the specimen, constructive 

interference takes place and the Bragg‘s law is satisfied [136]: 
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                                                                                                                   23 

       

where n is any integer value (1,2,3..), λ is the wavelength of the incident x-ray, d is the 

spacing between the diffracting planes and θ is the incident angle. The angle between the 

projection of the X-ray source and the detector is 2θ. In a crystalline specimen, Bragg‘s law 

gives the relation between the wavelength of an electromagnetic radiation, angle of diffraction 

(Bragg‘s angle), and lattice distance. The crystallize size of the specimen can be calculated 

from the XRD data via [136]: 

      
  

     ( )
                                                                                           24 

      

where Ghkl is the average linear dimension of the crystal perpendicular to the diffracting plane 

(hkl) (diameter of the particles), β (radians) is the full-width at half-maximum in the 2θ scan, 

k is a dimensionless shape factor with a typical value of  0.89, λ is the wavelength of the X-

rays and θ is the Bragg‘s angle. 

 

3.2.4 Raman spectroscopy 

 

Raman spectroscopy is an important technique used in studying vibrational, rotational, and 

other low-frequency modes of a material [137]. The technique operates on the inelastic 

scattering (Raman scattering) of monochromatic light, generally emanating from a laser in the 

visible, near infrared, or near ultraviolet regions. The interactions of the laser light with 

molecular vibrations, phonons or other excitations in a material result in the energy or 

frequency of the laser photons to be varied up or down with respect to the energy or frequency 

of the original monochromatic light, in a process called Raman Effect [137]. The energy or 
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frequency variations supply information on the vibrational modes in a material. The technique 

can be employed to investigate of solid, liquid, and gaseous materials. [138]–[141].  

A T64000 micro-Raman spectrometer (HORIBA Scientific, Jobin Yvon Technology) with a 

514 nm laser wavelength and spectral acquisition time of 120 s was used to characterize the 

as-prepared samples in this work. The Raman system laser power was set as low as 5 mW in 

order to minimize heating effects. 

 

3.2.5 Fourier transforms infrared (FTIR) spectroscopy  

 

FTIR spectroscopy is a method  employed to acquire an infrared spectrum of absorption or 

emission by a solid, liquid or gas. The spectrometer simultaneously obtains high-spectral-

resolution data over a wide spectral range. This confers a significant advantage over 

a dispersive spectrometer, which can only measure intensity over a narrow range of 

wavelengths at a time. The term ―Fourier transform‖ originated from the fact that a 

mathematical process called Fourier transform is required to transform the raw data into the 

actual spectrum [142].  

Fourier transform-infrared (FT-IR) spectra of the samples in this study were obtained using a 

Varian FT-IR Spectroscopy (Bruker Vertex 77 v FT-IR spectrometer) in the wavenumber 

range of 400 - 4000 cm
-1

,
 
operated with the OPUS software. 
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3.2.6 N2 gas-absorption-desorption measurement 

 

N2-absorption-desorption is a useful technique in sample analysis. It is employed to examine 

the specific surface area (SSA), porosity, average pore volume, and the broad pore size 

distribution of powder specimen. In this work, N2-absorption-desorption isotherms were 

obtained on a Micromeritics TriStar II 3020 system operated in a relative pressure (P/Po) 

range of 0.01–1.0 with pre-degassing of the samples at 100 °C for 18 h under vacuum prior to 

the measurement. The Brunauer-Emmett-Teller (BET) and Barrett–Joyner–Halenda (BJH) 

models were used to determine the surface area and the pore size distribution (PSD) of the 

samples respectively. The procedure for acquiring the isotherms comprised degassing of the 

pre-weighed samples at specific temperature under vacuum to eliminate any residual 

moisture, then loaded onto the analysis chamber for the investigation under extremely cold 

environment such as N2 gas at low pressure and 77 K. This is followed by dosing the 

specimens with a particular quantity of gas and subsequent evacuation of the gas to acquire 

the amount of gas absorbed by the specimens over a relative pressure range, P/P0 (i.e. 

0.01˂P/P0˂0.2). The type of the isotherm acquired provides information on the class of pore 

size in the specimen. Brunauer et al. (1940) reported five classes of adsorption isotherms 

[143], before the International Union of Pure and Applied Chemistry (IUPAC) (1985) [144] 

came up with six categories of the adsorption isotherms. Gregg and Sing [145], later gave the 

detailed account of the variations between the categories with a supplementary adsorption and 

desorption hysteresis. Fig. 3.9 shows the various adsorption-desorption isotherms and 

hysteresis loops. 
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Fig. 3.9: (a) The IUPAC classification of adsorption-desorption isotherms for gas–solid 

equilibria [146], (b) the adsorption-desorption hysteresis [145]. 

 

Fig. 3.9a shows different types of isotherms. Type 1 isotherm is called Langmuir type, which 

is associated to adsorption on the microporous structure. Type II and III correspond to 

macroporous or non-porous adsorbents, showing strong and weak interactions respectively. 

Type VI and V are typical of mesoporous structure with the latter showing weak interactions. 

Type VI isotherm is a characteristic of stepwise, layer-by-layer adsorption on a macroporous 

surface [146]. The adsorption-desorption hysteresis loop is classified into four categories 

namely, H1, H2, H3, and H4 shown in Fig. 3.9b. H1 is attributed to slight distribution of 

comparatively similar cylindrical-like pores, H2 signifies a complex pore structure, while H3 
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and H4 corresponding to accumulations of slit-shaped pores, and complex materials 

consisting of both microporous and mesoporous structure respectively [145]. 

 

3.2.7 Thermal gravimetric analysis (TGA) 

 

TGA is a technique of thermal analysis involving the mass of a sample been measured over 

time as the temperature varies. It provides information about physical phenomena such as 

phase transitions, absorption and desorption, and thermal decomposition among others. TGA 

also supplies information about some chemical phenomena like chemisorptions,  solid-gas 

reactions  of thermal analysis that account for variations in physical and chemical properties 

of materials against increase in temperature (with constant heating rate), or against time (with 

constant temperature and/or constant mass loss) [147], [148]. TGA is generally employed to 

investigate certain features of materials showing either mass loss or gain due to 

decomposition, oxidation, or loss of moisture [147]. 

In this work, thermogravimetric analysis (TGA) was carried out using a thermogravimetric 

analyzer (Hitachi TGA, from 20 °C to 1000 °C in air) to determine the material weight 

change against increase in temperature in a controlled environment over time. The results 

from TGA analysis were used in determining the carbon content in the hybrid sample, which 

is calculated from the residual mass of the pristine and hybrid samples. TGA samples in this 

thesis were heated from ambient temperature to 1000˚C at a ramp rate of 10˚C min
-
1 in 

nitrogen gas. 
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3.2.8  X-ray photoelectron spectroscopy (XPS) 

 

The XPS, a surface-sensitive quantitative spectroscopic technique that measures the elemental 

composition at the parts per thousand range, empirical formula, chemical state and electronic 

state of the elements that exist within a material. XPS spectra are acquired by irradiating a 

material with a beam of X-rays whilst concurrently measuring the kinetic energy and number 

of elastically scattered electrons (photoelectrons) that break from the top 0 to 10 nm of atomic 

layers in the material being analyzed [132]. The technique requires high vacuum (P ~ 10−8 

millibar) or ultra-high vacuum (UHV; P < 10−9 millibar) conditions, however, a current area 

of development is ambient-pressure XPS [132], [149], and material samples are analyzed at 

pressures of a few tens of millibar. The technique can be used to analyze the surface 

chemistry of a material in its as-received state, or after some treatment. A characteristic XPS 

spectrum is a plot of the number of detected electrons (occasionally per unit time) against the 

binding energy of detected electrons. Each element generates a typical set of XPS peaks at 

specific binding energy values that clearly distinguish each element that is in or on the surface 

of the analyzed sample. The characteristic spectrum peaks are related to the electron 

configuration within an atom, e.g., 1s, 2s, 2p, 3s, among others. Hence, the number of 

electrons detected in each of the distinctive peaks is proportionally linked to the quantity of 

elements in the XPS sampling volume [149]. 

X-ray photoelectron spectroscopy (XPS) measurements of the samples in this research were 

conducted using a Physical Electronics VersaProbe 5000 spectrometer operating with a 100 

μm monochromatic Al-Kα exciting source. A 180° hemispherical electron energy analyzer 

collected photoelectrons, with the samples been analyzed at a 45° angle between the sample 

surface and the path to the analyzer. Survey spectra were taken at pass energy of 117.5 eV, 

https://en.wikipedia.org/wiki/Parts_per_thousand
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with a step size of 0.1 eV, which was used to obtain an estimate of the elemental analysis of 

the powders. 

 

3.2.9 X-ray fluorescence (XRF)  

 

XRF is the emission of characteristic "secondary" (or fluorescent) X-rays from a material that 

has been excited by bombarding with high-energy X-rays or gamma rays. The phenomenon is 

widely used for elemental analysis and chemical analysis, particularly in the investigation of 

metals, glass, ceramics and building materials, and for research in geochemistry, forensic 

science, archaeology and art objects
 
[150], [151] such as paintings and murals. 

In this thesis, XRF measurements of the pressed powder composite samples were performed 

using the ARL Perform‘X Sequential XRF instrument with Uniquant software for analysis. 

 Electrochemical characterization 3.3

 

The capacitive performances of the nickel foam-supported electrodes in this thesis were 

investigated using a Bio-Logic VMP300 potentiostat (Knoxville TN 37,930, USA) controlled 

by the EC-Lab® V1.40 software in both the three-electrode and two-electrode configurations. 

The electrochemical measurements were performed with a glassy carbon counter electrode, 

Ag/AgCl reference electrode, and the as-prepared mixed carbon-based materials as the 

working electrodes. The working electrodes were prepared by mixing active material, carbon 

acetylene black as a conducting agent and polyvinylidenedifluoride (PVDF) as binder in a 

small amount of NMP solvent, in a proportionate weight ratio to make slurry, which was then 
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coated onto the Ni foam current collector and dried in an electric oven at a particular 

temperature. All the electrochemical measurements for this study were performed in a KOH 

aqueous electrolyte at room temperature. Fig. 3.10 displays a 16-channel Bio-Logic VMP300 

potentiostat electrochemical workstation used for characterization of materials in this thesis. 

 

 

Fig. 3.10: A 16-channel Bio-Logic VMP300 potentiostat electrochemical workstation. 
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4 4.0 Chapter 4 

 

 Results and discussions 4.1

 

This chapter of the thesis emphasizes the successful results obtained from the synthesis, 

characterization and electrochemical measurements of the as-synthesized materials outlined in 

the previous chapter. All the results presented in this chapter are originally of the author‘s 

researches. Some of the results have been published as articles in peer-reviewed journals, 

while some are under review for publication. 

 

4.1.1  Investigation of graphene oxide nanogel and carbon nanorods as electrode for 

electrochemical supercapacitor 

 

4.1.1.1  Introduction 

 

Due to high energy consumption and depleting natural resources globally, the necessity for 

alternative energy has never been more evident. Electrochemical energy production has been 

one of the focii of alternative energies as it can be designed to be environmentally friendly, 

suitable for both stationary and mobile systems, and more sustainable than other sources. 

Most of the electrical energy used in the world is currently supplied from fossil fuels. 

Therefore, measures are being adopted in a variety of different fields to help prevent global 

warming by reducing CO2 emissions. Consequently, the automotive industry has become a 
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focal point when considering the impact of fossil fuel use on the environment [8], [152], 

[153].  

 In this work, the synthesized two phases of carbon-based materials; graphene oxide (GO) gel 

and carbon nanorods obtained from the GO gel via a modified Hummer‘s method and a force-

driven reflux process respectively, using powdered graphite as the main precursor have 

demonstrated good electrochemical properties which suggest their promising contribution to 

the supercapacitor field.  

 

4.1.1.2  Results and Discussion 

 

The detailed results obtained from this work are presented in the paper below. 
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4.1.1.3 Concluding Remarks 

 

GO gel and carbon nanorods have been successfully synthesized via a modified Hummer‘s 

method and a force-driven reflux process respectively. Extensive characterization of the as-

prepared electrode materials showed gelatinous morphology for the gel and a rod-like 

morphology for the carbon nanorods. The presence of carbon, oxygen and oxygen-containing 

surface functionalities was also confirmed from the structural and elemental analysis done. It 

was observed that the carbon nanorods exhibited an improved electrochemical performance as 

compared to the graphene oxide gel. Electrodes fabricated from both materials exhibited a 

limit specific capacitance of 436.5 F g
-1

 and 719.5 F g
-1

 corresponding to specific capacities of 

48.5 mAh g
-1

 and 80.8 mAh g
-1

 at a current density of 0.5 A g
-1

 in a three electrode system in 

a 6 M KOH electrolyte. The excellent capacitive performance of the carbon nanorods 

electrode can be linked to the combined effect of the interconnected nanorods and the 

electrical conductivity of the electrode due to reduced concentration of oxygen. This provides 

a shorter ion-diffusion path and less resistance to ion-transport. The as-prepared electrodes 

demonstrated a good and promising electrochemical performance suitable for supercapacitor 
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electrode applications. Our results show significant improvement and further research 

progress on the reports related to electrochemical performance of graphene-oxides based 

electrodes published previously by other studies. This study is also being considered for 

further testing of the electrochemical performance of the carbon nanorods electrode in other 

storage device technologies such as battery applications. 
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 Synthesis of ternary NiCo-MnO2 nanocomposite and its application as a novel high 4.2

energy supercapattery device 

 

4.2.1 Introduction 

 

As a result of the shortcomings of the conventional EDLC materials, such as low specific 

capacitance (usually ˂ 300 F g
-1

), low energy density among others [154], transition metal 

oxides/hydroxides such as MnO2, TiO2, RuO2, NiO, Ni(OH)2 and Co(OH)2 with high 

theoretical specific capacities  among other potentials, have been employed as an alternative 

electrode materials [155]–[158]. Besides being semi-conductive, transition metal 

oxides/hydroxides have been used as electrode materials for supercapacitors due to their cost 

effectiveness, natural abundance cum adequate electrochemical performance [20], [88]. 

However, they are plagued with low electrical conductivity, poor rate capability as well as 

poor cycle life due to their characteristics redox reactions [15,16,40]. Carbon materials such 

as graphene and reduced graphene oxide, carbon nanotubes, and activated carbon proved to 

have high electrical conductivity, excellent cycle life with a high theoretical surface area, have 

been selected as optimal supporting materials to enhance the electrochemical performances of 

transition metal oxides/hydroxides-based materials [159]–[161]. 

4.2.2 Results and Discussions 

 

The below paper presents the detailed results obtained from the synthesized ternary NiCo-

MnO2 nanocomposite. 
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4.2.3 Concluding Remarks 

 

Mixed transition meta hydroxides NiCo(OH)2, NiCoMn-triple hydroxide (NiCoMn-TH) and a  

ternary NiCo-MnO2 electrode materials were successfully synthesised by force-driven 

hydrolysis of hydrated nitrates of nickel, cobalt and manganese salt at a low temperature 

while C-FP electrode was synthesized via a complete dissolution of iron (III) nitrate and 

PANI in ethanol. The characterization of the samples confirmed that the as-prepared mixed 

hydroxides electrode materials have agglomerated flake-like particles which exhibited a small 

specific surface area compared to the NiCo-MnO2 with porous and stacked sheet-like 

morphology. It was also confirmed that the prepared samples are crystalline, and composed of 

Ni, Co, O (or O‒H bond in NiCo(OH)2 sample) and Mn in NiCo-MnO2 sample with Ni, Co 

and Mn existing in different oxidation states. The C-FP on the other hand, is composed of 



  

110 

 

nano grains with some level of crystallinity. The electrochemical performance of the electrode 

materials evaluated in a three-electrode cell configuration using 1 M KOH electrolyte showed 

a significant improvement on specific capacity of 132.1 mAh g
-1

 for NiCo-MnO2  compared 

to 110.3 and 64.36 mAh g
-1

 for NiCo(OH)2 and the unstable NiCoMn-TH at a current density 

of 0.5 A g
-1

 respectively. The C-FP electrode showed a good and consistent capacitive 

performance with relatively high specific capacitance of 264.17 Fg
-1

 at a current density of
 
0.5 

A g
-1 

in KOH aqueous electrolyte. A cost-effective high-performance hybrid NiCo-MnO2//C-

FP supercapattery in 1 M KOH electrolyte delivered a high energy density of 48.83 Wh kg
−1

 

with a corresponding high power density of 896.88 W kg
−1

 as well as excellent stability with 

97.78% capacity retention up to 10,000 cycles similar to what is observed in classic EDLC 

devices. Even at high current density of 8 A g
-1

 the device maintained a high energy density 

of 25 Wh kg
-1

 with corresponding power density of 6344 W kg
-1

 which shows that these are 

excellent materials for supercapacitor applications.  
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  Electrochemical performance of two-dimensional Ti3C2-Mn3O4 nanocomposites 4.3

and carbonized iron cations for hybrid supercapattery electrodes 

 

4.3.1  Introduction 

 

Hybrid supercapacitors have attracted great research attentions as renewable energy storage 

systems due to their potential for use in hybrid electric vehicles among others. More 

importantly, advances in environmental technology, such as the emergence of hybrid electric 

vehicles in the 1990's, have brought innovation to an era when vehicles have been 

traditionally powered by gasoline [54]. The latest progress of electrode materials application 

for supercapacitors and batteries have been reported in the literature [22], [23], [162]. 

Nevertheless, the demonstrated electrochemical performances of the so called supercapacitor 

electrodes are not enough, particularly in terms of energy density.  

In this work, a binder-free Ti3C2-Mn3O4 nanocomposite electrode has been fabricated via a 

green solvothermal process which allows for the precise control of the size, shape distribution, 

and crystallinity of metal oxide nanostructures. A synergy of the individual electrochemical 

features of these materials is achieved by integrating the Mn3O4 into the Ti3C2 network. 

4.3.2  Results and Discussions 

 

A detail summary of the results of the electrochemical performance of solvothermal 

synthesized two-dimensional Ti3C2-Mn3O4 nanocomposites and its application as hybrid 

supercapattery electrodes is presented in the paper below (under review for publication). 
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Abstract 

In this work, we present a simple two-step synthesis route to develop a cost effective 

high performance Ti3C2-Mn3O4 nanocomposite via a solvothermal process at 150 °C. 

The characterization of the composite material was obtained via various techniques. 

Electrochemical performance study of the material as a potential supercapacitor 

electrode demonstrated a maximum specific capacitance and specific capacity of 

1010 F g-1 and 128 mAh g-1 at 5 mV s-1 and 1 A g-1 respectively in a 6 M KOH 

aqueous electrolyte. A capacity retention of 77.7% of the initial value was recorded 

after over 2,000 galvanostatic cycles at 10 A g-1 for the single electrode. More so, the 

as-prepared nanocomposite sample electrode also showed a relatively stable property 

with an energy efficiency of 83.5 % after cycling tests. Interestingly, an assembled 

hybrid supercapacitor device with carbonized iron cations (C-FP) and the Ti3C2-Mn3O4 

composite delivered a specific capacity of 78.9 mAh g-1. The device yielded a high 

energy of 28.3 Wh kg-1 with an equivalent 463.4 W kg-1 power densityat 1 A g-1. A 

good cycling stability performance with an energy efficiency of 90.2% in addition to a 

92.6% capacitance retention was observed for over 10,000 cycles at specific current 

of 3 A g-1 over a voltage window of 1.5 V. 

 

KEYWORDS: MXene, Ti3C2-Mn3O4, nanocomposites, specific capacitance/capacity, 

supercapacitor electrodes, carbonized iron cations.  
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1. Introduction 

As a result of higher demand for cleaner energy being witnessed globally, there is an 

urgent need to further explore novel clean energy sources and associated energy 

storage systems to work efficiently in storing the as-generated energy [1,2]. 

Electrochemical capacitors, the recent innovative energy storage components has 

gained much research attention due to their demonstrated potential to not only be 

used in combination with the much older battery technology framework but also 

additional merits such as its environmentally friendliness, high power densities (fast 

charge/discharge abilities) and long cycle life [2,3].  

Various materials have been examined as electrodes for energy storage devices, 

such as activated carbon, metal hydroxides/oxides, metal sulfides and conducting 

polymers with efforts being focused on the exploration of novel composite electrode 

materials to enhance electrochemical performance of the supercapacitor device via 

exploitation of the individual material storage capability [4,5]. 

Until the separation of mono layer graphene in 2004 [6], two-dimensional (2D) 

materials have caught great research attention owing to their characteristic attributes 

connected to their bulk form. There are currently numerous new 2D materials, some 

of which are transition metal dichalcogenides, transition metal sulphides, and 

transition metal oxides, among others [7–10]. MXenes are a new class of 2D 

materials, which were recently discovered to be applicable in most dynamic and 

technologically advancing applications. It mainly exists as transitional metal nitrides 

and/or carbides having a common formula Mn+1XnTz, where M, X, and Tz are the early 

transition metal elements, nitrogen and/or carbon , and surface limiting groups 

(mainly OH, O, and F), respectively, with n = 1, 2, or 3 [11,12].  
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The 2D materials have hydrophilic surfaces [13] with high metallic conductivities 

usually around6000 to 8000 Scm-1 [14], which confirms its suitable accomplishment 

in energy storage devices applications, catalysis, water desalination, electromagnetic 

interference shielding, and conducting thin films [14–18] among others [13]. The 

materials have attracted significance attention basically for their enormous potential 

in applications such as energy storage devices which include electrochemical 

capacitors and metal-ion batteries [12,19,20]. 

Till to date, the significance of MXenes, viz., early transition metal carbides and/or 

carbonitrides, is currently vastly investigated by researchers globally for further 

energy storage applications, which is obtainable based on its good electrical 

conductivities and surface terminations which makes it electrochemically active 

[1,13,21]. 

Manganese oxide (Mn3O4) in the form of hausmannite is a black mineral. It is 

composed of a spinel structure, having tetragonal distortion arising from a Jahn-Teller 

effect on the Mn+2 ion. The tetrahedral and octahedral sites of the Mn+2 (Mn+3)2O4 

structure are occupied by the Mn+2 and Mn+3 ions respectively. The hausmannite 

material in its tetragonal crystal structure has lattice parameters a = 0.5762 nm, b = 

0.5762 nm, and c = 0.9470 nm with space group I41/amd [22]. Manganese oxides of 

different structures have also been widely adopted as electrode materials, soft 

magnetic materials, and catalysts [23–27], of which Mn3O4 is popular as a top 

catalyst material for redox reactions in general. For instance, the material is known 

for its use as a catalyst in selective reduction of nitrobenzene and  methane and 

carbon monoxide oxidation process the [24]. Mn3O4 is mainly produced by calcination 

of manganese hydroxides, hydroxyoxides, or oxysalts at a temperature usually above 
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800 °C. Its nanowires could be produced via the hydroxide powder calcination at 850 

°C  using the micro-emulsion technique [24,28]. Generally, Mn3O4 particles 

synthesized using these traditional methods possess low surface area and with 

random shape thereby limiting their specific uses. The materials specific physical and 

chemical attributes account for their suitability in catalysis and energy storage 

devices applications among others [24]. Nevertheless, Mn3O4 is intrinsically poor in 

electrical conductivity hence incorporating nanostructured Mn3O4 into conductive 2D 

carbon-based materials has been recently explored by other researchers [29],[30–

32].  

Based on the available reports involving the incorporation of these pseudocapacitive 

oxide materials with other electrically conductive carbon-based materials, it is 

expected that Mn3O4 insertion into the electrically conductive Ti3C2Tz layers will 

generally be considered as a promising approach to further solve the poor electrical 

conductivity property. By maximizing the conductive and flexible characteristic of the 

Ti3C2Tz layers as the scaffold material, Mn3O4 nanoparticles could be uniformly 

dispersed between the Ti3C2Tz layers to facilitate ionic and electronic transport. The 

issue of restacking of the nanolayers could also be limited with the presence of the 

embedded Mn3O4 nanoparticles.  

In this work, a binder-free Ti3C2Tz-Mn3O4 nanocomposite electrode has been 

fabricated via a green solvothermal process. This process permits for an exact 

influence on the magnitude, form, as well as crystallinity of metal oxide 

nanostructures. A synergy of the individual electrochemical features of these 

materials is achieved by integrating the Mn3O4 into the Ti3C2 network. Besides, the 

nature of the composites assembled was a free-standing film without the use of 
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binders which further increased the rate kinetics and system stability [30]. The Mn3O4 

lying on the surface of the Ti3C2Tz layers could improve the active material-electrode 

surface contact which will in turn smoothen the process of electrons transfer to the 

current collector, thereby remarkably improving the electrochemical accomplishment 

of the entire composite material as electrode.  

2. Experimental 

2.1. Materials preparation 

2.1.1. Preparation of the Ti3C2Tz (MXene) material 

The Ti3C2Tz utilized for the synthesis of the Ti3C2Tz-Mn3O4 nanocomposite material 

was synthesized as reported in earlier work [21,33]. Briefly, the Ti3AlC2 powder was 

synthesized by ball-milling equal molar ratio of Ti2AlC and TiC powders for 4 h with 

the aid of zirconia balls, With the resulting mixture been heated to 1350 °C for 2 h in 

argon gas flow. The recovered sample was crushed with a pestle, in a mortar. About 

10 g of Ti3AlC2 powder (-325 mesh) was then dispersed in 100 mL of a 48% 

concentrated HF aqueous solution at 25 °C for 18 h. The recovered suspension was 

washed severally with fresh deionized (DI) water, centrifuged to remove the etching 

products and remaining acids until the pH reached values > 4. Then the powders 

were separated from the liquid using vacuum-assisted filtration device. 

2.1.2. Preparation of Mn3O4 nanoparticles 

KMnO4 (0.768 g) was dispersed in 100 mL ethanol (99.9 %) and 0.5 mL of 10.2 M 

HCl was added drop-wise with magnetic stirring at 25 °C to achieve a uniform 

mixture. The contents were then transferred into a Teflon-lined autoclave for a dwell 

time of 4 hours at a temperature of 150 ˚C. The system was left to cool down 
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naturally, and the recovered sample was washed severally with DI water to be free of 

excess reagent. The brown precipitate was then dried for 12 h in an electric oven at 

60 ˚C in air (under normal laboratory conditions). 

2.1.3. Preparation of Ti3C2Tz-Mn3O4 nanocomposite 

100 mg Ti3C2Tz was dispersed in 100 mL ethanol 99.9 % upon magnetic stirring at 

room temperature with subsequent sonication for 1 h to speed-up uniform dispersion. 

Thereafter, 0.768 g KMnO4 was added to the Ti3C2Tz mixture with a drop-wise 

introduction of 0.5 mL HCl (10.2 M) for homogeneity while magnetically stirring the 

entire reaction chamber for nearly 30 minutes. The resulting mixture was poured into 

a Teflon-lined stainless steel autoclave unit, bubbled with argon gas to prevent 

oxidation of the sample before being sealed and heated up to 150 ˚C for a dwelling 

time of 4 h. After been left to cool down naturally, the precipitated sample was 

washed severally with DI water until a pH 7 was recorded and then oven dried at 60 

˚C for 12 h in air to obtain the Ti3C2Tz-Mn3O4 nanocomposite (see scheme 1). 

 

Scheme 1: Diagram of the synthesis process of Ti3C2Tz-Mn3O4 nanocomposite. 
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2.1.4. Preparation of carbonized iron cations (C-FP) electrode 

The carbonized Iron cations used as the negative electrode in the fabrication of the 

Ti3C2-Mn3O4//C-FP hybrid supercapattery device was prepared as depicted in our 

earlier work [34,35]. Briefly, the iron-containing mixture, C-FP was pyrolysed by 

entirely dissolving Fe(NO3)2. 9H2O salt in ethanol, with subsequent addition of 

Polyaniline (PANI) already reported in our earlier work [34]. The resulting mixture was 

put into sonication until slurry that was pasted onto nickel foam template. The 

prepared sample was later moved into a Quartz tube and annealed at 850 °C for 2 h 

under N2 atmosphere for the iron cations (Fe3+) to be adsorbed onto the PANI film 

directly grown onto the nickel foam template.  

2.2. Materials characterization  

The as-synthesized samples micrographs and energy dispersive X-ray (EDX) 

spectrum were acquired using a Zeiss Ultra Plus 55 field emission scanning electron 

microscope (FE-SEM) actuated at 1.0 kV, alongside with a JEOL JEM 2100F high-

resolution transmission electron microscope (HRTEM FEI Tecnai-F30) operated with 

a 200 KV acceleration voltage. X-ray diffraction (XRD) analysis was achieved by 

using an XPERT-PRO diffractometer (PANalytical BV, Netherlands) having a 

reflection geometry at 2θ values of 9–90° and a step size of 0.01°, actuating with a 

Co Kα radiation source (λ = 0.178901 nm). An alpha 300 RAS+ Confocal micro-

Raman spectrometer (WiTec Focus Innovations, Germany) set on the 532 nm laser 

wavelength was employed to analyze the as-prepared samples with a spectral 

acquisition time of 150 s and laser power of 5 mW. Fourier transform-infrared (FT-IR) 

analysis was achieved via a Varian FT-IR spectroscopy in a range of 500-4000 cm-1 

in wavenumber, while the X-ray photoelectron spectroscopy (XPS) analysis was 
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achieved with the help of a Physical Electronics Versa Probe 5000 spectrometer 

activated with a 100 μm monochromatic Al-Kα exciting source. The textural 

properties of the samples were acquired by using a Micrometrics TriStar II 3020 pore 

analyzer run in the range 0.01–1.0 of relative pressure (P/Po), with a pre-degassing 

done under vacuum for 18 h at 100 °C. Brunauer-Emmett-Teller (BET) and Barrett–

Joyner–Halenda (BJH) models were utilized to ascertain the specific surface area 

(SSA) as well as pore size distribution (PSD) of the samples respectively. 

Thermogravimetry analysis (TGA) measurements of the as-prepared samples were 

done by using a thermogravimetric analyzer, TGA-STA 449C between 20 °C and 

1000 °C at 20 °C/min in air. XRF analysis of the compacted powder nanocomposite 

was carried out by using the ARL Perform’X Sequential XRF instrument with 

Uniquant software for examination. 

2.3. Electrochemical measurements  

The electrode materials were fabricated by muddling the active material (90 wt. %) 

with conductive carbon (10 wt. %) and N-methyl-2-pyrrolidone (NMP) to make slurry. 

The prepared slurry was pasted onto a 1.0 X 1.0 cm2 area of the annealed nickel 

foam template serving as the current collector with subsequent drying at 60 °C 

overnight. Afterwards, the as-synthesized electrodes were subjected to a pressure of 

20 MPa for about 20 seconds. A Bio-Logic VMP300 potentiostat (Knoxville TN 

37930, USA) was employed to measure the capacitive performance of the nickel 

foam-supported electrodes via a three-electrode electrochemical set-up. The 

performance assessments were carried out using a counter electrode made of glassy 

carbon, an Ag/AgCl/3 M KCl reference electrode, and the active materials on nickel 

foam stubs serving as the working electrodes in 6 M KOH at 25 °C. The areal loading 
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mass of each of the active materials was estimated to be nearly 2.5, 2.1, 2.1 and 2.6 

mg cm-2 for the Ti3C2Tz-Mn3O4, Ti3C2Tz, Mn3O4 and C-FP electrodes correspondingly.  

Cyclic voltammetry (CV) tests of the as-synthesized Ti3C2Tz, Mn3O4, Ti3C2Tz-Mn3O4 

samples were performed at distinct scan rates ranging from 5 to 100 mV s-1 within a 

negative and a positive operating potential windows of -0.4 to -0.9 V and 0.0 to 0.35 

V vs. Ag/AgCl correspondingly. The galvanostatic charge-discharge (GCD) 

measurement was done at various increasing specific currents from 1 to 10 A g-1. 

The electrochemical impedance spectroscopy (EIS) was carefully measured in an 

open-circuit potential, in a frequency range of 10 mHz to 100 kHz. 

The single electrode specific capacitance,    (F g-1) was obtained via the CV profiles 

using the relation depicted in equation 1 below [36]:  

     
 

     
∫    

  

  
          (1) 

where,    and     are the peak potentials, I (mA) is the current response,    (V) is 

the electrode potential,    (mV s-1) as the scan rate  and m (g) is the mass of the 

active material. 

The specific capacity,   (mAh g-1) and energy efficiency,    (%) of the materials were 

estimated via the GCD curves in line with the following relations expressed as [37]: 

     
   

    
                      (2) 

   
  

     
               (3) 

From equations 2 and 3 above, I (mA) typifies the discharge current, t measured in 

seconds is the time taken for a complete discharge cycle, and m measured in grams 
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accounts for the mass of the electrode.     is the  energy efficiency,    represents the 

discharge energy, while    is the charge energy obtained by integrating the area 

under the CD profiles respectively. 

Equations 4 and 5 stated below were adopted for the estimation of both energy and 

power densities for the hybrid supercapattery, (Ti3C2-Mn3O4//C-FP) from the area 

under the discharge curve: 

          ∫    [Wh kg-1]        (4) 

                [W kg-1]         (5) 

 I describes the discharge current (A), m (g) represents mass of active material. ΔV in 

volts (V) and Δt in seconds are the potential window as well as electrode discharge 

time respectively, and         , are energy and power densities sequentially. 

To our notice, the assembled hybrid asymmetry supercapacitor (SC) operates well in 

a larger potential window, c.a. 1.50 Volts. For best output, respective mass of each 

electrode in the device was balanced according to the law,         , and the charge 

stored on each electrode depicted as: 

                      (6) 

In equation 6, Q measured in coulombs (C) represents the charge stored on the 

electrode, while CS in F g-1 typifies the specific capacitance estimated on the basis of 

mass of the active material.  V (V) is the electrode potential, and m (g) as the mass 

of active material. 
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The precise mass equilibrium between the two (positive and negative) electrodes 

was calculated using a more expression of         as: 

  

  
   

         

         
           (7) 

3. Results and discussions 

3.1. Morphological, structural and compositional analysis  

Fig. 1 demonstrates the FESEM images of the as-prepared materials. Fig. 1 (a-b) 

presents the surface morphology of the Ti3C2 sample at both low and high 

magnifications respectively. It is evident that the as-prepared Ti3C2 is made up of 

stacked sheet-like structure similar to that of exfoliated graphite or transition metal 

oxides [38]. The as-observed image confirms the successful removal of the aluminum 

layer through the HF treatment resulting in a stacked Ti3C2 accordion-like morphology 

which could enhance the electrode/electrolyte contact thereby resulting in efficient 

ionic transport and pseudo-capacitance performance [1].  

Fig. 1 (c-d) displays the FESEM micrographs of Mn3O4 material at low and high 

magnifications accordingly. It could be noticed that the material is  composed majorly 

of tiny, agglomerated irregular nanoparticles that have probably been constituted by 

the aggregation of smaller Mn3O4 nanostructures [39]. 

Fig. 1 (e-f) displays the FESEM images of Ti3C2-Mn3O4 composite at various 

magnifications. It can be observed that the addition of Mn3O4 leads to its integration 

in-between the Ti3C2 sheets giving the Ti3C2-Mn3O4 nanocomposite mix. In addition, 

the Ti3C2 nanosheets function as a conductive support base for the aggregated 

Mn3O4 nanostructures which will likely serves as a nanoscale collector for electron 

transfer [1,40]. 
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Fig. 1. SEM images of (a-b) the pristine Ti3C2, (c-d) the pristine Mn3O4 and (e-f) 

Ti3C2-Mn3O4 hybrid at low and high magnifications respectively. 

 

Fig. 2 (a-b) indicates the HRTEM images of the Mn3O4 sample portraying uniformly 

distributed irregular nanoparticles which agrees well with SEM results from Fig. 1(c–

d). Fig. 2 (c-d) demonstrates a characteristic HRTEM micrograph of the Ti3C2-Mn3O4 

nanocomposite electrode material indicating the fine layered structure of the material. 

The interlayer spacing of the material was estimated to be ~ 12.51-18.64 nm as 

shown in Fig. 2(c). The Mn2O3 nanostructures are obviously seen located in the  
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Fig. 2.  HRTEM images of (a-b) Mn3O4 and (c-d) Ti3C2-Mn3O4 nanocomposite at low 

and high magnifications respectively. 

 

interlayer spacing of the MXene sheets along with some located on the surfaces as 

indicated with the arrows in Fig. 2 (d). It can also be noticed that the Ti3C2 

nanosheets are evenly loaded with numerous Mn3O4 nanoparticles as shown in Fig. 

2d with an approximate thickness of ~ 7.89-10.25 nm. 

Fig. 3 (a) shows the XRD spectra of Ti3C2, Mn3O4, and Ti3C2-Mn3O4 composite. 

There exist peaks at 2θ values of about 10° (d-spacing; 5.15201 Ǻ), 20.8° (d-spacing; 

4.91807 Ǻ) and 32° (d-spacing; 3.08401 Ǻ) which correspond to (002), (006) and 

(008) planes of a pure Ti3C2 material earlier reported by other researchers [3,21,41].  
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Fig.3. (a) XRD patterns, (b) FTIR spectra and (c) Raman spectra of the as-prepared 

Ti3C2 pristine, Mn3O4 pristine and Ti3C2-Mn3O4 nanocomposite respectively. 

 

The broad and low intensity (002) peak at 2θ = 10° arises from the larger d-spacing 

due to the structural expansion from HF etching as well as Al substitution with -F and 

the -OH/=O bonding groups. The broad peak observed at approx. 39.6° (104) is 

typical of the 2D Ti3C2Tx MXene materials [42]. The diffraction pattern of Mn3O4 

shows strong peaks corresponding to (101), (112), (211), (220), (204), (015) and 

(400) planes ascribed to the hausmannite Mn3O4 tetragonal structure indexed 

according to JCPDS card No. 00-24-0734. The intense peaks from the XRD pattern 
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of the Ti3C2-Mn3O4 nanocomposite corresponding to both Ti3C2 and Mn3O4 indicated 

that the Ti3C2-Mn3O4 nanocomposite was properly synthesized. 

Fourier transform infrared spectroscopy (FTIR) was performed to examine the 

surface functional groups. The FTIR spectra of the Ti3C2, Mn3O4 and Ti3C2-Mn3O4 are 

shown in Fig. 3 (b). The two strong transmission peaks around 601 and 520 cm-1 can 

be designated to the combined mode connecting Mn-O stretching modes of 

tetrahedral and octahedral sites in Mn3O4. However, in the Mn3O4 spectrum, the 

bands around 1630 and 1400 cm-1 are characteristics of resonances of the surface 

adsorbed O-H molecules and carbonate ions that are present with Mn atoms 

proportionally in atmosphere. In addition, the spectrum for the nanocomposite 

material recorded peaks around 596 and 515 cm−1 which can also be observed for 

Mn3O4 spectrum, indicating the presence of Mn3O4 in the nanocomposite. For all the 

samples, the peaks around 3400 and 1520 cm-1 are known to be an attribute of 

strongly hydrogen-bonded (–OH) groups or external water molecules been absorbed 

on the surface. Therefore, the accomplished coating of Mn3O4 nanoparticles on the 

Ti3C2 sheets is further confirmed by the FTIR results. 

Fig. 3 (c) demonstrates the Raman spectra of Ti3C2, Mn3O4, and Ti3C2-Mn3O4 

nanocomposites in the 100–2000 cm−1 region. Raman spectroscopy peaks of the as-

prepared Ti3C2 samples at around 150, 275, 435, and 623 cm−1 are consistent with 

that of the reported data in the literature [39,43]. The observed peaks at around 275, 

360, and the strong peak centered at 655 cm−1 are characteristic features of the 

tetragonal Mn3O4 structure [39], which conform with the XRD analysis in Fig. 3 (a). 

The Ti3C2-Mn3O4 nanocomposite Raman spectrum shows strong peaks at around 
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275, 434, and 623 cm−1 indicating the successful synthesis of Ti3C2-Mn3O4 

nanocomposite.  

Fig. S1 (see supporting information) shows the elemental and chemical analysis of 

Ti3C2-Mn3O4 nanocomposite. Fig. S1 (a) shows the EDX spectrum, while Fig. S1 (b) 

depicts a table of the chemical analysis for the as-synthesized Ti3C2-Mn3O4 

nanocomposite respectively. From the Fig., it is evident that the nanocomposite 

material is mainly made up of C, O, Ti and Mn. The material reveals traces of Cl and 

Si which could be linked to the resin used in the EDX substrate sample preparation, 

and the F contents is ascribed to the HF etching step employed in the Ti3C2 MXenes 

preparation.  

Fig. S2 displays the nitrogen adsorption–desorption isotherms obtained from the 

analysis and used in evaluating the BET surface area alongside with the pore size 

distribution of Ti3C2-Mn3O4 nanocomposite. The results indicate an increase in the 

SSA after deposition of the Mn3O4 material (see Fig. S2 (a) in the supporting 

information).  

A BET SSA of 37.0 m2 g-1 was recorded for the synthesized nanocomposite material 

compared to that of the pristine Ti3C2 sample (5.5 m2 g−1). The improved SSA was 

ascribed to the integration of numerous Mn3O4 nanoparticles into the interlayer 

spaces between the Ti3C2 sheets resulting in an enlargement of pore sites after the 

solvothermal process. Fig. S2 (b) displays the corresponding pore-size distribution 

(PSD) plots of the pristine MXene material and the Ti3C2-Mn3O4 composite 

confirming the presence of mesopores within structure of the material [1]. From the 

PSD plots, the presence of both micropores and mesopores is confirmed within both 

materials with a peak centered at ca. 2.0 nm and a higher volume of mesopores 
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recorded between 3.0 – 4.5 nm. Furthermore, the introduction of Mn3O4 

nanoparticles into the Ti3C2 nanosheets provides larger SSA and more mesopores 

for cation intercalation which is also indicated with the higher pore volume displayed 

for the Ti3C2-Mn3O4 nanocomposite. This unique layered pore structure in the 

composites could improve the material’s charge storage performance when applied 

as supercapacitor electrodes [44].  

The thermal stability of the Ti2C3, Mn3O4 and the Ti2C3-Mn3O4 samples was evaluated 

by thermogravimetric analysis (TGA) performed in air between 20 °C and 1000 °C as 

shown in Fig. S2 (c) in the supporting information. From the TGA profile, a very slight 

weight loss close to a 100 °C temperature point was observed which was related to 

the loss of interfacial-adsorbed moisture in both Mn3O4 and Ti2C3-Mn3O4 samples. 

The weight loss just below 300 °C was asserted to the evaporation of adsorbed water 

molecules [45,46]. The TGA profile of the oxidized Ti3C2 was observed to depict two 

processes which contribute to the weight change. The weight gains at around 420 ˚C 

is attributed to the Ti3C2 (MXene) oxidation, forming titanium dioxide and carbon [47]. 

The corresponding weight loss is due to the carbon combustion with further heating 

[47,48]. From the residual weights of the two samples (90.10% (Mn3O4) and 57.23% 

(Ti3C2-Mn3O4)) at 994 °C, the Mn3O4 contents in the composites materials was 

estimated to be ∼32.87 wt%. 

Fig. S3 (see supporting information) portrays the surface elemental composition of 

the as-synthesized Ti3C2-Mn3O4 sample analyzed further using the XPS technique. 

The high resolution XPS survey scans exhibited the presence of Mn, Ti, O and C 

atoms.  
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Fig. S3 (a) shows the Mn2p core level peaks with a 2p3/2–2p1/2 doublet at 639.2 eV 

and 650.8 eV coupled with a spin-splitting width of 11.626 eV in the Mn 2p spectrum 

which is in accordance with the spectrum for Mn3O4 [49,50]. The peaks observed at 

639.2 eV and 650.8 eV are ascribed to Mn 2p3/2 and Mn 2p1/2, correspondingly. This 

binding energy corresponds to the oxidation state of Mn(II) and Mn(III). 

Fig. S3 (b) shows the Ti 2p core levels with doublets (Ti 2p3/2 and Ti 2p1/2) at 

455.770 and 461.5 eV respectively coupled with a splitting width of 5.7 eV which 

agrees well with earlier studies reported in the literature [51,52]. 

Fig. S3 (c) shows the deconvoluted C1s peaks with the main C-C bond recorded at a 

binding energy of 282.0 eV, and other associated bonds like the C-O bonds and the 

C=O bonds observed at 283.2 eV and 286.0 eV binding energies respectively [53]. 

Fig. S3 (d) shows the deconvoluted O1s core level peaks. The peak conprises two 

components at 529.2 eV (a characteristic of metal-oxygen bonds) and at 527.3 eV 

which could be linked to the lattice oxygen in the material and the oxygen of the 

hydroxide ions respectively [54,55].  

A molar ratio of 5:1 was obtained for the Mn3O4:Ti2C3 in the composite material using 

XRF method and is depicted in Table S1 in the supporting document. The ARL 

Perform'X Sequential XRF instrument with Uniquant software was employed for the 

analysis of elements in the periodic table in interval of Na and U, with just the 

elements discovered over the detection bounds been described. Carbon (C) falls 

outside the detection ability of XRF but the program adopted in this study was used 

to calculate semi-quantitatively values for specific compounds such as Ti3C2. The 

values were normalized, as no loss of ignition (LOI) was done to determine crystal 

water and oxidation state changes. The presence of Al2O3 in significant quantity (2.4 
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wt. %) could be ascribed to the sample preparation [33] in the laboratory; since small 

amount of Al2O3 are expected in the parent MAX phases, also another source of Al 

could be the presence of some residual Al from the parent MAX phase material 

during the etching process to produce the Ti3C2. Other trace elements/compounds 

recorded are portrayed owing to the impurities from chemicals used in sample 

preparation. 

 

3.2  Electrochemical characterization 

3.2.1 Electrochemical measurements of single electrodes in a three-electrode set-up 

The electrochemical evaluation of the as-synthesized electrode materials was 

investigated via a three-electrode measurement configuration done in 6 M KOH 

aqueous electrolyte. The associated CV curves of the Ti3C2, Mn3O4 and Ti3C2-Mn3O4 

electrodes at 50 mV s-1 scan rate in both negative and positive operating potentials 

are shown in Fig. 4(a-b). The different plots reveal that the Ti3C2-Mn3O4 composite 

electrode has a higher current response in the positive potential indicating a higher 

specific capacity. The CV curve of the Ti3C2 material compared to that of Mn3O4 and 

Ti3C2-Mn3O4 exhibits a quasi-rectangular shapes, showing a contribution of both 

faradic nature and electrical double layer capcitance (EDLC). The inset to Fig. 4(a) is 

the zoomed-in section of the CV curves of the three different materials showing 

clearly the overshadowed curve for the Mn3O4. This signifies the ability of the 

material to be charged and discharged at a pseudoconstant rate over the entire 

voltammetric cycle in the negative potential range [56].  

Fig. 4 (b) displays the CV profile of the Ti3C2-Mn3O4 composite and its constituents, 

with that of Ni-foam pristine in the positive potential window range. It is noticed from  
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Fig. 4. CV curves of the Ti3C2 pristine, Mn3O4 pristine and Ti3C2-Mn3O4 composites 

(a) in the negative potential window, inset to (a) is the zoomed-in CV curves of the 

samples and (b) including that of pristine Ni-foam in the positive potential window at a 

scan rate of 50 mV s-1 respectively, (c) and (d) GCD curves of all the three materials 

in both negative and positive potentials at a specific current of 1 A g-1 respectively.  

 

the Fig., that the redox peaks from the Ni-foam are negligible compared to those from 

the as-synthesized Mn3O4 and Ti3C2-Mn3O4 materials which clearly depicts no 

contribution of capacitance. An indication that the redox peaks are essentially 

attributed to the electrode materials. 

Additionally, the peak specific current of the Ti3C2-Mn3O4 nanocomposite is much 

higher than that of Ti3C2 and Mn3O4 at the same 50 mV s-1 scan rate implying a larger 
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specific capacity/capacitance of the material is obtainable [57]. However, it is 

considered that the redox peaks are essentially assigned to the Ti3C2-Mn3O4 

electrode material [37].  

Fig. 4 (c-d) shows a plot comparing the CD profiles of the as-synthesized electrode 

materials in both negative and positive potential windows indicating an improved 

electrochemical charge storage capability which is faraidic in nature in the positive 

operating potential range. 

To further examine the electrochemical properties of Ti3C2-Mn3O4 nanocomposite 

electrode material, the CV curves at varying scan rates in a potential range of 0.0 ‒ 

0.35 V are displayed in Fig. 5 (a). The curves at distinct scanning rates show a pair of 

well-defined redox peaks associated with the reversible transformation of Ti3+/Ti4+ 

and Mn3+/Mn4+.  

Fig. 5 (b) shows the CD curves at different specific currents. The nonlinear CV and 

CD curves demonstrate oxidation and reduction peaks owing to the reversible redox 

faradic reaction of a mixed proportion, comprising Ti2+, Ti3+, Mn2+ and Mn3+ affirming 

the faradic property of the Ti3C2-Mn3O4 electrode. The nonlinear CD curves and the 

voltage plateau observed corresponds well to the peaks displayed by the CV curves 

[58], a further confirmation of the material’s faradic behavior. 

A shift of the anodic and cathodic peaks potentials in the positive and negative 

directions is observed with increasing scan rate (Fig. 5(a)), owing to the aggravated 

polarization [59,60], emanating from the inadequacy of ion diffusion rate to fulfil 

electronic neutralization in the redox process [61]. The redox peaks intensities are  
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Fig. 5. (a) CV curves of the Ti3C2-Mn3O4 composite at distinct scan rates, (b) CD 

curves of the Ti3C2-Mn3O4 composite at various specific currents, (c) anodic and 

cathodic peak specific current plotted as function of square root of scan rate for 

Ti3C2-Mn3O4 composite and (d) EIS Niquist plots comparison of the Ti3C2, Mn3O4 and 

Ti3C2-Mn3O4 with an enlarged high-frequency region as the inset respectively. 

 

improved relative to increasing scanning rate [60]. Fig. 5 (c) displays a linear 

relationship of the peak specific current as a function of the square roots of scan rate. 

The linearity of the plots confirmed that the electrochemical reaction is diffusion 

controlled, and further affirms the swift faradaic charge storage process within the 

Ti3C2-Mn3O4 nanocomposite electrode [62].  
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The electrical resistance of the electrode materials was further evaluated through the 

EIS technique at an open circuit potential, 0.0 V with frequencies ranging from 10 

mHz to100 kHz. A demonstration of the Nyquist impedance plots of the Ti3C2, Mn3O4 

and Ti3C2-Mn3O4 nanocomposite is shown in Fig. 5 (d). 

From the EIS plots for all three electrodes (Fig. 5(d)), a semicircle was noticed in the 

high frequency region, displaying the interfacial charge transfer resistance, Rct and 

mass transport via the material [34]. The inset to Fig. 5(d) portrays a zoomed-in high 

frequency region of the plots. The intersection to the real Z′ axis is attributed to the 

electrode series resistance, RS that involves the electrolyte ionic resistance, the 

intrinsic resistance of the active materials together with the contact resistance at the 

electrode material/current collector interface [34].  

From the Fig., the RS values for the Ti3C2, Mn3O4 and Ti3C2-Mn3O4 nanocomposite 

electrodes were recorded as 0.35 Ω, 0.73 Ω as well as 0.31 Ω respectively. 

Remarkably, the low RS of the synthesized Ti3C2-Mn3O4 electrode material implies a 

high electrical conductivity, resulting in a satisfying capacitive behaviour of the 

electrode material based on the successful integration of the metal oxide into the 

MXene framework. 

The specific capacitance, together with specific capacity values plotted against the 

scan rate and specific current are shown in Fig. 6 (a-b) for Ti3C2-Mn3O4 electrode 

material respectively. The evaluated specific capacitance values evaluated from CV 

profiles at increasing scan rates in a range of 5‒100 mV s-1 was 1010.0‒335.0 F g−1  
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Fig. 6. Plots of (a) specific capacitance vs. scan rate and (b) specific capacity vs. 

specific current of the Ti3C2-Mn3O4 composite, (c) EIS Niquist plot Ti3C2-Mn3O4 

composite before and after 2000 cycling, with the zoomed-in high-frequency region of 

the plot in the inset and (d) cycling performance of Ti3C2-Mn3O4 composite up to 

2000 cycles at 10 A g-1
, and the corresponding few cycles of the CD profiles in the 

inset respectively. 

 

while the specific capacities evaluated from the CD curves at increasing specific 

currents of 1‒10 A g-1 ranged from 128.0‒61.5 mA h g-1. It is obvious that the 

material displayed a higher specific capacitance/capacity (1010 F g-1/128 mA h g-1) 

compared to some other similar Ti3C2, and Mn3O4-based composites materials  

earlier reported in the literature [1,38,43,46,58-61]. The high performance is ascribed 
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to the presence of an optimized orientation of the MXene material in combination with 

the metal oxide material which synergistically improved the individual properties of 

both material to provide a combined improved conductivity, swift electron 

transportation, and larger SSA for more access to aqueous electrolyte to the 

electrodes [52]. 

The higher capacitance/capacity values could be attributed to the introduction of 

Mn3O4 nanoparticles, which further modifies the morphology and structure of the 

Ti3C2-Mn3O4 nanocomposite sample. Besides, Mn3O4 nanoparticles may act like a 

template for mitigating potential volume changes from cations insertion, and as well 

as a secondary current collector providing supports for electronic conductivity in the 

composite reflecting the massive charge being stocked  everywhere in the material 

as well as at the electrolyte-electrode interface compared to Ti3C2 electrode [37,65]. 

Also, the Ti3C2 nanosheets in the composite sample perform as conductive span as 

well as nanoscale collector for electron transfer [1,40].  

Fig. 6 (c) demonstrates the EIS graphs of Ti3C2-Mn3O4 electrode before, and over 

2000 charge and discharge cycling at 10 A g-1. The semicircle in the high frequency 

region shows that resistance of the composite electrode material slightly increased 

after 2000 cycles as indicated by the inset to Fig. 6 (c). 

Fig. 6 (d) is the specific capacity retention and energy efficiency of the Ti3C2-Mn3O4 

composite electrode plotted the cycle number. A discharge capacity of about 77.7% 

was retained for the single electrode, with a corresponding energy efficiency of about 

83.5% for over 2000 cycles at 10 A g-1. The high capacity retention could be ascribed 

to the material’s higher electronic conductivity and the particular pore and perfect 

separated layered nanosheets structure of Ti3C2-Mn3O4 material. Moreover, the Ti3C2 
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nanosheets in Ti3C2-Mn3O4 nanocomposite electrode supply good adhesion to the 

Mn3O4 nanomaterial with a π-π bonding energy which keeps the material intact. This 

bonding helps to stabilize the Ti3C2-Mn3O4 nanocomposite mechanically, preventing 

loss of electrode material while cycling against the prevalent trend of dissolution of 

Manganese into the electrolyte solution and improves the cycle life of Mn3O4-based 

material electrodes [66,67]. 

3.2.2. Electrochemical evaluations of the hybrid Ti3C2-Mn3O4//C-FP supercapattery 

Owing to the remarkable performance of Ti3C2-Mn3O4 nanocomposite electrode 

material, a hybrid supercapattery was assembled and named as Ti3C2-Mn3O4//C-FP, 

with Ti3C2-Mn3O4: C-FP mass balancing ratio, evaluated using equation 7, as 1.00: 

0.74 corresponding to an aerial mass loading of approximately 1.9 and 1.47 mg/cm2 

for Ti3C2-Mn3O4 and C-FP chosen as positive and negative electrodes accordingly. 

The Ti3C2-Mn3O4 nanocomposite electrode was obtained by mixing up the active 

material with conductive carbon black at a weight ratio of 90:10 for slurry, which was 

pasted on a nickel foam current collector and dried at 60 °C overnight in air. The 

overall area mass loading of both Ti3C2-Mn3O4 and C-FP active material components 

in the hybrid device was calculated to be nearly 3.37 mg/cm2, with an electrode 

thickness of around 91 µm estimated via microbalance. Performance evaluation of 

the asymmetric device was performed in a two-electrode configuration using 6 M 

KOH aqueous electrolyte. 

Fig. 7 (a) indicates the CV curves of Ti3C2-Mn3O4 and C-FP tested as single 

electrodes at a scan rate of 20 mV s-1. The C-FP material electrode displayed a 

quasi-rectangular CV curve that is truly comparable to double-layer capacitive 
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properties.  The assembled hybrid device as observed in Fig. 7 (c), could operate in a 

much larger potential window up to 1.5 V.  

Fig. 7 (b) depicts the potential profiles of Ti3C2-Mn3O4 and C-FP, at a specific current 

of 1 A g-1. The C-FP negative electrode delivers a specific capacitance of 235 F g-1 at 

1 A g-1 within -1.2 V to 0 V potential ranges. Fig. 7 (c) displays the CV curves of the 

hybrid Ti3C2-Mn3O4//C-FP device performed at distinct scan rates in the range of 5 to 

100 mV s-1. To our notice, the CV profiles at distinct scan rates portrays a mix of 

faradic and that of electric-double layer capacitance behaviors, a characteristic 

feature associated with hybrid SCs [34,36]. 

Fig. 7 (d) exhibits the CD profiles of the assembled device at various specific 

currents. The non-symmetric CD profiles indicates the faradaic contribution via redox 

reactions to the hybrid Ti3C2-Mn3O4//C-FP device [34,36,68]. This also confirms the 

assertion made earlier regarding the results from the CV plots demonstrated in Fig. 7 

(c). 

Fig. 8 (a) demonstrates the estimated specific capacities of the Ti3C2-Mn3O4//C-FP 

device using equation 2 and plotted against different specific currents. At specific 

current of 1 A g-1, the device was noticed to produce maximum a specific capacity of 

78.9 mA h g-1. Fig. 8 (b) is a display of the Ragone chart of energy and power 

densities as two key parameters used to ascertain the applicability of a device. The 

equivalent energy density together with power density of the assembled device were 

calculated using equations 4 and 5. A high energy density of 28.3 Wh kg−1, 

equivalent to a power density of 463.4 W kg−1 at a specific current of 1 A g-1 was 

recorded. Remarkably, the device retained a notably high energy density of 22.2 Wh 

kg−1 that is equal to a power density of 2285.5 W kg−1 at 5 A g-1 specific current. 
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Fig. 7. (a) CV curves of Ti3C2-Mn3O4 and C-FP, (b) CD curves of Ti3C2-Mn3O4 and C-

FP, (c) CV curves of Ti3C2-Mn3O4//C-FP at distinct scan rates, and (d) CD profiles of 

Ti3C2-Mn3O4//C-FP at various specific currents of the asymmetric device. 

This is an indication that the assembled hybrid SC is able to deliver a large power 

density without a significant loss of the stored energy [34]. This indication resolves 

the importance of the point that as greatly as the hope in the study of supercapacitor 

is to enhance its energy capability to contend with that of battery, but not expected to 

be accomplished at the cost of compromising its power density [34]. The energy 

density obtained for asymmetric device in this work compares well with some other 

recently published asymmetric devices in the literature [69–72].  
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From Fig. 8 (c), it could be noticed that the device showcased a superior energy 

efficiency of 90.2 % determined using equation 3. The device also preserved 92.6 % 

of the initial capacity after continuously cycling for up to a 10000 cycles at a specific 

current of 3 A g−1. This demonstrates an excellent long-term electrochemical stability 

of the asymmetric device. Such remarkable stability is mostly uncommon for 

supercapattery-type devices but EDLC. The unmatched  behavior is ascribed to the 

mesoporous nature of the Ti3C2-Mn3O4 nanocomposite material that plays a crucial 

part in raising the efficient electrode surface area, easing electrolyte permeability, 

thereby narrowing electron pathway in the active materials [34,73]. The mesopores in 

the Ti3C2-Mn3O4 nanocomposite structure provide improved accessibility towards the 

reactant molecules cations through the interlayer space [74]. Furthermore, the 

distinguished  mesoporous structure could suit well the OH− ions, thus promoting 

electrochemical improvement as a result of closely packed ionic layers lying on both 

adjoining hole walls [73,75]. This mesoporous  nature could as well contribute to ion 

and electron flow, repressing any modification of electrode volume in the charge-

discharge process [76].  

In Fig. 8(d) the EIS analysis employed to further assess the properties of the device 

is shown. From the plots, the solution resistances, Rs before and after 10000 cycles 

were estimated to be 0.86  and 0.89 , respectively, showing the suitability of 

electrical behaviours of the material adopted in fabricating the hybrid SC. The Rs 

which occurs at the intercept to the Z’-axis in the high frequency region, is a summed 

up of resistance in the electrolyte together with that between the contact and the 

material electrode.      
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Fig. 8. (a) Specific capacity vs. specific current and (b) Ragone plot, (c) cyclic 

performance, (d) EIS before and over 10000 cycles at a specific current of 3 A g-1, 

and (e) the fitted Nyquist plot by using equivalent circuit (inset) of the Ti3C2-Mn3O4//C-

FP asymmetric device. 
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Following cycling, the diffusion path length was noticed to have drifted towards the 

optimal perpendicular nature, and is attributed to the optimum use or sufficient active 

material during redox reaction 34, irrespective of the high specific current. 

Moreover, the Nyquist plot for Ti3C2-Mn3O4//C-FP asymmetric device was fitted as 

shown in Fig. 8(e) with aid of a ZFIT fitting program v11.02, with its corresponding 

electrical circuit displayed in the inset. From the circuit, the RS is joined in series with 

a constant phase element (CPE) Q1, that is parallely connected to the charge transfer 

resistance, RCT. The leakage current resistance, RL is in series with another CPE, Q2. 

The mass capacitance indicated as C is joined parallel to load resistance, RL, all of 

which are in series with the RS. 

 

Conclusion 

Ti3C2-Mn3O4 nanocomposite electrode materials were successfully synthesized by a 

solvothermal process which permits for the exact influence on the magnitude, form, 

as well as crystallinity of the metal oxide nanostructures, by introducing Mn3O4 into 

the Ti3C2 layers with the aim of taking advantage of the surface functionalities on the 

MXene sheets. The characterization of the composite electrode material confirmed 

that the as-synthesized material is composed of a layered structure of nanosheets 

which are clearly delaminated with the integration of the metal oxide nanoparticles 

into the interlayer spaces. The material demonstrated an enhanced electrochemical 

performance with a recorded specific capacity value of 128 mAh g-1 at specific current 

of 1 A g-1. The great performance was illustrated by the Ti3C2-Mn3O4 composite 

material capacitance/capacity, satisfactory cycling stability as well as the 77.65 % 
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capacity retention for up to 2000 constant CD cycles at 10 A g-1. An assembled low 

cost hybrid Ti3C2-Mn3O4//C-FP SC device in 6 M KOH electrolyte yielded a 

comparable energy density of 28.32 Wh kg−1 with an equivalent high power density of 

463.42 W kg−1 at a specific current of 1 A g-1, and a 92.6% capacity retention for over 

10000 cycling test. The device was observed to maintain a considerably high energy 

density of 22.22 Wh kg-1 with corresponding power density of 2285.49 W kg-1 at a 

high specific current of 5 A g-1. The research provides an addition to the knowledge 

of 2D MXene-based composites and is useful in designing novel high-performance 

hybrid electrode materials with promising device efficiency for supercapacitors 

applications. 
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Fig. S1. (a) EDX spectrum, and (b) table of chemical analysis of Ti3C2-Mn3O4 

nanocomposite respectively. 
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Fig. S2. (a) N2 isotherms and (b) pore size distribution of Ti3C2-Mn3O4, and (c) 

Thermogravimetric analysis curves of Ti3C2, Mn3O4 and Ti3C2-Mn3O4 nanocomposite. 
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Fig. S3. The core level spectrum of (a) Mn 2p, (b) Ti 2p, (c) C 1s and (d) O 1s of a 

Ti3C2-Mn3O4 nanocomposite respectively. 
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Table S1: Showing XRF analysis of as-synthesized Ti2C3-Mn3O4 nanocomposite. 

Compound Weight % 

  Al2O3 2.41 

  K2O 0.80 

  Na2O 0.67 

  MgO 0.23 

  Sm2O3 0.13 

  Tb4O7 0.10 

  SiO2 0.07 

  V2O5 0.05 

  Gd2O3 0.03 

  Cl 0.03 

  Co3O4 0.03 

  CaO 0.02 

  P 0.02 

  Au 0.01 

  MoO3 0.01 

  La2O3 0.01 

  PtO2 0.01 

 % Mn3O4 79.83 

Remaining % Ti3C2 15.56 

TOTAL 100.00 
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4.3.3 Concluding Remarks 

 

Ti3C2-Mn3O4 nanocomposite electrode materials were successfully synthesized by a 

solvothermal process which allows for the precise control of the size, shape distribution, and 

crystallinity of the metal oxide nanostructures, by introducing Mn3O4 into the Ti3C2 layers 

with the aim of taking advantage of the surface functionalities on the MXene sheets. The 

material demonstrated an enhanced electrochemical performance with a recorded specific 

capacity value of 128 mAh g
-1 

at specific current of 1 A g
-1

. An assembled low cost hybrid 

Ti3C2-Mn3O4//C-FP SC device in 6 M KOH electrolyte delivered a comparable energy 

density of 28.32 Wh kg
−1

 with a corresponding high power density of 463.42 W kg
−1

 at a 

specific current of 1 A g
-1

, as well as excellent stability with 92.6% capacity retention up to 

10000 cycles. The device was observed to maintain a considerably high energy density of 

22.22 Wh kg
-1

 with corresponding power density of 2285.49 W kg
-1

 at a high specific current 

of 5 A g
-1

. The research provides an addition to the knowledge of 2D MXene-based 

composites and is useful in designing novel high-performance hybrid electrode materials with 

promising device efficiency for supercapacitors applications. 
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5 5.0  Chapter 5 

 

 Conclusions and future work 5.1

 

Graphene oxide, carbon nanorods as well as high quality carbon-based transition metal 

oxides/hydroxides composite materials have been successfully synthesized using various 

techniques. Electrochemical performance measurements and other characterizations indicated 

the as-synthesized materials as novel active electrode materials for hybrid supercapacitor 

applications. The morphological, structural and compositional characterization of the as-

synthesized materials were carried out by using field emission scanning electron microscope 

(FE-SEM) equipped with an energy-dispersive X-ray spectrometer, transmission electron 

microscopy (TEM), X-ray powder diffraction (XRD), Raman spectroscopy, Fourier transform 

infrared (FTIR) spectroscopy, thermal gravimetric analysis (TGA), X-ray photoelectron 

spectroscopy (XPS) and X-ray fluorescence (XRF) spectroscopic analysis.  

Graphene oxide (GO) gel and carbon nanorods obtained from the GO gel via a modified 

Hummers‘ method and a force-driven reflux process respectively, with improved 

morphological properties and surface chemistry via optimized oxygen-containing surface 

functionalities in this study has shown significant enhancement on the electrochemical 

performances of GO based electrode materials previously published in other studies.  

In section 4.2, nanosheets of a ternary NiCo-MnO2 composite electrode material were 

successfully synthesized by force-driven hydrolysis of hydrated transition metals nitrate salts. 

The ternary composite material was observed to display improved electrochemical properties 
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as compared to the intermediate nickel cobalt manganese triple hydroxide (NiCoMn-TH) and 

the initial NiCo(OH) materials synthesized via the same process. The NiCo-MnO2 exhibited a 

specific capacity of 132.1 mAh g
-1

 at a current density of 0.5 A g
-1

, with good stability over 

2000 charge-discharge cycles. The complete asymmetrical cell displayed a specific 

capacitance of 130.67 F g
-1

, high energy and power densities of 48.83 Wh kg
-1

 and 896.88 W 

kg
-1 

at 1 A g
-1

 respectively. An excellent cycling stability with a coulombic efficiency of 

99.98% was recorded for up to 10,000 cycles at a current density of 3 A g
-1

. 

Section 4.3 depicted the results obtained from the Ti3C2-Mn3O4 nanocomposite electrode 

successfully synthesized by a solvothermal process. The material demonstrated an enhanced 

electrochemical performance with a maximum specific capacity of 128 mAh g
-1 

at a specific 

current of 1 A g
-1

. The Ti3C2-Mn3O4 composite material illustrated satisfactory cycling 

stability as well as 77.65 % capacity retention for up to 2000 constant GCD cycles at 10 A g
-1

. 

An assembled low cost hybrid Ti3C2-Mn3O4//C-FP SC device in 6 M KOH electrolyte 

delivered a comparable energy density of 28.32 Wh kg
−1

 with a corresponding high power 

density of 463.42 W kg
−1

 at a specific current of 1 A g
-1

, as well as excellent stability with 

92.6% capacity retention up to 10,000 cycles. The research provided an addition to the 

knowledge of two dimensional (2D) MXene-based composites, which is helpful in designing 

novel high-performance hybrid electrode materials with promising device efficiency for 

supercapacitors applications. 

Generally, the outcomes of this study have provided the possibility of adopting 

carbon/carbon-based nanocomposite materials as novel electrode materials for energy storage 

devices applications such as supercapacitors and batteries. This study has also added to the 

research of energy storage devices with a focus on hybrid supercapacitor devices, by 

integrating the excellence of a supercapacitor with that of a rechargeable battery. 
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  Future work 5.2

 

As a next step, the carbon nanorods electrode will be subjected to further testing of the 

electrochemical performance in other storage device technologies such as in lithium ion 

battery applications. Besides, all the materials in this study will be considered for further 

electrochemical testing in other electrolytes such as organic and ionic liquid electrolytes. The 

merits and demerits in using various electrolytes will be compared and analyzed, with a view 

to determining the best suitable electrolyte for hybrid supercapacitor applications. 
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