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ABSTRACT 

 

Title: "Study on the morphological effect of metal oxide based electrode 

materials for energy storage applications." 

Index No: 185 / 18 / PHYS / 26 

 
As an intermediate energy storage device between dielectric capacitors and batteries, 

supercapacitors have attracted much attention due to their high power densities 

relative to secondary batteries and high energy density compared to traditional electric 

double-layer capacitors. Commercial supercapacitor utilizes high surface area carbon 

as an electrode to store charges. Unfortunately, these devices with carbon electrodes 

cannot demonstrate high energy density due to the physical storage mechanism. On 

the other hand, different transition metal oxides and few conducting polymer-based 

electrodes can store charges via fast and reversible faradic reaction with suitable 

electrolytes and demonstrate very high energy density. Ideal material for 

supercapacitor should have a high surface area, good electrical conductivity, optimum 

porosity, high specific capacitance, and excellent thermal and chemical stability. 

Apart from these parameters, morphology of the electrode material influences all 

these mentioned parameters and thus plays a vital role in determining the overall 

performance. An ordered morphology of the electrode material can enhance the 

surface area and can offer optimum porosity. A morphology where all the redox-

active sites of the electrode material are electrically connected via some conductive 

pathways provides additional benefits of good conductivity and stability. In this thesis 

work, we have observed the effect of morphology on the electrochemical charge 

storage performance of the electrode material.  

MnO2 has been chosen for our first work as an electrode material. To stabilize 

against the volumetric strain during the repetitive charge discharge process, graphene 

oxide has been added to MnO2 to form a composite. To study the effect of 

morphology, electrospinning technique has been used to fabricate fiber-like 

morphology of this composite. This morphology was chosen because of the fact that 

different redox-active sites can be electrically connected through the carbonized fiber 

structure. Detailed electrochemical performance testing showed that this ordered and 

well-connected morphology enhances the performance of this composite compared to 

the bulk sample having negligible interconnection between the redox-active sites. A 

high specific capacitance of ~893 F g
-1 

was obtained for this fibrous composite, 

whereas the bulk disordered sample offered 546 F g
-1

. Using the fibrous sample as a 

positive electrode and activated carbon as a negative electrode, we fabricated an 

asymmetric two-electrode device which demonstrated a high specific capacitance of 
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212 F g
-1

 and a peak power density of 2.8 kW kg
-1

 and a peak energy density of 96.75 

Wh kg
-1

. 

 But electrospinning is a shallow yield process and is not suitable for mass 

production. To speed up the process of fiber production, we devised a simple Rotary 

Jet Spin (RJ-Spin) setup, which is identical to a candy floss machine. MnO2/C fiber 

was fabricated using the RJ-Spin setup, and its electrochemical performances were 

evaluated to find the effect of fibrous morphology. A three-electrode-specific 

capacitance of 663 F g
-1

 was obtained for this sample. The two-electrode asymmetric 

device showed a specific capacitance of 136 F g
-1

, a high power density of 3.2 kW kg-

1, and a high energy density of 56.7 Wh kg
-1

. 

 To reduce the resistance of MnO2 based electrodes and enhance the charge 

storage performance, a bimetal oxide of Ni and Mn (NiMn2O4) was synthesized on 

nickel foam via a hydrothermal route. During the synthesis, different surfactants and 

mineralizer were used to tune the morphology of the synthesized NiMn2O4. By 

studying the detailed electrochemical performance, the effect of morphology of these 

samples was studied. It was seen that the addition of sodium dodecyl sulfate (SDS) as 

a surfactant resulted in an accumulation of spherical nanoparticles of NiMn2O4 with 

good interconnection between them. A specific capacitance of 1937 F g
-1

 was 

obtained for this sample coated on nickel foam. A two-electrode asymmetric device 

has been fabricated using the SDS-assisted hydrothermally synthesized powder 

sample as a positive electrode and activated carbon as a negative electrode. The 

device offers a specific capacitance of 270 F g
-1

 with excellent cyclic stability and 

good power and energy density.    

As the conducting pathways provided by the nickel foam enhance the 

electrochemical performance, we tried to form NiMn2O4/Carbon fiber using the RJ-

spin technique. For this purpose, the same SDS-assisted hydrothermally synthesized 

powder of NiMn2O4 was taken and was arranged in fiber form through RJ-spinning. 

Its electrochemical charge storage performance was compared to the powder sample 

to correlate the effect of morphology with the electrochemical performance. We have 

seen that the fibrous sample offered a specific capacitance of 460 F g
-1

 compared to 

the specific capacitance value of 405 F g
-1

 provided by the powder sample. It was also 

seen that the fibrous sample offered good rate capability and less resistance to current 

flow.      
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1.1 Introduction 

At the dawn of human civilization, energy in the form of fire was the prima facie 

requirement for society to sustain. We have come along a long way with the blessing 

of our constructive scientific thinking. Today we have learned to utilize the different 

natural resources to generate the energy we need. Non-renewable resources such as 

coal, petroleum, and nuclear fuel are at the heart of energy production today. 

Presently, the world's 74% energy requirement is mitigated by these non-renewable 

sources (figure 1.1.1) [1]. The utilization of these energy sources has brought the 

industrial revolution, and our society has seen colossal growth in terms of living 

quality and economic prospects. However, an uncontrolled utilization of these limited 

natural resources has brought a few problems which are needed to be addressed. 

Firstly, these natural resources take millions of years to form, and hence they are 

limited for usage for the very long term. The present rate at which coal is being mined 

can sustain us for 100 more years or less, and the same is even worse with petroleum, 

with a time limit of only 40 years [2]. Secondly, these energy sources emit many 

different greenhouse gases as a by-product, increasing the pollution level in the 

atmosphere risking the health of all the living creatures on this planet [3-5]. Nuclear 

energy also belongs to a class of non-renewable energy sources. However, like other 

non-renewable sources, it is clean and carbon-free. The fuel for generating nuclear 

energy is also very cheap. But fuel price is only a minor fraction of the high total cost, 

which includes the cost of infrastructure building, radioactive waste management, and 

radiation safety. As the initial investment requires a lump sum amount of capital, 

Figure 1.1.1: World's energy generation% from different sources 
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nuclear energy generation has not seen a high growth as it was expected during the 

early stage of development. For example, in India, the total electrical energy 

generated in 2020-2021 was 43 TWh. This was only 3.11% of the total electricity 

generation during that year, and it is very much less than the global average of 10%. 

Different renewable energy sources like solar, wind, tidal, etc., produce clean and 

endless energy. Considering only solar, the total amount of energy received by earth 

is around 7000 to 8000 times the annual global requirement [6-7]. Thus, these sources 

have the capability to meet the world's demand for energy. Different countries are 

adopting various policies to use these renewable sources efficiently. This has led to 

billions of dollars in the research of efficient utilization of these renewable energy 

sources. Tremendous research effort during the last few decades has revolutionized 

this field. However, there is a crucial drawback for energy generation from these 

renewable sources. When it is cloudy or night, the solar cell cannot generate power. It 

is the same story with wind power. No wind means no wind power. Tidal power, on 

the other hand, can provide uninterrupted energy. However, tidal power stations 

require a high initial investment to make the whole assembly corrosion-proof also 

affects the marine lives in the local water body. India had initiated two tidal power 

projects of 3.75 megawatts and 50 megawatts in West Bengal (2007) and Gujarat 

(2011), respectively. However, both these projects were cancelled because of inflated 

costs. Till date, there is no commercial tidal energy generation plant in our country. 

Because of this high initial cost, tidal energy is still not a popular renewable energy 

source. For the other renewable sources, the intermittent nature of energy production 

is the leading cause of the lack of popularity. Recently, grid-connected solar systems 

have seen an upsurge. Different countries, including India, have tried to motivate their 

citizens to install roof-top grid-connected solar systems equipped with the net-

metering facility. This type of system generates power during the day, and part of this 

is used to meet the demand of the building, and the rest is fed to the grid system to be 

used in other places. This reduces the electricity bill of the building, and thus it was 

thought it would bring revolution to the energy sector. However, these grid-connected 

systems have a serious drawback. During the peak generation time of the day, the 

energy fed to the grid is high, whereas, during the night, when there is no generation, 

energy is taken from the grid to meet the electricity requirement of the building during 

the night. To maintain the grid balancing correspondingly during day, the power 

generated from different thermal plants has to be reduced, and during the night, it has 
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to be again increased. As thermal plants are a high inertial system, a change in their 

capacity during a day is not possible. Thus national grid policy limits a certain 

percentage of renewable electrical energy to be connected to the grid. This percentage 

varies in different countries and depends on the demands and available solar energy.    

Apart from the pollution generated from different electrical power plants, the 

transportation sector also contributes to air pollution significantly. Figure 1.1.2 (a) 

shows the worldwide percentage of air pollution from a different mode of 

transportation for the year 2020. It can be seen; passenger cars contribute to the most 

pollution. To reduce this part, electric vehicles (EVs) are being developed and are 

already running on the road. To popularize these EVs, suitable and cost-effective 

energy storage systems are required to replace polluting combustion engines. 

However, it must have to be ensured to charge these EVs via renewable energy 

sources. Otherwise, there will be indirect pollution from these EVs if they are charged 

from non-renewable sources.   

The problems of the intermittent nature of energy production from renewable 

energy sources as well as the pollution from the transport sector can be addressed by 

developing suitable energy storage systems. At present, there are different energy 

storage systems like electrolytic capacitors, batteries, fuel cells, etc. [8-13]. Capacitors 

can store a very small amount of energy and can deliver it within a very short period 

of time. On the other hand, batteries and fuel cells can store a huge amount of energy 

Figure 1.1.2: (a) Worldwide percentage of air pollution from transportation sector (a) Ragone 

plot for different energy storage devices 
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but they cannot deliver it quickly like a capacitor. Figure 1.1.2 (b) shows the typical 

power density vs. energy density plot (also known as the Ragone plot) for different 

energy storage devices [14, 15]. As can be seen from figure 1.1.2, capacitor possesses 

very high power density and very less energy density, whereas batteries and fuel cells 

possess high energy density but low power density. Combustion engine based on non-

renewable petroleum source offers very high energy density and moderate power 

density. The supercapacitor is a relatively new energy storage technology that bridges 

the gap between batteries and capacitors [16-20]. These devices can deliver higher 

power density than the batteries and possess energy density higher than the 

conventional electrolytic capacitors. There are several advantages of supercapacitors 

over batteries. Supercapacitor takes very little time to charge. In some cases, they are 

nearly 1,000 times faster than the charge time for a similar-capacity battery [21, 22]. 

Owing to the quick charging time, supercapacitors are used to harvest energy from the 

regenerative brakes of hybrid cars. The operating temperature of the supercapacitor is 

much higher than the batteries. With proper insulation packages, the operating 

temperature can range between -40° and 85 °C [23, 24]. In terms of repeated use, the 

supercapacitor is much safer than the battery. It being smaller in size than a battery of 

similar capacity, supercapacitor takes little space in a contemporary device. Different 

countries have already developed supercapacitors of different storage capacities, and 

these have been used to power various devices. Figure 1.1.3 shows the development 

of supercapacitors in different countries. 

Figure 1.1.3: Development of Supercapacitor in different countries 
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Presently the majority of the commercially available supercapacitors are 

manufactured from carbon-based film material where the presynthesized activated 

carbon is hot pressed on conducting steel or on aluminum foils. Here, steel or 

aluminum foils act as current collectors. The choice of the current collector is crucial. 

It should possess high electrical conductivity and the ability to bind the electrode 

material. For some applications, as in the wearable industry, the current collector has 

to be flexible enough to allow mechanical bending of the devices. Two such carbon-

coated steel or aluminum foils are placed in close proximity separated by a separator, 

as shown in figure 1.1.4 (a). The separator is soaked in a suitable electrolyte. A 

cylindrical roll is kept inside a cylindrical aluminum enclosure. Carbon has a higher 

surface area which aids in the storage of a huge quantity of charges on the surface. 

Figure 1.1.4 (b) shows the image of a commercial supercapacitor device. However, as 

the storage mechanism, in this case, is purely based on the formation of double layer 

of charges (Electric Double Layer) [25], the energy density obtained from such a 

device is not very high. 

 As an alternative to the carbon-based electrodes, researchers around the globe are 

working with various transitional metal oxides based, or conducting polymer-based 

electrodes, such as ruthenium(IV) oxide(RuO2), manganese(IV) oxide (MnO2), 

vanadium pentoxide (V2O5), titanium dioxide (TiO2), iron(III) oxide (Fe2O3), 

polyaniline(PANI), polypyrrole, PEDOT: PSS, etc. [26-28].   These electrodes can 

Figure 1.1.4: (a) Schematic of a commercial supercapacitor device. (b) Image of a commercial 

supercapacitor device 
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store a large quantity of charges via fast and reversible redox reaction with an 

appropriate electrolyte and provide higher capacitance than that of the EDLC 

counterpart. However, the problems with these electrodes are that they offer very high 

resistance to charge flow. This increases the resistance of the device and impedes 

power delivery. Alongside, as the charge storage mechanism involves repeated redox 

reaction cycles, these electrodes get degraded over time. To address these issues, 

researchers have combined different carbon-based materials with a metal oxide to 

form composite [29-31]. Different carbonaceous materials not only provide the 

conducting paths for the electron through the redox-active sites but also provide 

structural support to the redox-active material to prevent large volumetric strain 

during repeated charge-discharge cycles. Thus ideal electrode material for 

supercapacitor should pose the following properties: 

 Good electronic conductivity 

 High surface area 

 Optimum porosity 

 Excellent chemical stability 

 Ability to perform fast and reversible redox reactions 

 High specific capacitance 

 Low cost 

 Environmental friendly 

All these properties cannot be found in a single electrode material. Thus a large 

volume of research is necessary to tune these properties for particular electrode 

material. Presently, supercapacitor suffers from the drawback of relatively low energy 

density and high self-discharge rate. To address the issue of low energy density, 

researchers around the globe are trying to develop a new type of energy storage 

device, which is a hybrid of supercapacitor and battery and is known as 

Supercapattery [32], where a battery-type electrode is assembled with a capacitive 

type electrode. Thus both high power density and energy density can be obtained from 

such devices. To address the issue of high self-discharge of supercapacitor, different 

engineered separators are used with different combinations of electrolytes. Thus the 

field of supercapacitor research is very vast and wide open. Researchers around the 
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globe are constantly trying to find a suitable combination of materials and also trying 

different material engineering techniques to address the drawbacks of these devices.   

 1.2 Motivation behind the thesis 

Sustainable development of human civilization requires efficient utilization of all-

natural resources. From the previous discussions, it is pretty much clear that 

renewable energy is the future, and it is the most important requirement for 

sustainability. Guided by this fact, researchers from different countries, including 

India, have invested efforts in the research of energy generation from renewable 

sources. This has naturally led to the extension of research in the field of energy 

storage.   

Among the different energy storage devices, the supercapacitor is a relatively new 

addition. It possesses moderate energy density, which is higher than the conventional 

capacitors, and moderate power density, which is higher than the batteries and fuel 

cells. Presently, the global market for supercapacitors is growing very fast. The main 

driving force behind this growth is the increasing demand for efficient and compact 

energy storage devices across various segments like electric vehicle, consumer 

electronics, power electronics, etc. According to the research conducted by the Allied 

Market Research, the supercapacitor market generated approximately $ 3.27 billion in 

2019 worldwide. It is estimated that this market will reach a value of $ 16.95 billion 

in 2027, recording an astounding compound annual growth rate (CAGR) of 23% from 

2020 to 2027. At present, the consumer electronics and electric vehicle industries are 

the two major segments where the demand for supercapacitors is highest. The rapid 

popularity of wearable electronics, mobile electronics, electric vehicles, etc., has 

accelerated this demand. To keep up with this pace of demand and need for more 

advanced energy storage solutions, extensive research is required to improve the 

performance of these storage devices.  

Although having many advantages, commercial supercapacitors have a few 

disadvantages [33]. The major drawback is the low energy density. The Li-ion 

batteries used in cell phones generally have a specific energy of 100-200 Wh/kg. On 

the other hand, the supercapacitor of similar size can typically store 5 Wh/kg. To 

address this issue, as already mentioned, different transition metal oxides and 
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conducting polymers are being explored as an alternative to carbon-based electrodes. 

These alternative electrodes can store vast quantities of charges via reversible redox 

reaction with a suitable electrolyte. Presently, RuO2 is the most promising electrode 

material for supercapacitors [34]. However, because of its high cost and poor impact 

on the environment, different alternatives are under investigation. MnO2 is one such 

popular alternative because of its high theoretical capacitance, low cost, and 

environmental friendliness [35]. However, being a metal oxide, MnO2 show very high 

resistance to current flow, which can hamper the performance of the electrode. This 

resistive nature of this single metal oxide can be addressed by forming double metal 

oxides such as NiMn2O4 [36]. Double metal oxides usually show much lower 

resistance compared to their single metal oxide counterpart [37]. Also, the presence of 

multiple valence states enhances their redox activity. A great deal of work is 

necessary to tune the synthesis scheme of these metal oxides to get the optimum result 

from the fabricated electrodes. 

The overall performance of the metal oxide-based electrodes strongly depends on 

the morphology [38-40]. By optimizing the same, a connected network of redox-

active sites can be formed within the electrode. The choice of proper morphology can 

even reduce the resistance of the electrode material and can also provide structural 

support to the electrodes. This structural support is beneficial for the long life of these 

electrodes. In a few recent works, the morphological effect of these metal oxides has 

been shown to improve the performance of the electrodes. But still, a good amount of 

research is necessary in this direction to fully utilize the potential of these oxide-based 

electrodes. 

Hence, the motivation of this thesis work lies in the development of 

morphologically ordered oxide-based electrode materials for supercapacitor electrode 

application. 

 1.3 Objective of the Thesis 

This thesis work is an attempt to find out the relationship between particle 

morphology and its electrochemical storage performance. Transition metal oxide-

based electrodes can store huge charges, but because of their high resistive nature, 

these electrodes are of no practical use. By tuning the particle morphology, it is 

possible to tune the resistance of these metal oxides, which can be beneficial for 
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storage applications. Also, morphology tuning can allow us to increase the surface 

area of these materials, which is an added benefit for electrochemical charge storage. 

Among the different transition metal oxides, MnO2 has been chosen as an alternative 

to RuO2 for the reasons stated earlier. The electrospinning technique has been used to 

tune the morphology of MnO2 in the form of fiber. The fiber type morphology was 

chosen because of the fact that different redox-active sites can be electrically 

connected through the carbonized fiber structure. Detailed electrochemical 

performance testing was carried out to establish the relation to the particle 

morphology with the electrochemical performance. However, electrospinning is a 

very low-yield process that requires very high voltage. We devised a simple Rotary 

Jet Spin (RJ-Spin) setup which is identical to the candy floss machine, to increase the 

yield of metal oxide fiber. MnO2/C fiber was fabricated using the RJ-Spin setup, and 

its electrochemical performances were evaluated to find the effect of fibrous 

morphology. In an attempt to reduce the resistance of MnO2 based electrodes and to 

enhance the charge storage performance, a bimetal oxide of Ni and Mn (NiMn2O4) 

was synthesized via a hydrothermal route. During the synthesis, different surfactants 

and mineralizer were used to tune the morphology of the synthesized NiMn2O4. By 

studying the detailed electrochemical performance, the effect of morphology of these 

different chemically equivalent samples was studied. Finally, to improve the 

electrochemical performance further, a fiber-like morphology of the NiMn2O4 was 

prepared using the RJ-spin technique and its electrochemical performance was 

compared to the powder sample to correlate the effect of morphology with the 

electrochemical performance.       

   1.4 Organization of the Thesis 

The whole thesis work is divided into different chapters, and the content of each 

can be summarised as follows 

Chapter 2 contains detailed discussions regarding the different parts of a 

supercapacitor device. The different charge storage mechanisms are also discussed 

elaborately. In the second part, a comprehensive literature review regarding a few 

recent research works on different electrode materials for supercapacitor has been 

included. Special emphasis has been given to MnO2 and NiMn2O4. This chapter also 

includes a detailed discussion on the two-electrode supercapacitor device and its 
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different parts. As already mentioned, the morphology of the electrode materials plays 

a vital role in determining the overall charge storage performance. Hence, the later 

part of this chapter has been dedicated to discussing the different researches where the 

morphologies of the electrode materials have been tuned to get the optimum storage 

performance.    

Chapter 3 discusses the details of different characterization facilities which have been 

used to pursue the thesis work. A brief working mechanism along with the schematic 

has been provided for the different facilities like XRD, SEM, TEM, BET, XPS, and 

FTIR. The working of the electrochemical characterization setup has been discussed 

in detail, along with the comprehensive procedure for electrochemical performance 

testing of an electrode material using both the three and two-electrode systems.  

Chapter 4 describes the experimental section of the thesis work. In section 4.1, we 

have described the detailed synthesis scheme of ordered and disordered samples of 

MnO2-GO. Section 4.2 discusses the synthesis of MnO2 fiber using the RJ-Spin 

technique. The problem of high resistivity of MnO2 has been addressed by 

synthesizing a bimetal oxide, namely NiMn2O4 using the hydrothermal technique. 

Different surfactants and mineralizers have been incorporated separately during the 

synthesis to obtain different morphologies of NiMn2O4 with an aim to tune the charge 

storage performance. The experimental details are provided in section 4.3.   Finally, 

the RJ-Spin technique has again been utilized to fabricate the fiber structure of 

NiMn2O4, with an aim to reduce the resistance further down. This has been discussed 

in section 4.4.  

Chapter 5 discusses the results of the different characterizations and experimental 

findings for the different synthesized materials, which have already been discussed in 

the previous chapter. This chapter follows the same sequence as that of the previous 

chapter. Section 5.1 discusses the XRD, XPS, SEM of ordered and disordered 

samples of MnO2-GO. The electrochemical charge storage properties in a three-

electrode system and in a two-electrode system have also been discussed. The 

different experimental results, including the three-electrode and two-electrode 

electrochemical characterization of RJ-Spin, synthesized MnO2 fiber, have been 

included in section 5.2. In section 5.3, physical, compositional, and electrochemical 

charge storage properties of hydrothermally synthesized NiMn2O4 have been 
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discussed. Detailed discussions on the formation mechanism of different 

morphological variants have been included. Finally, section 5.4 has been devoted to 

discussing the experimental results of RJ-Spin synthesized NiMn2O4 fiber. Its 

electrochemical storage performance has been compared with the powder NiMn2O4 

sample to find out the morphological effect on the electrochemical performance. 

Chapter 6 summarizes all the experimental results and concludes the thesis with all 

the major findings. Finally, the later part of this chapter is devoted to the discussion 

on further future scope of work. 
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2.1 Introduction 

A capacitor can temporarily store electric charge. The conventional capacitor can 

be charged and discharged very quickly. The Leyden jar (Figure 2.1.1 (a)) is believed 

to be the first capacitor invented by Pieter van Musschenbroek at the University of 

Leyden in Netherland back in the year 1746. A glass jar was wrapped inside and 

outside using a thin metal foil [1,2]. The foil in the inner side was connected to a 

potential source, while the foil in the outer side was connected to the ground. It was 

seen that this arrangement of metal foils could store electric charge even after the 

device was disconnected from the source of electricity. However, the mechanism of 

such charge storage phenomena was unknown at that time.  

Fast forward to the 21
st
 century, today, commercial capacitors are available in 

many different types, forms, and shapes with varying capacities. These capacitors 

contain two conducting plates kept in close proximity separated by an insulating 

spacer. The incorporation of such insulating film enhances the permittivity of free 

space and increases the charge storage capability. When a potential is applied across 

its two terminals, the positive and negative charges move towards the plates of 

opposite polarity and thus, an electrostatic field is established. Now the capacitor is 

said to be charged. This charged capacitor, when connected via an external circuit, 

can drive a load by utilizing the electrostatic energy stored in the electric field. At the 

end of this operation, the capacitor is said to be discharged when it no longer contains 

any charge. The capacitance of a capacitor which is the measure of how much charge 

can be stored on a particular device, is the ratio of electric charge to the potential 

difference between the terminals. Its SI unit is farad (F) and given by the equation 

(2.1.1). 

Figure 2.1.1 (a) Leyden jar (b) From left: ceramic capacitor, ceramic (disc shaped), polyester film 

capacitor, tubular ceramic capacitor, polystyrene, metalized polyester film, aluminium 

electrolytic capacitor 
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                 (2.1.1) 

At the earlier stage of development, a paper was used as the insulating spacer. 

Those devices could store charges at high voltages. But paper-based capacitor was not 

suitable for a humid environment as it can absorb moister and can short circuit the 

two conducting plates. Nowadays, different spacers are used, including plastic films, 

different ceramic materials (a mixture of ferroelectric or paraelectric substances), 

glass, mica, etc. Ceramic capacitors are small in size and hence suitable for on-chip 

applications. Another type of capacitor is the electrolytic capacitor which contains a 

metal plate (made of aluminum or tantalum) coated with an oxide insulating layer. 

This metal plate acts as a positive electrode, whereas the negative electrode in such 

capacitors is made of a liquid electrolyte. These types of capacitors offer very high 

capacitance because of the ultra-thin spacer and large anode surface. However, 

electrolyte capacitors suffer from the drawback of poor stability and high leakage 

current [3–5]. 

The different form of conventional capacitors as discussed, all store charges via 

the formation of electrostatic field. Hence these are all passive devices. 

Supercapacitors are relatively new energy storage devices that can store large 

amounts of energy than conventional capacitors and demonstrate higher power 

density than rechargeable batteries. General Electric company first patented the 

commercial-grade supercapacitor in 1957, which was based on the formation of 

electric double layer in lamp black-based electrode [6]. Electrodes that are made of 

activated carbon, carbon aerogel, carbon nanotubes (CNT), graphene etc., offer 

extremely high capacitance (~ 12 kF as of 2020) and are finding different applications 

replacing the use of Li-ion batteries in some cases [7].   

2.2 Different classes of supercapacitors 

According to the charge storage mechanism, supercapacitors can be categorized 

into two main groups, namely, electric double layer capacitor (EDLC) and 

pseudocapacitor (Figure 2.2.1) [8–11]. As the name suggests, EDLC mainly store 

charges electrostatically. The charge storage capacity of such capacitors is 

significantly governed by the surface area of the material composing the electrode.  

Different carbonaceous materials like porous carbon, activated carbon, graphene, 
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carbon nanotube (CNT), carbon aerogel, etc., are utilized as supercapacitor electrode 

materials because they offer a very high ratio of surface to volume. On the contrary, 

different oxides of different transition metals and few conducting polymer-based 

electrodes constitute the class of pseudocapacitor [12,13]. These electrodes store 

charges faradically, i.e., by performing reversible redox reactions with the electrolyte. 

However, redox-active material in nano form can store charges both electrostatically 

and faradically due to a rise in the surface-to-volume ratio. In this case, these 

supercapacitors are called hybrid capacitors and yield a very high capacity value 

owing to the contribution from both these mechanisms. In the following section, we 

will briefly discuss different mechanisms responsible for charge storing in the 

supercapacitor. 

2.2.1 Electric double layer capacitor (EDLC) 

Various carbonaceous materials are coated on suitable current collectors such as 

steel plates, aluminum foil, etc., to fabricate the electrodes for EDLCs. Two such 

electrodes are kept in close proximity, separated by a separator soaked in a suitable 

electrolyte. In this process, no transfer of charge occurs between electrodes and 

electrolytes. The principle mechanism of energy storage by EDLCs is the formation 

of an electrochemical double layer. When a potential difference is established 

between the electrodes, charges are accumulated on electrode surfaces. Owing to the 

attraction of opposite charges, the respective ions from the electrolyte diffuse over the 

separator onto the pores of the oppositely charged electrodes. The double layer of 
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Figure 2.2.1 Classification of supercapacitor 
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charge, thus formed, prevent further recombination of ions at the electrodes. The 

length of a typical double layer can be of the order of a few angstroms. Figure 2.2.2 

shows the charging and discharging state of an EDLC device. As the storage 

mechanism is purely physical, EDLCs allow very fast energy delivery implying high 

power density. Additionally, the physical mechanism eliminates the swelling, usually 

observed in batteries, which is mainly due to the recurrent faradic charge-discharge 

cycles. Thus, the lifetime of EDLCs can be very long. However, due to the physical 

mechanism of charge storage, EDLCs provide very little energy density, and hence 

further research is necessary to improve the same [14].  

Detailed storage mechanism: Formation of double layer 

When charged using an external power source, surfaces immersed in an 

electrolyte solution attract ions of similar charge and repeal the counter ions. Thus, 

two layers of charge are formed. One layer contains the charge on the surface, and the 

other layer contains the counter ions. These two layers are separated by an atomic 

distance; d. Helmholtz first theoretically modelled this structure which is recognized 

as electric double layer. This model assumes the electric potential has a maximum 

value of Ψ0 on the surface and gradually falls to zero value in the electrolyte solution. 

This variation of potential from a maximum value to zero is observed on the atomic 

dimension d. This variation has been shown in figure 2.2.3 (a).  Thus Helmholtz 

assumed that the layers of opposite kinds of charges are immobilized on the surface 

due to electrostatic attraction. Later, Gouy and Chapman suggested that ions near the 

Figure 2.2.2 Simplified model of charge storage in EDLC 
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surface of the surface are in continuous random thermal motion; thus, they cannot 

remain fixed rather, the ions diffuse into the solution and form a relatively thick layer 

called a diffuse double layer. Gouy and Chapman modified the Helmholtz model by 

assuming the potential to decay more slowly, as shown in figure 2.2.3 (b). But this 

model overestimates the value of double layer capacitance. Thus, these two models do 

not provide a proper description of the double layer formed. Stern combined both 

these two models. It was assumed in Stern‘s model that there are two layers of ionic 

charge distribution. The layer close to the surface is known as the Stern layer, and the 

other layer is known as the diffuse layer, as shown in figure 2.2.3 (c). The Stern layer 

resembles the layer which was assumed to form in the Helmholtz model. Thus the 

ions in this layer are strongly adsorbed by the electrode and are immobile. The outer 

Helmholtz plane (OHP) and inner Helmholtz plane (IHP) are two imaginary planes 

that are used to distinguish the two types of adsorbed ions. The outer layer or the 

diffuse layer is much similar to that assumed in the Gouy-Chapman model. In the 

Stern model, the total double layer capacitance (Cdl) can be estimated from the 

capacitances arising out of the Stern layer (CH) and the outer diffusion layer (Cdiff) 

using the equation (2.2.1) [15, 16]: 

Figure 2.2.3 Schematics of double layer formation at a charged surface. (a) Helmholtz model (b) 

Gouy-Chapman and (c) Stern model 
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               (2.2.1) 

The capacitance due to double layer depends on many factors like surface area 

and the porosity of the electrode material, size of electrolyte ions and its ionic 

conductivity, accessibility of these electrolyte ions in the electrode surface, chemical 

affinity of the electrode surface to the electrolyte ions, etc. In summary, EDLCs store 

charges via the formation of an electric double layer at the interface of the high 

surface area carbon electrode and the electrolyte. Its storage capacity can be very high 

(from a few farads to thousands of farads) compared to the conventional capacitor 

(from few F to few mF)  because of the large surface area electrode [17]. 

2.2.2 Pseudocapacitor  

The mechanism of charge storage in the pseudocapacitor electrode is different 

from EDLC. When a potential is applied externally to the electrode, the active 

materials undertake a reversible and fast redox reaction (or faradic reaction), which 

involves the movement of charges across the double layer through the electrolyte. 

This kind of redox reaction is also responsible for energy storage in a battery. 

However, in the case of pseudocapacitor, this redox reaction is very fast, which results 

in a relatively high power density compared to batteries [18]. Different transition 

metal oxides like RuO2, MnO2, V2O5, etc., along with a few conducting polymers like 

PANI, PEDOT: PSS, polypyrrole, etc., are currently under consideration to be used as 

electrode materials [19–23]. These electrode materials can perform a fast redox 

reaction with suitable electrolytes. The storage mechanism is slow in the case of 

pseudocapacitor because of the chemical reaction involved. For this reason, the 

pseudocapacitor usually shows less power density compared to the EDLC.  

Detailed storage mechanism  

Different faradaic mechanisms can lead to pseudocapacitive charge storage 

phenomena. This mainly depends on the type of active material. These mechanisms 

are [24, 25]: 

a) Underpotential Deposition: Underpotential deposition or adsorption 

pseudocapacitance arises when metal ions from the electrolyte solution are adsorbed 

on the current collector forming a monolayer [26, 27]. This occurs when a potential is 
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less negative than the equilibrium or Nernst potential for the reduction of the metal. 

Deposition of lead on the gold surface is an example of such deposition as shown via 

the reversible chemical reaction (2.2.2). 

                              (2.2.2) 

During the charging, Pb
2+

 ions from the electrolyte solution get deposited on the gold 

surface by accepting or storing two electrons. As the process is reversible, the 

opposite phenomenon occurs during the discharging, resulting in two electrons' 

release. Figure 2.2.4 (a) shows such a mechanism of charge storing. 

b) Redox Pseudocapacitance: Redox pseudocapacitance occurs when the ions from 

the electrolyte surface are adsorbed near the surface of the active material via a fast 

and reversible faradic charge transfer. Hydrous RuO2 shows this type of 

pseudocapacitance. While charging, the RuO2 accepts protons from the electrolyte 

and releases them back during the discharge process. Protons from the electrolyte 

solution interact only with the surface (within 10 nm of the surface) of the active 

material, and this faradic process does not involve phase change of the active material 

[28]. Figure 2.2.4 (b) shows the redox pseudocapacitance mechanism.  

c) Intercalation Pseudocapacitance: Pseudocapacitive charge storage via intercalation 

of ions in the bulk of the active materials occurs when the ions from the electrolyte 

solution penetrate deep into the active material and perform reversible redox 

reactions. Intercalation pseudocapacitance is possible only when the active material 

has a tunnel or layer-like structure. For this reason, only a few materials show this 

Figure 2.2.4 Different mechanisms of pseudocapacitive charge storage. (a)Underpotential 

deposition (b) redox pseudocapacitance (c) intercalation pseudocapacitance. 
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type of charge storage like t-Nb2O5, -MnO2, etc. [29, 30]. Battery-type materials also 

show this type of storage mechanism. However, in the battery, the electrode suffers 

phase change, whereas in intercalation pseudocapacitance, no phase change occurs for 

the active material [31]. Figure 2.2.4 (c) shows the charge storage mechanism due to 

intercalation pseudocapacitance. 

2.2.3 Hybrid supercapacitor 

Electrode materials for hybrid supercapacitor store charges via both the physical 

and pseudocapacitive charge storage mechanisms [13]. Because of the contribution 

from both these two mechanisms, energy density and power density become very high 

for these types of materials. Composites of different carbonaceous materials with 

different redox-active materials constitute this class of hybrid electrode material. In 

these composites, carbon-based materials store charges via double layer formation, 

whereas the redox-active material stores charges via reversible faradic reactions with 

the electrolyte. Carbon-based elements also stabilize the redox-active material against 

the large volumetric strain suffered during the redox reaction by providing a 

backbone. Alongside, carbon-based elements provide a high way to the electrons, and 

thus conductivity of the sample increases. Usually, the carbon-based material is 

responsible for enhancing the power density, and redox-active material is responsible 

for enhancing the energy density of the composite. Composite of NiO-CNT, MnO2-

Graphene, PANI-CNT, etc., are examples of hybrid supercapacitor electrode materials 

[32–34]. 

2.3 Electrochemical characterizations to differentiate between the 

storing mechanisms 

After synthesizing an electrode material, generally, three main characterizations 

are performed to test the charge storage performance of the material. These 

characterizations are performed in a three-electrode setup, as shown in figure 2.3.1 

(a). Here ‗CE‘ and ‗WE‘ are the counter and working electrodes, respectively. The 

material under investigation is coated in a thin film form on the working electrode, 

which undergoes the redox reaction. The resulting current is measured between these 

two electrodes. The third one is the reference electrode which generates a constant 

reference potential with respect to which the potential of the working electrode can be 

measured. A few popular reference electrodes are the Calomel electrode 
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(Hg/HgCl/KCl) or the silver-silver chloride electrode (Ag/AgCl/4M KCl). These three 

electrodes are kept submerged in a suitable electrolyte. Cyclic voltammetry (CV) is 

one of the three characterization techniques which is performed in this similar three-

electrode setup [35, 36]. CV study provides information on the oxidation and 

reduction processes of molecular species coated on the working electrode. A 

triangular potential (figure (2.3.1 (b)) is applied between the RE and WE and the 

resulting current is measured between CE and WE. To investigate the material 

property for supercapacitive application, a suitable potential window is chosen. CV 

scan is performed at different scan rates. Scan rate controls the rate of change of the 

potential, or more generally, it controls the slope of the applied triangular potential 

waveform. A high scan rate decreases the width of the diffusion layer formed at the 

working electrode, which results in a higher current. Figure 2.3.1 (c) shows the typical 

CV diagram for an EDLC, which offers a rectangular CV diagram. On the other hand, 

CV diagram for a pseudocapacitor (figure 2.3.1 (d)) deviates significantly from the 

rectangular shape, which sometimes contains prominent oxidation or reduction peaks. 

Figure 2.3.1 (a) Three-electrode setup for electrochemical characterization. (b) Potential 

waveform for the CV measurement. CV diagram for (c) EDLC and (d) Pseudocapacitor 
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The specific capacitance for the material under investigation at a particular scan rate 

can be obtained from the area under the CV curve using the equation (2.3.1) 

                                                                                                           (2.3.1) 

 

Where,  and m are the potential sweeping rate and mass of the active material, 

respectively. Here i is the area under the CV curve which can be calculated from 

equation (2.3.2) [37]. 
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Where vc and va are the highest and lowest points of the potential range, respectively. 

Galvanostatic charge discharge (GCD) is another electrochemical characterization 

technique that is performed to observe the charging and discharging behavior of WE. 

A constant current is applied between the CE and WE, and the potential of the WE is 

measured over time with respect to the RE. Figure 2.3.2 (a) shows the typical GCD 

pattern for an EDLC. The triangular shape of the GCD pattern resembles the EDLC 

nature; on the other hand, pseudocapacitor electrode material displays non-triangular 

GCD curves, as evident from figure 2.3.2 (b).One more interesting point that can be 

observed from the GCD plot of figure 2.3.2 (b) is that during the beginning of the 

discharge, a sharp fall is noticed. This sharp fall is mainly due to the internal 

resistance as well as the contact resistance of the electrode material with the current 

mv

i
Cm

2


(a) (b) 

Figure 2.3.2 GCD profile for (a) EDLC and (b) Pseudocapacitor 
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Figure 2.3.3 Nyquist plot for (a) ideal capacitor with a series resistance (b) capacitor with a 

leakage resistance in parallel (c) an actual supercapacitor electrode. 

collector [38]. Usually, the GCD is performed within the same potential window as 

the CV. The rising half of the GCD curve is the charging curve. Once the higher 

potential is reached, the charging current is reversed to the negative value, and hence 

the discharging curve is obtained. Equation (2.3.3) can also be used to calculate 

specific capacitance from the GCD measurements for a particular current density.  

     
 

  
  

  
 
                (2.3.3) 

Here, i is the current density applied externally, and dV/dt is the average slope of the 

discharging part of the GCD curve.  

The third characterization is the electrochemical impedance spectroscopy (EIS) which 

provides different dynamical processes occurring at the WE and the electrolyte. EIS 

can be used to determine the resistive and capacitive properties of an electrode 

material by applying a perturbation to the electrode in the form of a sinusoidal AC 

signal of magnitude 2–10 mV. The frequency of the perturbation signal is varied, and 

thus an impedance spectrum is obtained. We consider a circuit where an ideal 

capacitor C and a resistor R are connected in series. For this circuit, the complex 

impedance Z is given by equation (2.3.4) 

           (2.3.4) 

 

Here,  is the frequency of the applied perturbation and i is the usual imaginary unit. 

The real part Zr and the imaginary part Zim of the complex impedance are given by: 

             (2.3.5) 
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               (2.3.6) 

 When the frequency of the applied perturbation is varied, the Zr remains fixed; as for 

the present circuit, it is independent of frequency. Hence, the plot of -Zim vs. Zr 

becomes a straight line parallel to the -Zim-axis, as shown in Figure 2.3.3 (a). From 

this plot value of the series resistance (Rs) can be calculated as shown in the same 

figure. This method of demonstrating the EIS spectra is called the Nyquist plot. 

Another method of demonstrating the EIS data is the Bode plot, where the logarithm 

of modulus of impedance (log Z) is plotted against the logarithm of applied frequency 

(log f). However, in reality, an ideal capacitor cannot be realized in practice. A more 

realistic approach to model a capacitor is to consider a high resistance parallel to that 

capacitor, which takes into account the leakage of charge over time. In such a case, 

the Nyquist plot becomes circular in the higher frequency region along with a spike 

parallel to the –Zim axis, as shown in figure 2.3.3 (b). From the same plot value of the 

leakage, resistance can be calculated from the radius of the semicircle. However, in 

reality, a much more complex Nyquist plot is obtained for a practical capacitor, 

especially for a supercapacitor, owing to much more complex charge dynamics at the 

electrode-electrolyte interface. In such a case, the Nyquist plot has to be fitted with 

different circuit elements to obtain different information like contact resistance, 

charge transfer resistance, Warburg impedance, etc. For example, the Nyquist plot of 

figure 2.3.3 (c) shows such a typical complex nature. This is a plot for a 

supercapacitor electrode material. This Nyquist plot has been fitted using the model 

circuit shown in figure 2.3.3 (c) (inset).  Here, CPEDL is the constant phase element 

that takes into account the double layer effect at the interface of the electrode, and Wo 

is the Warburg element which is due to the frequency-dependent diffusion [39]. 

 Thus different parameters determine the overall charge storage performance of 

electrode material. Table 2.3.1 summarizes these different parameters and their 

meaning.  

Table 2.3.1: Different parameters related to the charge storage performance of 

the electrode material. 

Parameters Significance 

Specific capacitance Charge storing capability per unit mass of the 

electrode material. 

C
Zim



1

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Areal specific capacitance Charge storing capability per unit area of the 

electrode material. 

Volumetric specific capacitance Charge storing capability per unit volume of the 

active material. 

Specific energy Electrical energy stored per unit mass of the 

active material.  

Specific power Stored electrical power per unit mass of the 

electrode material. 

Electrochemical reversibility Determines the reversibility of the redox reaction. 

Potential window Signifies the operating voltage window within 

which the active material can perform reversible 

redox reaction with the electrolyte. 

Rate capability Determines the capacitance response at various 

potential scan rates or current densities. It is 

related to the power generating efficiency at a 

high current with minimum loss of voltage. 

Long cyclic life Charge storage capability for the electrode 

usually degrades over repeated charging and 

discharging cycles. This parameter determines 

the long life performance of the electrode 

material. 

Columbic efficiency  Signifies the efficiency of charge transfer through 

electrochemical reaction. It is the ratio of 

charging time and discharging time for an 

electrode material in GCD experiment, where the 

charging and discharging currents are the same. 

Equivalent Series Resistance 

(ESR) 

It determines the resistance of the different 

components in the whole electrochemical cell. 

This resistance includes material resistance, 

electrolyte resistance, etc. It can be found out 

from the EIS studies. 
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2.4 Different electrode materials 

At present different research groups around the world are investigating different types 

of materials for supercapacitor electrodes. Different EDLC based materials offer 

extraordinary power density as well as excellent long-life, whereas different 

pseudocapacitive materials offer high storage capacity with excellent energy density. 

Hence efforts have been made to prepare composites of these two types of materials 

to enhance the overall storage performance. Here we discuss a few such materials and 

their charge storage performances. 

2.4.1 Porous Carbon 

Carbons derived from different sources have been used to fabricate 

supercapacitor electrodes. These electrodes store charges via the formation of double 

layer, and no redox process is involved in the storage mechanism. Hence this type of 

material can extend the lifetime of the electrode owing to the physical charge storage 

mechanism. Porous carbon is low cost, environmentally friendly, and offers the agility 

to tune its surface area. Activated carbon (AC), a type of porous carbon, has been 

successfully commercialized because of its large surface area, micro-porosity, and 

relatively low cost. Different waste products like rice husks, waste of tea, waste of 

coffee beans, etc., have been used to synthesize AC to fabricate EDLC type 

supercapacitor electrodes [40]. The charge storage properties of these electrodes 

depend on the carbonization and activation steps during the synthesis. Inal et al. 

prepared AC from the waste of tea using carbonization and chemical activation using 

zinc chloride (ZnCl2). The heat-treated sample showed a good specific surface area of  

923 m
2
 g

-1
. They measured the electrochemical charge storage performance in a two-

electrode configuration which exhibited the highest specific capacitance of 140 F g
-1

 

at a current density of 1 A g
-1

. The device retained 98% of its initial value of specific 

capacitance after 10000 GCD cycles [41]. 

2.4.2 Carbon nanotube (CNT) 

Carbon nanotubes (CNTs) have remained in the center of material science 

research since their discovery because of their attractive structural, mechanical, and 

electrical properties [42].  CNTs are fabricated when a graphite sheet is rolled to form 

a cylindrical shape, as shown in figure 2.4.1. Thus we have a carbon nanotube with 



33 

 

only one layer of rolled up layer of graphite sheet known as single walled carbon 

nanotube (SWCNT). On the other hand, multiwalled carbon nanotube (MWCNT) 

contains more than one layer of graphite layer. CNTs can have a diameter of the order 

of 1 nm while their length can be of the order of a few microns, offering very high 

surface area and low resistivity, which is beneficial for electrochemical charge storage 

applications. Niu et al., in 1997, first demonstrated the supercapacitive properties of 

CNTs [43]. Catalytically grown carbon nanotubes having an average diameter of 80 Å 

were used for fabricating the electrodes. Initially, the CNTs were treated with nitric 

acid to disassemble the CNT cluster and functionalize the surface with oxygenated 

groups. These acid-treated CNTs were dispersed in water and filtered, which resulted 

in a carbon nanotube sheet after drying. A test device was assembled using two such 

sheets as electrodes separated by polymer separator. 38 wt% H2SO4 was used as 

electrolyte. A maximum specific capacitance of 104 F g
-1

 was attained from the test 

cell. Yu et al. reported a stretchable supercapacitor based on SWCNT microfilm. To 

fabricate the stretchable substrate, surface treated poly(dimethylsiloxane) (PDMS) 

was used. SWCNT was deposited on this elastic substrate. The device demonstrated a 

specific capacitance of 54 F g
-1

 when no strain was applied and 52 F g
-1

 when a 30% 

strain was applied [44]. 

Figure 2.4.1 Different types of CNTs 
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2.4.3 Graphene  

Graphene has attracted tremendous research interest soon after its first 

synthesis in 2004 [45]. It is the two-dimensional single-layer carbons in of sp
2
-

hybridized state (figure 2.4.2). Very low electrical resistivity and high thermal 

conductivity, ultra-high surface area (~2700 m
2
 g

−1
), chemical stability, and excellent 

mechanical strength (∼1 TPa) make it suitable for application in supercapacitor 

electrodes. Liu et al. in 2010 reported a supercapacitor device with graphene-based 

electrode [46]. Graphene oxide (GO) was produced via the modified hummers 

method. In this process, natural graphite is oxidized using a mixture of sulphuric acid, 

sodium nitrate, and potassium permanganate. The obtained GO was treated with 

hydrazine to remove the oxygen-containing groups. Finally, the obtained graphene 

powder was coated on the aluminium foil to fabricate coin sized supercapacitor cell. 

A rectangular CV profile was obtained within a wide potential window of 4 V. This 

suggests excellent double layer charge storage mechanism. The coin cell displayed a 

specific energy density of 85.6 Wh kg
-1

 at 25
 
°C. Zhang et al. used a novel vacuum 

filtration deposition method to deposit graphene in the pore of nickel foam [47]. In 

this process, commercially available graphene nanoplatelets were refluxed using an 

acidic solution of concentrated nitric acid. This refluxed graphene, along with PVDF 

binder, was dissolved in absolute ethanol. The mixture was then forced through the 

nickel foam using a vacuum filtration deposition process. After the deposition, the 

deposited nickel foams were dried at 100 °C in a vacuum. A specific capacitance of 

152 F g
-1

 was acquired at 10 mV s
-1

 scan rate using an aqueous 6 M KOH electrolyte 

medium in a two-electrode setup using as-deposited nickel foams as the positive and 

Figure 2.4.2 Structure of graphene 
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negative electrode. The electrodes retained 95% of their initial capacitance after 2000 

cycles. However, graphene nanosheets tend to aggregate during the electrode 

fabrication, which hampers the electrochemical performance by reducing the practical 

surface area [48].  

2.4.4 Ruthenium oxide and its composites  

Among different transitional metal oxides, RuO2 is the most promising 

pseudocapacitive electrode material because of its fast charge dynamics, high 

theoretical specific capacitance, high electrical conductivity (~105 S cm
-1

), chemical 

and thermal stability in the electrolyte. The charge storage mechanism of RuO2 was 

first proposed by Trasatti et al. [49], which is due to the electronic protonic ―double 

insertion‖ mechanism as shown in equation (2.4.1): 

      (2.4.1) 

The oxidation state of ruthenium varies among Ru
4+

, Ru
3+

, and Ru
2+

. These redox 

reactions mainly occur at the surface or nearer to the surface of the RuO2 coated 

electrode. Hence the surface area of the active material composing the electrode, in 

this case, is a vital parameter to obtain higher specific capacitance. The anhydrous 

crystalline form of  RuO2 shows a very low specific capacitance (~30 F g
-1

) value, 

whereas the hydrous form of RuO2 offers higher specific capacitance [50]. Patil et al. 

synthesized hydrous RuO2 thin film on different substrates like glass and stainless 

steel using chemical bath deposition. Being in hydrous form, the thin film of RuO2 

showed a higher specific capacitance of 73 F g
-1

 at 2 mV s
-1

 scan rate in 0.5 M H2SO4 

 

  yxyx OHRuOeHOHRuO )()(

Figure 2.4.3 (a) CV and (b) GCD for the rGO/RuO2 aerogel 
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electrolyte [51]. Korkmaz et al. synthesized a composite of rGO and RuO2 in the form 

of an aerogel mixture. The electrochemical study revealed that this composite did not 

show any redox peak at the higher side of the scan rate. The CV curves thus 

resembled almost ideal reversible capacitive behavior, and the GCD curves showed 

triangular type nature as shown in figure 2.4.3 (a) and (b), respectively. The highest 

specific capacitance of 328.6 F g
-1 

was obtained for this sample at 5 mV s
-1

 scan rate 

[52]. Table 2.4.1 summarises the different results concerning the charge storage 

capability of RuO2 and its composites. 

Table 2.4.1: Results from different reports on RuO2 and its different composites.  

Sample Name Measurement Configuration Specific capacitance 

value 

Ref.  

Anhydrous RuO2 3-electrode. Electrolyte:  

Aqueous 0.5 M H2SO4 

58 F g
-1

 @ 2 mV s
-1

 [19] 

Hydrous nanotubular 

array of RuO2 

3-electrode. Electrolyte:  

Aqueous 1 M H2SO4 

1300 F g
-1

 @ 10 mV s
-1

 [53] 

Spray deposited RuO2 

film 

3-electrode. Electrolyte:  

Aqueous 0.5 M H2SO4 

551 F g
-1

 @ 5 mV s
-1

 [54] 

Pulse electrodeposited 

RuO2 

3-electrode. Electrolyte:  

Aqueous 0.5 M H2SO4 

1724 F g
-1

 @ 5 A g
-1

 [55] 

RuO2/Carbon 

nanofiber 

3-electrode. Electrolyte:  

Aqueous 2 M H2SO4 

220 F g
-1

 @ 5 mV s
-1

 [56] 

Flexible 

RuO2/Graphene 

Thin film 

3-electrode. Electrolyte:  

Aqueous 0.5 M H2SO4 

1561 F g
-1

 @ 5 mV s
-1

 [57] 

SnO2-RuO2 composite 

film 

3-electrode. Electrolyte:  

Aqueous 0.5 M H2SO4 

150 F g
-1

 [58] 

RuO2/CNT 3-electrode. Electrolyte:  

Aqueous 1M L
-1

 H2SO4 

900 F g
-1

 [59] 

RuO2/electrospun 

carbon fiber 

3-electrode. Electrolyte:  

Aqueous 2 M H2SO4 

544 F g
-1

 [60] 

RuO2-Fe2O3 embedded 

mesoporous carbon 

3-electrode. Electrolyte:  

Aqueous 0.5 M H2SO4 

1668 F g
-1 

@ 1 A g
-1

 [61] 
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2.4.5 Manganese dioxide and its composites  

Although RuO2 is popular in lab-grade devices and different military-based 

applications because of its high cost and toxicity, it is not commercially popular. As 

an alternative to RuO2, Manganese dioxide (MnO2) has gained popularity because of 

its ultrahigh theoretical value of specific capacitance (~1370 F g
-1

), environment 

friendliness, and abundance [62]. In 1999, Lee and Nobel Laureate Goodenough first 

reported the supercapacitor behavior of amorphous MnO2.nH2O in an aqueous KCl 

electrolyte medium. A specific capacitance value of 200 F g
-1

 was reported [63]. 

MnO2 generally shows six different types of polymorphic forms, as shown in figure 

2.4.4 [64]. Different atomic positions in these different polymorphs result in the 

variation of surface characteristics, pore size, and channel or tunnel size. These 

variations lead to significant variations in the charge storage performance of these 

different polymorphs. For example, Zhang et al. studied the electrochemical charge 

storage performance of these different polymorph phases. It was found that the 

specific capacitance values varied in the order: -MnO2< -MnO2 < -MnO2 < -

MnO2 [65].  The charge storage by MnO2 electrode in the aqueous electrolyte is due 

to the pseudocapacitive mechanism. Two different mechanisms are usually proposed 

to explain the charge storage phenomena [66]. The first one is based on the 

Figure 2.4.4 Different polymorphs of MnO2.  Mn atoms are shown in magenta and O atoms are 

shown in red. 
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intercalation of protons (H
+
) or metal cations (C

+
) in the bulk of the material during 

the reduction process. On the other hand, during the oxidation process, the 

deintercalation of H
+
 or C

+
 occurs. Equation (2.4.2) and (2.4.3) shows the charge 

storage phenomena by MnO2 through the first mechanism.  

MnOOHeHMnO  

2            (2.4.2) 

MnOOCeCMnO  

2              (2.4.3) 

In the second mechanism, the surface adsorptions of the electrolyte ions on MnO2 

electrode surface are taken into consideration and are shown via the equation (2.4.4). 

surfacesurface CMnOeCMnO )()( 22

               (2.4.4)  

This adsorption and desorption of ions occur very near the electrode's surface, and 

bulk of the sample remains inactive in this case. Although having many advantages, 

pristine MnO2 possesses few serious drawbacks as an electrode material for 

supercapacitors. MnO2 demonstrates low electrical conductivity in pristine form, 

which hampers the charge transport rate. It also tends to dissolve in different aqueous 

electrolytes, reducing the material's stability. Further, through the repeated charge/ 

discharge cycles, the crystal structure of MnO2 suffers irreversible volume expansion, 

which causes swelling in the electrode. To address these problems, different 

researchers across the world developed a composite of MnO2 with different materials 

like CNTs, graphenes, activated carbon, carbon fiber, other metal oxides, sulfides, etc. 

For example, Vangapally et al. synthesized carbon/MnO2 composite using table sugar 

as a source for carbon. The hydrothermal reaction was used to prepare the composite, 

which showed a nanorod-like morphology. This composite showed a specific 

capacitance of 416 F g
-1

 at 1 A g
-1

. Because of the presence of carbon in the 

composite, its conductivity and electrochemical stability increase, which causes the 

electrode to retain a specific capacitance of 90% of the primary value after being 

charged and discharged for 5000 cycles [67]. A lot of work has been performed using 

MnO2 and its composites to be used as electrode material for supercapacitors. Table 

2.4.2 shows a summary of a few of the published results. 
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Table 2.4.2: Results from different reports on MnO2 and its different composites. 

Sample Name Measurement Configuration Specific capacitance 

value 

Ref.  

Porous MnO2 3-electrode. Electrolyte:  

Aqueous 0.5 M Na2SO4 

222 F g
-1

 @ 2 mV s
-1

 [68] 

MnO2 nanopillars 3-electrode. Electrolyte:  

Aqueous 1 M Na2SO4 

603 F g
-1

 @ 5 mV s
-1

 [69] 

MnO2 nanorod 3-electrode. Electrolyte:  

Aqueous 0.1 M Na2SO4 

166.2 F g
-1

 [70] 

Hollow MnO2 

nanofiber 

3-electrode. Electrolyte:  

Aqueous 1 M Na2SO4 

291 F g
-1

 @ 1 A g
-1

 [71] 

GO-MnO2 3-electrode. Electrolyte:  

Aqueous 1 M Na2SO4 

216 F g
-1

 @ 150 mA g
-1

 [72] 

MnO2-CNT 3-electrode. Electrolyte:  

Aqueous 1 M Na2SO4 

201 F g
-1

 @ 1 A g
-1

 [73] 

MnO2 on Ni-foam 3-electrode. Electrolyte:  

Aqueous 1 M Na2SO4 

241 F g
-1

 @ 1A g
-1

 [74] 

Polypyrrole-

covered MnO2 

3-electrode. Electrolyte:  

Aqueous 1 M L
-1

 Na2SO4 

141 F g
-1

 @ 2 mA cm
-2

 [75] 

MWCNTs/ 

MnO2/PPy 

composite 

3-electrode. Electrolyte:  

Aqueous 1 M L
-1

 Na2SO4 

806 F g
-1

@ 1 A g
-1

 [76] 

Carbon@MnO2 

core-shell 

nanospheres 

3-electrode. Electrolyte:  

Aqueous 1 M L
-1

 Na2SO4 

252 F g
-1

 @ 2 mV s
-1

 [77] 

   

 

 

 

 

 



40 

 

2.4.6 Other metal oxides 

Among the different oxides of transition metals, cobalt oxide (Co3O4), nickel 

oxide (NiO), titanium dioxide (TiO2), vanadium pentoxide (V2O5), iron oxide (Fe3O4), 

etc. have been explored for their potential charge storage applications. For example, 

Vijayakumar et al. synthesized NiO nanomaterial via microwave method. From the 

SEM image, it was seen that the sample annealed at 300
 
°C temperature shows a 

nanoflake-like structure. These nanoflakes of NiO showed a specific capacitance of 

~400 F g
-1

 at 0.5 mA cm
-2

 current density [78]. Cobalt oxide, although being a 

battery-type material, has been explored as a potential candidate for supercapacitor 

electrodes. Co3O4 displays good electrochemical activity. Its size and shape can be 

controlled relatively easily. Meher et al. layered and porous Co3O4 structure through 

the hydrothermal method. Through the electrochemical characterizations, it was seen 

that Co3O4 displayed a reversible redox reaction. A high specific capacitance of 548 F 

g
-1

 was obtained at 8 A g
-1

 in a 1 M aqueous KOH electrolyte [79]. TiO2 is another 

transition-metal oxide that is very cheap and environmentally friendly. Ramdoss et al. 

fabricated TiO2 nanorods on fluorine-doped tin oxide (FTO) substrates using the 

hydrothermal method and studied its electrochemical performance. FESEM images of 

the coated substrate showed uniform distribution of TiO2 nanorods (figure 2.4.5) with 

an average diameter of 60-70 nm. These vertically aligned nanorods were used as an 

electrode to study its charge storage performance. An aerial specific capacitance of 85 

F cm
-2

 was obtained at 5 mV s
-1

 in a 1 M aqueous Na2SO4 electrolyte [80]. V2O5 

possesses multiple oxidation states and thus can offer good pseudocapacitive charge 

storage performance. Balamuralitharan et al. synthesized V2O5 nanorods through 

Figure 2.4.5 FESEM image of TiO2 nanotube arrays on FTO substrate (a) in low magnification 

and (b) in high magnification 
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hydrothermal technique. For the electrochemical characterization, the nanorods were 

dropcasted on a stainless steel substrate which acted as the working electrode. A 

remarkably high specific capacitance of 417.5 mF cm
-2

 was obtained at 5 mV s
-1

 scan 

rate. The electrodes were shown to retain 80% of their primary specific capacitance 

after being charged and discharged for 5000 cycles performed at 0.5 mA cm
-2

 [81]. 

Fe2O3 is another cheap and environmentally friendly material that offers easy redox 

reaction with the electrolyte. Mitchell et al. synthesized mono-disperse nanocrystal of 

Fe3O4 with an average particle size of 8 nm. The electrochemical study revealed that 

these nanocrystals offered a specific capacitance of 185 F g
-1

 with good cyclic 

stability [82]. These different single metal oxides can be used as electrodes in future 

energy storage devices. However, these single metal oxides show very high resistance 

to current flow, which hampers the power delivery and reduces the long-term 

stability. On the other hand, bimetallic oxides show relatively good conductivity and 

superior electrochemical activity compared to their mono-metallic oxide counterparts. 

The superior electrochemical activity arises mainly due to the presence of multi-

oxidation states in such oxides. It is also possible to improve the power density and 

the energy density of the electrode made of these bimetallic oxides through the 

synergistic effect of both two metal ions. Hence researchers around the globe are 

experimenting with different bimetallic oxides to improve the performance of a 

supercapacitor device.     

2.4.7 Bimetallic oxide of Ni and Mn (NiMn2O4) 

NiMn2O4 offers high conductivity, high theoretical specific capacitance, and 

excellent stability among the different bimetallic oxides. Hence it has been 

investigated by different researchers for its potential applications in supercapacitors, 

catalysis, electrochemical sensors, etc. Dhas et al. synthesized NiMn2O4 powder using 

a simple sol-gel route. They studied the effect of annealing temperature and the 

electrolyte concentration on the electrochemical performance of the electrode made of 

this powder. All the electrochemical performances were reported in a three-electrode 

arrangement in aqueous KOH electrolyte with variable concentrations ranging from 1 

M to 6 M. The sample annealed at 500 °C (NMO1) showed better electrochemical 

charge storage performance compared to the same sample annealed at 600 °C 

(NMO2) and 700 °C (NMO3). Next, the effect of electrolyte concentration was 

studied using the NMO1 sample. It was seen that with the increasing the KOH 
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concentration, the charge storage performance increases. In 1 M KOH electrolyte, it 

offered 571 F g
-1,

 and in 6 M KOH electrolyte, it offered a specific capacitance of 762 

F g
-1 

(value measured from CV at 5 mV s
-1

 scan rate). It was concluded that the 

improvement of specific capacitance is due to the increment of electrolyte ions which 

increases the electrochemical activity [83].  Umar et al. synthesized NiMn2O4 

nanodisk on reduced graphene oxide (rGO) using a low-temperature colloidal solution 

method and studied it for both the electrochemical sensor and supercapacitor. The 

sensor was used to sense acetylacetone. The electrochemical charge storage capability 

was measured in a three-electrode arrangement using 1 M aqueous Na2SO4 electrolyte 

within a wide potential window of 1 V. NiMn2O4 nanodisk decorated on rGO 

demonstrated a highest specific capacitance of 356 F g
-1

 at 0.5 A g
-1

 current density. 

On the other hand, only NiMn2O4 shows a specific capacitance of 199 F g
-1

 at the 

same current density. This improvement of specific capacitance is mainly due to rGO, 

which increases the specific surface area of the sample, and thus the charge storage 

performance improves [84]. Choice of the current collector is an important parameter 

to obtain the best performance from a supercapacitor electrode. Wei et al. synthesized 

ultrathin NiMn2O4 arrays on Ni-foam current collector using hydrothermal reaction. 

Through the reaction, the coating of NiMn2O4 was formed directly on the Ni-foam. 

Because of this, no binder was required to fabricate the electrode. As it is well known, 

most of the binders are nonconductive and deteriorates the performance of the 

electrode. This kind of microstructure provides large number of active sites for the 

electrolyte ions and the conductive channel of Ni-foam effectively connects the 

different redox active sites electronically. Figure 2.4.6 shows the NiMn2O4 coated Ni-

Figure 2.4.6 SEM image of NiMn2O4 coated on Ni-foam at (a) low resolution (b) high resolution 
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foam used by Wei et al. The electrochemical performance measured in 6 M KOH 

electrolyte displayed a specific capacitance value of 662.5 F g
-1

 at current density of 1 

A g
-1

 current density [85]. Table 2.4.3 summarises the different results regarding the 

supercapacitive charge storage performance obtained with NiMn2O4 and its different 

composites. 

Table 2.4.3: Results from recent reports on NiMn2O4 and its different composites  

Sample Name Measurement Configuration Specific capacitance 

value 

Ref.  

rGO/NiMn2O4 3-electrode. Electrolyte:  

Aqueous 1 M Na2SO4 

693 F g
-1

 @ 1 A g
-1

 [86] 

Spherical carbon 

decorated with 

NiMn2O4 

3-electrode. Electrolyte:  

Aqueous 2 M KOH 

470.7 F g
-1

 @ 1 A g
-1

 [87] 

CNT/ NiMn2O4 

core-shell 

nanocomposite 

3-electrode. Electrolyte:  

Aqueous 6 M KOH 

915.6 F g
-1

 @ 1 A g
-1

 [88] 

NiMn2O4 on Ni-

foam 

3-electrode. Electrolyte:  

Aqueous 6 M KOH 

802 F g
-1

 @ 1 A g
-1

 [89] 

NiMn2O4 

supported on N2 

dopped graphene 

3-electrode. Electrolyte:  

Aqueous 6 M KOH 

1308.2 F g
-1

 @ 1 A g
-1

 [90] 

Co
2+

 and Zn
2+

 

dopped NiMn2O4 

supported on rGO 

3-electrode. Electrolyte:  

Aqueous 3.5 M KOH 

710 F g
-1

 @ 1 A g
-1

 [91] 

  

2.4.8 Other bimetallic oxides 

Among the different bimetallic oxides, Ni-Co-oxide, Mn-Co-oxide, Zn-Co-oxide, 

Ni-Zn-oxide, etc., have been investigated as the electrode material for supercapacitive 

charge storage application. Nickel cobaltite (NiCo2O4), a transition bimetallic oxide, 

generally shows a cubic spinel structure. The electronic conductivity of NiCo2O4 is 

higher than both NiO and Co3O4 by at least two orders of magnitude, which can 
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improve the charge storage performance of these bimetallic oxides [92]. It shows high 

theoretical specific capacitance because of richer faradic reactions by both the Ni and 

Co ions in alkaline electrolytes.  Lei et al. synthesized flower-shaped microsphere of 

NiCo2O4 using microwave-assisted heating technique. The electrochemical property 

of the synthesized sample was carried out in a 6 M aqueous KOH solution, which 

showed a maximum specific capacitance of 1006 F g
-1

 at 1 A g
-1

 current density. The 

long cycle performance was tested by performing 1000 GCD cycles, at the end of 

which the sample retained 93% of its initial specific capacitance. Thus although this 

bimetal oxide shows ultrahigh specific capacitance, its degradation over a long cycle 

is relatively high, and thus much work is necessary to improve its storage 

performance [93]. Like Ni-Co-oxide, Mn-Co-oxide also shows good potential to be 

used as an electrode material for supercapacitor application. Mn-Co-oxide displays 

high specific capacitance due to multiple redox reactions with the electrolyte. 

However, due to very small specific surface area, relatively less conductivity, and 

structural stability, Mn-Co-oxide still possesses technical challenges to be used as an 

electrode material. Gaire et al. addressed these issues with Mn-Co-oxides by 

incorporating reduced graphitic oxide (rGO) in Mn-Co-oxide. To eliminate the need 

of binder, the precursor solution was spray coated directly on a highly conducting Pt-

Si substrate. A highly porous structure was seen from the morphological 

characterization of the substrate. The coated substrates were used as the working 

electrode for electrochemical characterizations. An ultrahigh areal specific 

capacitance of 11 mF cm
-2

 was obtained in 1 M aqueous KOH solution at 0.4 mA cm
-

2
 current density. Most importantly, the composite electrode showed ultrahigh-

specific capacitance retention of 95% after 80000 cycles. This remarkable charge 

storage performance was attributed to the synergistic effect of the rGO and the Mn-

Co-oxide [94]. Bimetal oxide of zinc and cobalt has also drawn considerable attention 

in the field of research [95, 96].  For example, in the work of Xu et al., porous 

ZnCo2O4 was synthesized through hydrothermal reaction, which showed a high 

specific capacitance of 776.2 F g
-1

 at 1 A g
-1

 current density and good capacitive 

retention of 84.3% at 3 A g
-1 

[97].  

Thus bimetal oxides show good potential to be used as a supercapacitor electrode 

material. However, these materials are still not commercially viable as there are 

various issues with these electrode materials which are required to be addressed. Deep 
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research in this avenue is required for the enhancement of the overall storage 

performance.   

 

2.5 Two-electrode supercapacitor device 

A symmetric two-electrode supercapacitor device is fabricated by utilizing the coating 

of the same electrode material in both electrodes. On the other hand, if two different 

electrode materials are used, it is termed an asymmetric supercapacitor device. 

Usually, in such a device the redox-active material is coated on the positive electrode, 

and carbonaceous material is coated on the negative electrode. 

The energy density (E, in the unit of Wh kg
-1

) and the power density (P, in the 

unit of W kg
-1

) of the device can be calculated from the equations (2.5.1) and (2.5.2) 

[98]. 

      

                 (2.5.1) 

 

                      (2.5.2) 

 

Here, C is the device's specific capacitances (in the unit of F g
-1

) at different current 

densities as obtained from the GCD, V is the working potential window, and T is 

the different discharge times corresponding to different current densities. For the best 

performance of the device, the active materials should be carefully chosen, and mass 
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Figure 2.5.1 Schematic of a two-electrode supercapacitor device 
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deposition of the active materials should be optimized. Apart from the active 

materials, we need to focus on its other important parts to obtain the optimum 

performance from the two-electrode devices. These parts are the current collector, 

separator, and electrolyte. 

 

2.5.1 Current collector 

The current collector serves two main purposes. Firstly, it collects/sends 

electrons from/to electrodes during discharging/charging. Secondly, it provides the 

necessary mechanical support to the electrode material. A good current collector 

should have very less contact resistance and good bonding with the electrode material 

[99, 100]. It should also have high electric conductivity to carry or deliver power with 

minimum loss. To stick the electrode material more efficiently to the current collector, 

different surface treatments are performed. This increases the bonding capacity of the 

current collector. Wen et al. used the atomic layer deposition (ALD) technique to 

fabricate platinum nanotube arrays using anodic alumina (AAO) template. They 

successfully fabricated a current collector of the size of 1 cm x 1 cm, free of any 

structural defect. Next, to deposit MnO2 on the nanotube array electrodeposition 

method was used, which acted as the electrode for the supercapacitor. Figure 2.5.2 (a) 

shows the SEM image of the Pt-nanotube array, and figure 2.5.2 (b) shows the same 

array after MnO2 deposition. This structure of the current collector maximizes the 

surface area for MnO2 deposition. A good charge storage capability along with 

excellent stability was reported for this structure [101]. Both commercially and in lab-

grade devices, different materials like copper, nickel, aluminum etc., are used as 

current collectors. In a typical supercapacitor device, the current collector does not 

Figure 2.5.2 (a) Pt Nanotube array (b) MnO2 deposited nanotube array 
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participate in any reaction. Hence the choice of the current collector should be such 

that it does not react with the electrolyte. Also, with the rise in popularity of wearable 

electronics, the current collector should be flexible. Thus a good amount of research is 

required to improve the material composition and architecture of the current collector 

to meet the global requirements. 

 

2.5.2 Separator 

The separator in a supercapacitor device is kept between two electrodes. It 

serves three main purposes. Firstly and most importantly, it prevents short-circuiting 

the device by providing electrical insulation between the two electrodes. Secondly, it 

acts as a storage reservoir for the liquid electrolyte, and thirdly during the charging-

discharging process, it allows the passage of electrolyte ions [102, 103].  In 

commercial devices, a cellulose-based separator is used along with organic electrolyte 

because of its good wettability.  The choice of the separator is defined by the 

properties of the electrolyte. The separator material must be thermally stable at the 

working temperature range, and it must be chemically/electrochemically inert. 

Besides, its thickness must be as thin as possible to enhance the charge storage 

capacity. To use in the flexible supercapacitor, the separator should also be flexible 

enough to accommodate the change in the shape of the overall device. Among the 

major disadvantages of a supercapacitor, the principal one is the high self-discharge 

rate. Proper design strategies of the separator can suppress the self-discharge rate. 

Peng et al. synthesized polyacrylonitrile coated sodium dodecyl benzene sulfonate 

(PAN@SDBS) nanofiber membrane through coaxial electrospinning method. This 

membrane was used as a separator for the supercapacitor. The device showed a slow 

self-discharge rate because of the constrained ion diffusion due to the concentration 

gradient through the engineered membrane [104]. The field of separator engineering 

receives relatively less research interest compared to that of electrode materials and 

electrolytes. However, a few major drawbacks can be resolved through the proper 

engineering of the separator. Hence more research is necessary to advance the general 

performance of the supercapacitor device.  
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2.5.3 Electrolyte 

 The electrolyte is another important part of the supercapacitor device. It is an 

important detrimental component that controls other important parameters like 

operating potential window, self-discharge, rate performance, internal resistance, 

cycle life, operating temperature, etc. [105]. Among the different types, electrolytes 

can broadly be classified into two different categories, liquid electrolytes and solid-

state electrolytes. Liquid electrolytes can be further classified into two groups: 

aqueous electrolytes and non-aqueous electrolytes [106]. The broad classification of 

electrolytes has been shown in figure 2.5.3. Aqueous electrolyte-based 

supercapacitors usually offer high capacitance because of the high ionic conductivity 

of the electrolyte. But operating potential window, in this case, becomes very narrow 

owing to the small decomposition potential of the electrolyte. Because of this small 

potential window, the energy density offered by the device becomes less. On the other 

hand, supercapacitor with non-aqueous electrolyte can offer higher potential window 

and thus a much higher energy density can be obtained. Solid electrolytes also offer 

high potential window, with an added benefit that in a device with solid electrolyte 

there is no leakage problem. Thus there is no single electrolyte which can satisfy all 

the requirements for supercapacitor.   

Electrolyte 

Liquid 
electrolyte 

Aqueous 
electrolyte 

Non-aqueous 
electrolyte 

Solid-state 
electrolyte 

Figure 2.5.3 Classification of electrolytes 
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Aqueous electrolytes are extensively used in the laboratory because of their low 

cost and ease of handle-ability. To date, no commercial device has been fabricated 

with aqueous electrolytes because of low energy density. Aqueous electrolytes have 

higher ionic conductivity than organic and ionic liquid electrolytes [107]. H2SO4 is 

the most popular acidic type of aqueous electrolyte because of the ultrahigh ionic 

conductivity of 0.8 S cm
-1

 (at room temperature) [108]. Because of this high ionic 

conductivity, device resistance can be reduced, and power density can be increased. 

Different alkaline type aqueous electrolytes are also frequently used for device 

fabrication. Aqueous KOH electrolyte is a commonly used alkaline electrolyte that 

also offers high ionic conductivity of 0.6 S cm
-1

 (at 25 °C). NaOH and LiOH are also 

used in supercapacitor device fabrication among the other alkaline electrolytes. 

Alongside acidic and alkaline electrolytes, neutral electrolytes are also popular in the 

research field. Aqueous solutions of Na2SO4, KCl, NaCl, etc., have been widely used 

because they can provide a relatively higher potential window compared to alkaline 

and acidic electrolytes. Also, these types of neutral electrolytes result in less corrosion 

of the current collector.  

Among the non-aqueous type electrolytes, organic electrolytes are mainly used in 

the commercial market because of their high operating potential window of 2.5 to 2.8 

V. However; they are costly offer low ionic conductivity and low specific 

capacitance. They are also highly flammable and toxic. Tetraethyl ammonium 

tetrafluoroborate (TEABF4) in acetonitrile (AC) solvent or propylene carbonate (PC) 

are examples of organic type electrolytes [109,110].  

Ionic liquids also belong to the non-aqueous type electrolyte. They are basically 

salts having melting points under 100 °C and comprise of inorganic or organic anions 

and organic cations [111]. Because of the weak interactions between the ions, they 

tend to have a low melting point. By varying the combinations of cations and anions, 

the properties of ionic liquids can be tuned easily. Ionic liquids are non-flammable, 

thermally, and electrochemically more stable. A relatively high potential window (> 3 

V) can be achieved with this type of electrolyte. Combinations of ammonium, 

sulfonium, pyrrolidinium, imidazolium, and phosphonium cations and 

hexafluorophosphate (PF6), tetrafluoroborate (BF4), bis(fluorosulfonyl)imide (FSI), 

bis(trifluoromethanesulfonyl) imide (TFSI), and dicyanamide (DCA) anions are 

useally used as ionic liquid electrolytes in supercapacitor application [112, 113]. 
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Recently, electrochemical energy storage devices containing solid-state 

electrolytes have gained research attention due to the rapidly increasing demand for 

portable electronics, wearable electronics, etc. The solid-state electrolytes serve two 

different purposes. Firstly, it acts as an electrolyte to conduct the ions, and secondly, it 

acts as the separator for the two electrodes [114]. Among the different types of solid-

state electrolytes, polymer electrolytes are most often used for supercapacitors. 

Polymer-based electrolytes can be classified into three different categories: solid 

polymer electrolyte (SPE), gel polymer electrolyte (GPE), and polyelectrolyte. 

Among these three types, gel polymer electrolyte is most extensively used in 

supercapacitor application due to its highest ionic conductivity among the other solid-

state electrolytes. A gel polymer contains a host polymer like polyethylene oxides 

(PEO), polyvinyl alcohol (PVA), etc., and an aqueous electrolyte like Na2SO4, KOH, 

H2SO4, etc. [115].  

 

2.6 Properties of ideal electrode material 

Although electrolyte, separator, and current collector play a major role in 

determining the overall performance of the supercapacitor, the major contribution in 

charge storage capability and overall device stability is mainly determined by the 

choice of electrode material. Supercapacitor electrode material must have high surface 

area, good electrical conductivity, good thermal and chemical stability, corrosion 

resistivity and good surface wettability in the electrolyte used. Apart from these, the 

electrode materials should be of low cost, easy to process, and environmentally 

friendly with good recyclability. The pseudocapacitive materials require additional 

criteria which are to easily transfer the faradic charge. This is essential to enhance the 

overall performance [116]. The specific capacitance value of typical electrode 

material is dependent on many essential parameters like its surface area, morphology, 

distribution of pore size, and pore shape. It is seen that the material with reduced pore 

sizes offers high capacitance and high energy density. However, the reduced pore size 

increases the resistive nature of the electrode material, which reduces the power 

density [117].  

Thus, the most important requirements for fabricating an efficient supercapacitor 

electrode  include improving the number of available electrochemically active sites by 

enhancing  specific surface area of the electrode material, tuning the pore size and 
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pore shape  of the electrode material and increasing the connection between individual 

redox active sites by tuning the morphology [118–120]. Different researchers have 

tried to tune the morphology of the electrode material to improve the electrochemical 

charge storage performance.   

 

2.7 Morphological effect on the performance of electrode 

materials 

Kim and co-workers synthesized nickel oxide (NiO) nano structures with different 

morphologies through the sol-gel method [121]. The morphologies of the synthesized 

samples were varied by changing the basicity of the precursor solution. Under weak 

basic conditions (using hexamethylene tetramine (HMTA)), flower-like 

nanostructure, as shown in figure 2.7.1 (a) was obtained. The medium basic precursor 

prepared by ammonium hydroxide (NH4OH) resulted in the formation of nanoslice of 

NiO and is shown in figure 2.7.1 (b). On the other hand, much smaller nano particles 

of NiO having a diameter ~ 50 nm were obtained under strong basic condition 

obtained by adding lithium hydroxide (LiOH) in the precursor. From the BET specific 

surface area measurement, it was estimated that the nanoflower-like structure had a 

specific surface area of 159 m
2
 g

-1
 with a pore volume of 0.66 cc g

-1
. Whereas the 

Figure 2.7.1 SEM images of (a) nanoflower (b) nanoslice (c) nanoparticles of NiO. CV diagram of 

(d) nanoflower (e) nanoslice (f) nanoparticles of NiO 
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same value for the other two samples was 193 m
2
 g

-1
 for nanoslice (pore volume 0.3 

cc g
-1

) and 233 m
2
 g

-1
 (pore volume 0.51 cc g

-1
) for the nanoparticles of NiO. Hence, 

at first glance, it may seem that the sample with a larger specific surface area should 

offer better electrochemical storage performance. However, electrochemical 

characterizations revealed that the morphology with minimum surface area 

(nanoflower of NiO) demonstrated the highest specific capacitance of 480 F g
-1

 at a 

current density of 0.5 A g
-1

 in 2 M aqueous KOH solution. Figure 2.7.1 (d), (e), and 

(f) show the CV diagrams within the same potential window for the sample 

nanoflower, nanoslice, and nanoparticles, respectively. These diagrams revealed that 

the nanoflower offered the highest loop area at any particular scan rate compared to 

the other two samples. The associated XPS study revealed that the nanoflower type 

sample is more hydrous than the other two samples, which could be due to the higher 

pore volume of the sample. This hydrous nature of the sample and the well-connected 

redox-active sites can provide easy paths to the OH
- 

ions which enhance the redox 

activity. Thus it was concluded that the electrochemical storage performance depends 

strongly on the connectivity of the crystallites and the type of pore present in the 

sample. A similar type of observation was reported by Sun et al. with the binary metal 

oxide of nickel and cobalt [122]. The morphology of the Ni-Co binary oxide was 

varied by varying the Co: Ni ratio during the synthesis procedure, which resulted in 

nanoplate, nanorod and nanoparticles of the binary oxide. It was seen that the sample 

with Ni: Co = 1:1 showed the highest surface area of 156.4 m
2
 g

-1
 with a discreet 

nanosheet morphology. On the other hand, the sample with Ni: Co = 1:2 demonstrate 

a comparatively low surface area of ~135 m
2
 g

-1
 with a morphology which consists of 

well-connected porous nanospheres encapsulated in nanosheet Electrochemical study 

revealed that the sample with Ni: Co = 1:2, although having low surface area 

compared to the sample with Ni: Co = 1:1 offered highest specific capacitance of 

1147 F g
-1

 at a current density of 3 A g
-1

. However, when the discharge current 

density was increased to 15 A g
-1

, it was seen that the sample with Ni: Co = 1:4 

outperformed the sample with Ni: Co = 1:2 in terms of specific capacitance value. At 

this high current density, the sample with Ni: Co = 1:4 offered a specific capacitance 

of 755 F g
-1,

 whereas the sample with Ni: Co = 1:2 offered 695 F g
-1

. This is 

particularly because of the nanorod type morphology of the sample with Ni: Co = 1:4. 

This reduces the resistance between the individual active sites by providing electronic 

pathways. At a high discharge current, the storage performance is dominated by the 
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mass transfer and electron conductivity of the sample, and thus the 1D geometry of 

the nanorod showed advantages. Several pieces of research have also explored the 

morphological effect on the electrochemical charge storage performance of MnO2. 

Wei et al. synthesized different nanostructures of  MnO2 on gold-coated glass 

substrate through electrodeposition [123]. Different parameters like solution 

composition, pH value, deposition current density, etc., were varied to obtain different 

morphologies. Figure 2.7.2 (a) shows the continuous coating of MnO2 on the gold 

substrate, which was obtained at a neutral pH value and at a relatively high deposition 

current density of 20 mA cm
-2

. When the current density and pH value are reduced to 

0.1 mA cm
-2 

and 5.0, respectively, the columnar structure of MnO2 was obtained, and 

an SEM image of the same has been shown in figure 2.7.2 (b). The inset of figure 

2.7.2 (b) shows the cross-sectional view of the columnar structure. If the current 

density is further reduced, interconnected nanosheet architecture was formed by 

keeping the pH value constant at 5.0. Figure 2.7.2 (c) and inset show the 

interconnected architecture in low and high magnifications, respectively. CV study at 

100 mV s
-1

 (figure 2.7.2 (d)) revealed that all these samples showed nearly 

rectangular loops, which suggest excellent capacitive behavior. However, the areas of 

Figure 2.7.2 SEM images of (a) continuous coating (b) columnar structure (inset) cross-sectional 

SEM (c) interconnected nanosheet (inset) high magnification image of MnO2 (d) comparison of 

CV diagrams of the MnO2 with different morphologies (e) specific capacitance vs. current 

density plot for the different morphologies (f) comparison of EIS for deposited MnO2 with 

different morphologies 
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these loops are not the same. It is maximum for the sample with interconnected 

nanosheet architecture and minimum for the continuously coated sample. Thus 

storage capacity is higher in interconnected nanosheet and it is minimum for 

continuously coated sample. Figure 2.7.2 (e) shows the specific capacitance vs. 

current density plot for the different samples. At higher current densities, the aligned 

morphologies (i.e. nanosheet and columnar structure of MnO2) retained higher 

specific capacitances whereas for the continuously coated structure the fall of 

capacitance with increasing current density is significant. As already explained this is 

due to the reduced resistance for these samples with interconnected morphology. EIS 

study shown in figure 2.7.2 (f) predicted the same variation of diffusive resistance for 

the electrolyte ions i.e. it is minimum for nanosheet architecture and maximum for the 

continuously coated MnO2. Thus it can be concluded that the aligned morphologies 

are better candidate electrochemical charge storage applications as they can provide 

large number of electrochemically active sites from top of the sample to the bottom 

layer close to the gold current collector. Also they provide short paths for electron 

transport which lead to low charge transfer resistances. Charge storage by hybrid 

mechanism (EDLC + pseudocapacitive) also shows morphological effect. This has 

been shown by synthesizing vertical graphene sheets coated with MnO2 and by 

studying their electrochemical charge storage performance by Zang et al. [124].  

Vertical graphene sheets were grown using microwave plasma-assisted chemical 

vapor deposition on graphite paper. The grown vertical sheets showed a thickness of 

Figure 2.7.3 (a) Tilt view (b) top view of the vertical graphene sheets (c) tilt view and (d) top view 

of the graphene/MnO2 sheets 
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Figure 2.7.4 Tilt view of the SEM images of (a) vertical graphene sheets (b) lateral graphene 

sheets and (c) planar graphene sheets. (d) CV diagrams for different geometries of 

MnO2/graphene sheets. (e) Comparison of areal specific capacitances for these different 

geometries. (f) Schematic of ion diffusion in the two geometries of the electrodes 

less than 1 nm and a height of several tens of microns. Figure 2.7.3 (a) and (b) show 

the SEM images of the tilt view and the top view of the grown vertical graphene 

sheets. To improve the charge storage performance of these graphene sheets, a coating 

of MnO2 was applied using chemical bath deposition. Figure 2.7.3 (c) and (d) show 

the SEM images of the tilt view and top view of the MnO2/graphene hybrid sheets. To 

compare the electrochemical charge storage performances two other geometries of 

MnO2/graphene sheets were fabricated. The lateral and planar structures were 

fabricated by squeezing the vertical MnO2/graphene sheets under different pressures.  

Figure 2.7.4 (b) and (c) show the tilt view of the SEM images of the lateral and planar 

MnO2/graphene sheets. Electrochemical performance testing showed that, the vertical 

MnO2/graphene electrode offered the highest CV loop area, and the planar 

MnO2/graphene showed the lowest CV loop area (figure 2.7.4 (d)). Thus the areal-

specific capacitance for the vertical sheet sample was ~ 240 mF cm
-2

, which was 

around six times higher than the planar sheet geometry. Figure 2.7.4 (e) compares the 

areal-specific capacitances for different geometries. EIS measurement also showed 

that the vertical graphene sheets offered low contact resistance and low ion diffusion 

resistance compared to the other geometries. Thus vertically oriented graphene sheets 

on electrode surfaces are an excellent candidate for the supercapacitor electrodes. 

Because of the large distance between each sheet (~ 10 - 100 nm), the electrolyte ions 

can reach the bottom of graphene sheets in a relatively straight path. This serves two 

purposes firstly, the electrode material utilization increases as the whole of the 

electrode material is now accessible to the ions. Secondly, ion diffusion resistance 
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decreases because of the relatively straight paths. However, in the lateral geometry, 

the ions cannot reach the bottom of the electrode, and thus material utilization 

decreases. Figure 2.7.4 (f) shows the schematic for ion diffusion in vertical and lateral 

geometries of the graphene sheets. However, vertical stack of graphene sheets are not 

commercially viable as they are prone to change their geometry under slightest of 

pressure which can cause the degradation of the supercapacitor device. Table 2.7.1 

lists a few results regarding the morphological effect on the electrochemical 

performances of different electrode materials. This thesis work explores the 

possibility of fabrication of different morphologies of the electrode materials through 

different methods and then to study the effect of morphology on their respective 

electrochemical performances.   

Table 2.7.1: Results from recent reports on the morphological effect on the 

electrochemical performance  

Sample Morphologies Specific capacitances Ref 

Copper oxide 

(CuO) 

 

 

 

 

86.7 F g
-1 

 

 

 

 

113.5 F g
-1 

 

 

 

83.2 F g
-1 

 

 

 

 

56.3 F g
-1 

 

[133] 

Nanorods 

Nanoparticles 

Nanoparticles 

Nanowire 
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Polyaniline 

(PANI) 

 

 

 

 

144 F g
-1 

 

 

 

 

146 F g
-1 

 

 

 

75 F g
-1 

 

 

 

 

248 F g
-1 

 

[134] 

Vanadium 

pentoxide 

(V2O5) 

  

 

483 F g
-1 

 

 

 

608 F g
-1 

 

 

 

544 F g
-1 

 

[135] 

Sphere 

Rose 

Rhombic plate 

Nanobelt 

Butterfly-like 

Rhombohedral 

Flower-like 



58 

 

2.8 Challenges for supercapacitor 

The field of supercapacitor research is very vast and is always evolving. 

Improvements are being made on a daily basis to enhance the performance of this 

device. Supercapacitors are already finding applications in different fields requiring 

many charge-discharge cycles. In cars, buses, trains, cranes, and elevators, they have 

been used as a device to store energy in very little time generated via braking. This 

technology is known as regenerative braking, which has prolonged the mileage of an 

electric vehicle. Supercapacitors with a relatively small value of less than 10 F are 

finding applications in different consumer electronics in parallel to a battery as a 

power backup module. On the other hand, supercapacitors with a high storage value 

of greater than 100 F are now being used in hybrid electric vehicles, different portable 

power tools, etc. [7]. Different manufacturers are now developing supercapacitors 

with different capacities because of the bright future in different commercial sectors. 

Table 2.8.1 lists different supercapacitors manufactured by different companies and 

their properties [8,125]. 

Table 2.8.1: Properties of commercial supercapacitors  

Manufacturer Window 

potential (V) 

Capacitance (F) Energy density 

(Wh kg
-1

) 

Power density 

(W kg
-1

) 

Maxwell 2.7 2800 4.45 900 

Maxwell 3 3000 4.25 30000 

Apowercap 2.7 590 5 2618 

Asahi Glass 2.7 1375 4.9 390 

Panasonic 2.5 1200 2.3 514 

Nesscap 2.7 5085 4.3 958 

LS Cable 2.8 3200 3.7 1400 

Power Sys 2.7 1350 4.9 650 

 Although having many advantages like fast charging speed, wide operating 

temperature, and long service life (around 10 to 15 years), certain problems are 

needed to be overcome.  

 Low energy density 

Supercapacitors offer a very small energy density (about 5 Wh kg
-1

) compared to 

batteries (>50 Wh kg
-1

). Thus except for delivering a short burst of energy, it can not 
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provide the same for a longer duration. To address this problem, a new kind of 

supercapacitor device are being developed where the positrode is made of a battery 

type material and the negatrode is made of conventional supercapacitive material. 

This type of device is now termed as supercapattery, which combines the merits of 

both battery and supercapacitor [126,127]. Because of the presence of the battery-type 

material, the energy density of such devices increases.  

 High self-discharging rate 

Spontaneous decrease of the voltage of a supercapacitor in an open circuit is known as 

self-discharge. Supercapacitors show a high self-discharging rate of more than 40% 

per 12 hours. There are three main mechanisms that are responsible for self-discharge. 

The first one is the faradic side reactions that occur due to impurities or unwanted 

functional groups on the electrode surface. Overcharging of a supercapacitor also 

decomposes the electrolyte, which also contributes to the faradic side reaction. The 

second one is due to the ohomic leakage, which refers to the formation of internal 

short paths due to incomplete sealing of the two electrodes. The final one is due to the 

charge redistribution, which arises due to the presence of charge concentration 

gradient, which causes the flow of charge through the device, causing the loss of 

voltage [128, 129]. Self-discharge of a supercapacitor limits its usage as a device to 

store energy for the long term. Different breakthroughs have been made to limit the 

self-discharge rate. These breakthroughs mainly include modifying the separator, 

electrolyte, or both [130]. However, these improvements are still yet to be 

implemented in the commercial field.  

 High cost 

Finally, the cost of supercapacitor plays a major role in successful commercialization. 

The principal component of the cost for supercapacitor manufacturing comes from the 

cost of its electrode materials [131]. The commercially most popular electrode 

material is high surface area carbon which is moderately expensive. For 

pseudocapacitive type material like RuO2, which is very expensive and is only used in 

military applications. Different researchers are researching to synthesize high surface 

area carbon from different bio-waste, which could reduce the electrode cost [132]. 

Apart from electrode material, an electrolyte for supercapacitor is also expensive and 

adds additional challenges for manufacturing. In fact, presently researched engineered 
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electrolyte and separators which could reduce the possibility of self-discharge are 

even more costly. Upscaling the fabrication process can be a way to reduce the cost 

per device. Researchers from different fields are needed to collaborate for the creation 

of assembly lines for efficient and cost-effective production.  
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3. Different characterization techniques 

The thesis work comprises the analysis and discussions of the results obtained 

from different characterization facilities. These characterization techniques mainly 

include the structural, compositional, and morphological studies of the different 

electrode materials under consideration. Once the desired material is synthesized, and 

the formation of the same is confirmed by the structural, compositional, and 

morphological analyses, electrochemical characterization techniques are used to 

access its charge storage performance. This chapter deals with all the different tools 

and techniques used to investigate a particular electrode material.     

3.1 X-ray Diffraction (XRD) 

X-ray diffraction is an analytical technique that is used to identify the crystalline 

structure and the composition of the materials [1-3]. A crystalline solid has a periodic 

structure with a repeated arrangement of atoms. A beam of monochromatic X-ray, 

when incident on such periodic crystalline material, diffraction of rays occurs. These 

monochromatic X-rays are produced using a cathode ray tube having a wavelength 

comparable to the lattice constant of the material. Keeping the direction of the 

incident X-ray beam fixed, the sample and detector are rotated using an arrangement 

known as a goniometer. The detector records the intensity of the reflected X-rays as a 

function of the angle between the directions of the incident beam and diffracted beam. 

At some certain angles, when the geometry of the goniometer satisfies Bragg‘s 

equation consistent with the sample‘s lattice spacing, a peak in the intensity is 

observed. By studying such peaks, different properties regarding the sample can be 

Figure 3.1.1 Rigaku Miniflex-600 diffractometer 
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obtained. We have used the Rigaku Miniflex-600 diffractometer in this thesis work, as 

shown in figure 3.1.1. The diffractometer has a CuK source which generates a 

monochromatic ray having Å and a D/teX Ultra 1D silicon detector.   

3.2 Fourier transform infrared Spectroscopy (FTIR) 

 Fourier transform infrared spectroscopy (FTIR spectroscopy) is the preferred 

method of spectroscopy in the infrared (IR) regime of electromagnetic waves [4, 5]. 

When infrared radiation is incident on a sample, a part of the intensity is absorbed by 

the sample, and the other part gets transmitted. An infrared spectrum contains 

absorptions peaks at different wavelengths (hence at different photon energies of the 

radiation) for a sample. The position of these absorption peaks represents the 

vibrational frequencies for the vibrations between the bonds of the molecules and 

atoms constituting the material. As every different material is composed of different 

atoms and molecules, each different material produces a different IR spectrum. An IR 

spectrum is like a fingerprint for a particular sample, and no two samples can have the 

exact same infrared pattern. Thus different organic and inorganic compounds can be 

positively identified using this technique. Apart from this, the amount of material 

present in a sample can be estimated from the size of the peaks in the spectrum.  

Older IR instruments utilized different dispersive elements like (IR prisms, 

gratings etc.) to separate the individual wavelengths from the IR source. A detector 

measured the transmittance or absorbance of a sample at an individual wavelength. 

However, this method was very slow, and FTIR resolves this problem by 

incorporating an optical interferometer [6]. An interferometer produces an IR signal 

Figure 3.2.1 Perkin-Elmer RX1 spectrometer 
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containing all the different wavelengths encoded in it. Thus the transmittance or 

absorbance can be measured very quickly. The absorption data at individual 

wavelengths can be decoded by performing a Fourier transform of the signal, which is 

accomplished by a digital computer present in the instrument itself. Figure 3.2.1 

shows the Perkin-Elmer RX1 spectrometer, which we have used in this thesis work. 

This spectrometer offers a working range of 250-4000 cm
-1

 and has a deuterated 

triglycine sulfate (DTGS) detector.    

3.3 X-Ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a vital spectroscopic measurement for 

the study of the chemical composition of the surface of a sample [7, 8]. Thus, this 

spectroscopy is also recognized as Electron Spectroscopy for Chemical Analysis 

(ESCA). XPS is a fast and sensitive analysis technique with applications spanning a 

broad range of organic and inorganic materials. It can detect the spectrum of elements 

from lithium to uranium. When low-energy X-ray photons bombard a sample, 

electrons escape from the material surface, resembling the photoelectric effect.  XPS 

is based on the measurement of the kinetic energies of these emitted electrons. The 

electrons' kinetic energy data (Ekinetic) provide information about the binding energy 

(Ebinding) of the atomic orbital from which the electron has escaped. This can simply 

be calculated from the equation (3.1) 

 Ebinding= Ephoton-Ekinetic-              (3.1) 

Figure 3.3.1 (a) Schematic of the XPS set-up (b) Photo of the actual XPS instrument 
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where Ephoton is the energy of the incident X-ray photon, which is known with high 

accuracy and is a constant for the spectrometer. Each element has a unique set of 

binding energy. Thus, the concentration of elements at the surface can be identified by 

measuring the different sets of binding energies of a sample. The binding energy of 

elements can vary because of differences in the chemical potential, formation of 

chemical bonds, polarizability of compounds, etc. These variations lead to the 

identification of the chemical state of the sample [9].  

Figure 3.3.1 (a) shows the schematic for a typical XPS setup. An electron gun 

generates electrons which, upon impinging on an anode, generates an X-ray. A 

monochromator is used to create a mono-energetic X-ray. This mono-energetic X-ray 

interacts with the sample, which excites the near-surface electrons, and photoelectron 

emission takes place. The detector records these emitted electrons, and the intensity in 

any particular energy is proportional to the number of emissions. XPS requires an 

ultra-high vacuum (less than 10
-9

 mbar) which assists the photoelectrons in reaching 

the analyzer. We have performed the XPS measurement using SPECS GmbH 

spectrometer (Phoibos 100MCD Analyzer) with Al Kα radiation having photon 

energy of 1.4866 keV. Figure 3.3.1 (b) displays the photo of the actual instrument. 

3.4 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is used to examine the morphology of the 

sample surface [10-12]. When the sample surface is hit by a collimated electron beam, 

secondary electrons are released from the sample surface. The topography of the 

sample surface can be reconstructed digitally by two-dimensional scanning of the 

collimated beam on the sample surface and collecting the secondary electrons. Figure 

3.4.1 (a) shows the schematic of an SEM. The instrument contains many different 

parts. Electron gun produces electron beam via thermionic emission. The thermally 

excited electrons are emitted from the cathode, usually made of thin tungsten wire. 

This wire is heated to a very high temperature (2800 K) which results in the ejection 

of electrons. A positive potential is applied to a specially made anode to produce an 

electron beam. In some other instruments, LaB6 crystal is used instead of tungsten 

cathode as an electron emitter. In a more advanced set-up field emission electron gun 

is used to produce electron beam current. These types of SEMs are known as Field 

Emission Scanning Electron Microscope (FESEM) [13]. Apart from the electron gun, 
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different combinations of magnetic lenses are used, which tune the electron beam 

size, and ultimately, the magnification of the image can be controlled. The secondary 

electron detector contains a scintillator, a photomultiplier tube, and a high voltage 

setup to attract the secondary electrons. This type of detector is known as Everhart-

Thornley detector (ET-detector). The output from the detector is fed to the digital 

computer, which produces the magnified image of the sample. As the whole working 

of the microscope revolves around the controlled use of the electron beam current, a 

high vacuum environment (10
-3

-10
-4

 Pa) is necessary for proper working.   

The resolving power of any microscope is the minimum separation that can be 

seen by it and is inversely proportional to the wavelength of the probe used. Thus 

smaller the wavelength, the greater the resolving power. For an optical microscope, 

the resolution is about 0.2 µm or 200 nm. In SEM, as the probe used is the stream of 

electrons, hence its wavelength can be very small compared to the visible light, and 

thus for most SEM, the resolution can be as small as 10 nm. High magnification of 

2,000,000 times can be obtained in a typical SEM instrument. 

Sample preparation for SEM is also relatively easy. But it has to be ensured 

that the surface of the sample to be seen is electronically conductive. Otherwise, the 

charging of the sample takes place, which distorts the image. To image a non-

conductive or relatively less conductive material, it has to be coated with a very thin 

layer of gold. Figure 3.4.1 (b) shows the actual image of an SEM instrument (JSM-

IT100, JEOL). 

Figure 3.4.1 (a) Schematic of SEM (b) Photo of the actual SEM instrument 
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  3.5 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) works on the same principle as the 

transmission light microscope. However, instead of light, a stream of electrons is used 

in this case. TEM is widely used to study morphology and internal structure of a 

sample with ultra-high resolution. Figure 3.5.1 (a) shows the schematic of a TEM 

setup. Like SEM, TEM also requires an electron gun to produce a beam of electrons.  

Different combinations of magnetic lenses are used to focus and collimate the electron 

beam. A high potential difference (100 keV – 400 keV) is applied between the 

cathode and anode to accelerate the electron to very high energy. These high-energy 

electrons have very small wavelength, and hence very high resolving power can be 

obtained in TEM. Sample preparation for TEM analysis is relatively complex 

compared to SEM sample preparation. To allow the passage of electron beam through 

the sample, it must be less than 150 nm thick. After transmission of electron through 

the sample, the electron reaches the projector lens, which projects the magnified 

image of the sample on a phosphorescent screen. A CCD camera digitizes the 

acquired image for further analysis. Like SEM, a high vacuum environment is also 

required in TEM. Figure 3.5.1 (b) shows the actual image of the transmission electron 

microscope (FEI, TF30-ST), which we have used during this thesis work. 

Figure 3.5.1 (a) Schematic of the TEM (b) Photo of the actual TEM instrument 
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3.6 BET 

Nitrogen sorption isotherm measurement coupled with BET theory is a powerful 

technique to estimate the specific surface area and porosity of porous materials [14]. 

Brunauer–Emmett–Teller theory or the BET theory is n modification over the 

Langmuir theory [15]. The latter is valid for monolayer adsorption of gas molecules 

on a surface. On the other hand, the BET theory is applicable to multilayer adsorption 

of gas molecules. Among the different gases, N2 at temperature 77 K is extensively 

used as a probe to measure the specific surface area of a material. Isotherms for a 

particular material are measured during N2 adsorption and de-adsorption. The 

isotherms can be classified into five different categories, as shown in figure 3.6.1 (a). 

Type-I isotherms are seen for microporous materials. A microporous material has 

pores, sizes of which are less than 2 nm. For such materials, the pore sizes are not 

much larger than the diameter of the adsorbate. Unlike the type-I isotherm, the type-II 

isotherm does not show a saturation limit. This means that adsorbate forms multilayer 

after forming a monolayer of gas. Type-III isotherm indicates vapor adsorption. Type 

IV and V display a hysteresis loop. This suggests the presence of capillary 

condensation of adsorbate on the mesoporous materials. Thus the nature of isotherm 

can reveal the pore distribution in a material. Using isotherms, the specific surface 

area can be calculated with the help of the Brunauer -Emmet-Teller (BET) theory.  

We have measured the nitrogen sorption isotherm of different samples using  

Quantachrome NOVA 2200e BET Surface Area Analyzer at 77 K (figure 3.6.1 (b)). 

Before performing the measurements, the samples were degassed for 8–12 h at a 

relatively high temperature of 423 K. Multipoint BET method was used to estimate 

Figure 3.6.1 (a) Different types of isotherms (b) Photo of BET set-up 
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the surface areas of the samples. The pore size distributions were calculated using 

Non-local density functional theory (NLDFT).   

3.7 Electrochemical characterizations 

 To evaluate an electrode material for its electrochemical charge storage 

performance, different electrochemical characterizations are. Cyclic Voltammetry 

(CV), Galvanostatic Charge Discharge (GCD), and Electrochemical Impedance 

Spectroscopy (EIS) are principal among them. A detailed discussion regarding these 

measurements has already been included in chapter 2. Here we discuss the different 

technical and practical aspects behind these characterization techniques. These three 

characterizations can be performed both in 3-electrode and 2-electrode modes. 3-

electrode mode is used to evaluate the performance of electrochemical charge storage 

Figure 3.7.1 Photo of the (a) CE (b) RE (c) electrochemical cell and (d) Corrtest CSC-313 

electrochemical work station 
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capability of particular electrode material. On the other hand, the 2-electrode mode is 

used to characterize the performance of a two-electrode supercapacitor device. Both 

3-electrode and 2-electrode characterizations can be performed using an 

electrochemical workstation equipped with hardware to precisely control and measure 

potential and current. In addition to that, to perform EIS, the workstation must be 

equipped with hardware to control the frequency of an AC signal over a wide range 

(0.01 Hz to 10
5
 Hz). 

In 3-electrode mode, as the name suggests, there are three electrodes. The 

Working Electrode (WE) is the electrode where the potential is applied with respect to 

the reference electrode (RE), and the current is measured with respect to the counter 

electrode (CE). The WE is made of inert material such as gold, platinum, or glassy 

carbon, which does not participate in the electrochemical reaction. The material 

whose electrochemical performance has to be tested (active material) is coated on the 

surface of WE. In these cases, the coated surface of the WE serves as an active area 

where the electrochemical reaction takes place.  In most of our experiments, we 

have taken glassy carbon rods as our WE. Before coating the active material, the 

circular flat end of the rod is polished using fine emery paper and washed several 

times. Then the rods are dried in a vacuum. The dried rods are then wrapped with 

Teflon tape, keeping the circular flat end open. Teflon tape acts as an encapsulation 

for the sidewall of the rod. Next, the active material is dropcasted on the circular flat 

end. For this purpose, a slurry of the active material is prepared using 85 wt% active 

material, 10 wt% carbon black, and 5 wt% polyvinylidene fluoride (PVDF), all mixed 

in N-Methyl-2-pyrrolidone (NMP) solvent. This slurry is used for dropcasting. Here 

the carbon black is used as a conductive additive, and PVDF is used as a binder [16]. 

Following the dropcasting, the rods are kept in a vacuum at 65
0
 C for 3 h to dry the 

coated slurry. This results in the formation of a thin coating of the active material on 

the flat end of the rod. The rods were weighed before and after deposition. The 

difference in mass gives the mass of the deposited material. While measuring the 

electrochemical performance of hydrothermally synthesized NiMn2O4, we have used 

Ni-foam as a working electrode. The active material was coated on the Ni-foam 

during the hydrothermal reaction; thus, the use of a binder was avoided. The counter 

electrode (CE) is an inert conductor usually made of platinum. The current flows 

between CE and WE. In our study, we have used a platinum counter electrode of 
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dimension 1 cm x 1 cm, which is shown in figure 3.7.1 (a). The reference electrode 

(RE) is the third and final electrode that is used to measure the potential of the WE. 

RE should be able to maintain a constant potential during the electrochemical reaction 

and must be chemically stable. There are various REs like Saturated Calomel 

Electrode (SCE), Standard Hydrogen Electrode (SHE), etc. We have used Ag/AgCl 

electrodes in saturated KCl as our RE for all the electrochemical measurements 

(figure 3.7.1 (b)). It maintains a constant potential of 0.197 V with respect to SHE. 

The high stability in the potential value is reached by a redox reaction in the RE, as 

given in equation (3.2)  

                                     (3.2) 

 All these three electrodes are connected to the respective terminals of the 

electrochemical workstation and then kept submerged under an electrolyte solution to 

conduct the experiments, as shown in figure 3.7.1 (c) [17]. We have used Corrtest CS-

313 electrochemical workstation for the purpose of all the electrochemical 

measurements. The photo of the workstation is shown in figure 3.7.1 (d). While 

performing the 2-electrode measurement, the WE is connected to the positive terminal 

of the device, and CE and RE are connected together to the negative terminal of the 

device. 

 After obtaining the data, the specific capacitance of the device can be 

calculated both from the CV and GCD experiments using equations (2.3.1) and 

(2.3.3). Information concerning the different dynamic processes which occur at the 

electrode-electrolyte interface during the charging-discharging can be obtained from 

the EIS experiment, which has already been discussed in chapter 2. 
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4. Introduction 

This chapter discusses the different techniques used to synthesize the different 

morphologically ordered or disordered samples. In the beginning, we will discuss the 

synthesis technique for ordered and disordered sample of MnO2-Graphene Oxide 

(MnO2-GO). The ordered sample was prepared using the electrospin technique [1], 

which offered superior electrochemical charge storage capability compared to the 

disordered counterpart. Technical aspects of the electrospinning technique have been 

discussed in the chapter-2.  

However, the electrospin technique is a slow yield process; hence to speed up 

the fiber production, we have indigenously developed a Rotary-Jet Spin device (RJ-

Spin) which could be used to produce different types of fibers [2]. We have used this 

device to produce MnO2 based fiber and measured its electrochemical charge storage 

capability.  

Bimetal oxides offer good electrochemical charge storage performance 

compared to mono-metal oxides [3]. Hence, we have chosen a popular bimetallic 

oxide, namely NiMn2O4, to study its charge storage capability and effect of particle 

morphology on electrochemical performance. Ni-based oxides are popular battery-

type materials and possess high energy density [4]. On the other hand, electrodes 

based on Mn-based oxides show a pseudocapacitive charge storage mechanism 

offering high power density [5]. Hence in NiMn2O4, the advantage of high energy 

density and power density can be obtained. Here, we have described the scheme to 

synthesize NiMn2O4 using the hydrothermal technique. To study the effect of 

morphology on the electrochemical performance, different morphological variants of 

NiMn2O4 were prepared using different additives during the synthesis.  

Finally, we have again utilized the RJ-Spin device to fabricate the 

morphologically ordered NiMn2O4 fiber in an attempt to reduce the internal resistance 

further and to increase the electrochemical charge storage performance. 

All the physical, morphological, and electrochemical characterizations of these 

samples have been discussed in the next chapter (chapter 5), maintaining the same 

order. 
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4.1 Synthesis of ordered and disordered sample of MnO2-GO  

Manganese (II) acetate tetra hydrate ((CH3COO)2Mn.4H2O) and 

Polyvinylalcohol (PVA) were obtained from LOBA Chemie. All the chemicals were 

of analytical grade and were used without any further purification. Graphene Oxide 

(GO) was prepared from natural graphite powder by using the modified Hummer‘s 

method [6]. 27 ml of sulphuric acid (H2SO4) and 3 ml of phosphoric acid (H3PO4) 

were mixed in a volumetric ratio of 1:9. 0.23 g of graphite powder was added into the 

acidic mixture under vigorous stirring. Next, 1.3 g of potassium permanganate 

(KMnO4) was slowly added to the mixture. This mixture was kept under moderate 

stirring overnight until the color changed to dark green. After that, 0.7 ml hydrogen 

peroxide (H2O2) was added drop-wise to remove excess KMnO4 from the mixture. 

Next, an aqueous solution of hydrochloric acid (10 ml acid in 30 ml de-ionized water) 

was added to the mixture and centrifuged at 5000 rpm for 5 minutes. The residuals 

were collected and washed using de-ionized water several times. Finally, the GO 

solution was dried in an oven at 90 
o
C for 24 hours to obtain the GO powder. The 

electrospinning solution of MnO2-GO composite was synthesized by an easy three-

step process. At first, 20 mg of GO was dispersed in 5 mL ethanol-water solution (3:7 

by volume) using a probe-sonicator for 1 h. In another beaker, 0.1 g of (CH3COO)2 

Mn. 4H2O was added to 5 mL distilled water and was kept under continuous stirring 

for 1 hour. These two solutions were then mixed under continuous magnetic stirring 

Figure 4.1.1: Scheme to synthesize ordered and disordered samples of MnO2-GO 
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for 12 h. Finally, 10 wt% PVA was added to the earlier solution and kept under 

magnetic stirring at temperature 70 
o
C until a homogeneous viscous mixture was 

obtained. This polymer solution was divided into two parts. One part was used to 

perform the electrospinning process, and the other part was used to synthesize 

dropcasted disordered samples.  

Electrospinning is an easy technique to produce uniform and continuous fiber 

from a polymer solution. An electrospinning device consists of three principal parts 

such as a spinneret, a high voltage power supply, and a collector (figure 4.1.2 (b)). 

The spinneret contains a syringe with a steel needle. A syringe pump drives the 

polymer solution through the open end of the steel needle at a constant rate. The high 

voltage source produces an electric field between the steel needle and the collector. 

When the electric field reaches a certain value, electrostatic force on the small drop 

formed at the end of the steel needle overcomes the surface tension of the liquid and a 

jet of the solution is ejected at a very high speed (figure 4.1.2 (c)) towards the 

direction of the collector which leads to quick drying of the solvent and thus fibers are 

produced. There are various parameters that determine the diameter of the fabricated 

fiber, like dielectric properties of the solution, surface charge density on the droplet, 

surface tension and viscosity of the solution, temperature, etc. By optimizing these 

parameters, the fiber diameter can be varied within a wide range of 50 nm to 1000 

Figure 4.1.2: (a) Image of the Royal Vertical Electrospin set-up. (b) Different parts of the 

electrospin machine. (c) Image of fluid jet coming out of the end of the needle. 
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nm. For our present work, we have used vertical electrospin set-up made by Royal 

Enterprise, Chennai, Tamil Nadu. Figure 4.1.2 (a) shows the actual image of the set-

up. 

In the electrospinning process, the polymer solution was loaded in the 1 mL plastic 

syringe with a gauge needle attached to the end. A high DC voltage of 15 kV was 

applied between the needle and the collector steel plate, which was grounded and 

placed at a distance of 10 cm from the tip of the needle. A flow rate of 0.5 mL h
-1

 was 

maintained by a syringe pump. The whole electrospinning process was performed in 

air with a chamber temperature of 35 
o
C. The collector steel plate was placed on a 

plate heater at 60
 o
C. Relatively high plate temperature ensured the quick drying of the 

spun fiber, and thus agglomeration of the spun fiber was avoided. After the 

electrospinning process, the fiber mat was collected and dried in air at 150 
o
C and 

then exposed to H2O2. After that, the fibers were kept in a closed enclosure containing 

iodine vapor for 6 h for increased stabilization during the annealing process. Finally, 

the resulting fiber was annealed in a vacuum furnace at temperature 500
 o

C for 1 h 

resulting in the formation of MnO2-GO composite. By this annealing process, PVA 

polymer was converted to carbonized fiber according to equation (4.1.1) [7]. This 

sample was designated as GM-1E, where the ratio of Mn
2+

 and GO is 5:1 by weight. 

Here ‗E‘ signifies the electrospun sample. Similarly, the pristine MnO2 fiber 

(designated as GM-0E) was fabricated with two other variations of MnO2-GO 

composite having 5:2 (designated as GM-2E) and 5:3 (designated as GM-3E) ratios of 

Mn
2+

 and GO by weight. Another part of the electrospinning solution was spread 

dropwise on a steel plate and dried at 60
 o

C to form beads. Then these dropcasted 

beads were collected, dried, and annealed under the same conditions. Thus the 

disordered dropcasted samples were prepared and designated as GM-0D, GM-1D, 

GM-2D, and GM-3D (here D signifies dropcasted sample). The details of the 

samples, along with their respective synthesis technique, have been provided in the 

table-4.1.1. The schematic of the synthesis technique is depicted in Figure 4.1.1. 
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Table-4.1.1 Details of the different samples of MnO2-GO.  

Mn
2+

:GO Electrospun Ordered Sample Dropcasted Disordered Sample 

5:0 GM-0E GM-0D 

5:1 GM-1E GM-1D 

5:2 GM-2E GM-2D 

5:3 GM-3E GM-3D 

 

4.2 Synthesis of ordered microfiber of MnO2/Carbon by RJ-Spin 

method 

Electrospin is one of the best methods for fiber fabrication. However, because of 

its very less yield capability (0.1-1.0 g h
-1

), it is not suitable for mass production [8]. 

Hence, we have indigenously developed a Rotary-Jet Spin device (RJ-Spin) to speed 

up the fiber fabrication process. The device works similarly to a cotton candy 

machine. We had modified a commercial centrifuge machine (Remi-8C) which offers 

a maximum rpm of 6000 and is equipped with a very fine rpm controller. The rotating 

head of the centrifuge machine was replaced with a perforated aluminum container. 

Figure 4.2.1: (a) Photo of the RJ-spin setup (b) Schematic of the same setup (c) Polymer-metal 

oxide solution at different stages of the synthesis. 
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The cylindrical aluminum casing of a capacitor (4700 F, 35 V) was found to be 

suitable for use as a rotating head. Very fine holes (~0.1 mm) were made in the wall 

of the cylindrical container using a hand drill. This perforated cylindrical container 

was mounted on the centrifuge machine very carefully while maintaining the 

rotational balance. A cylindrical net was used as the collector for fiber. The whole 

setup was placed inside a closed box. A heater was placed inside the box to maintain a 

relatively high surrounding temperature of 50-60
 o

C. A syringe pump was used to 

maintain a steady flow of the polymer solution in the container. A pipe attached to the 

syringe pump was brought over the rotating container, which supplied the polymer 

solution inside the container. Figure 4.2.1 (a) shows the indigenous RJ-spin 

arrangement without the heating element and the polymer supply system, and Figure 

4.2.1 (b) shows the schematic of the setup. When the container rotates at very high 

rpm, the polymer solution inside it is forced through the small holes present in its side 

wall due to the action of centrifugal force. This stretches the polymer jet along the 

radial direction forming fibers that dry quickly because of the high surrounding 

temperature.  

To synthesize MnO2/Carbon-based microfiber using the RJ-Spin set up, initially, 

1.5 g Manganese chloride (MnCl2 (Merck India)) is added to 37 ml double distilled 

water to prepare an Mn
2+

 solution. Ammonium hydroxide (NH4OH (Merck India)) is 

added to the solution to precipitate manganese hydroxide (Mn(OH)2) according to the 

equation (4.2.1). 

 MnCl2 + NH4OH = Mn(OH)2+ NH4Cl     (4.2.1) 

Next, a small quantity of hydrogen peroxide (H2O2(Merck India)) is added to the 

Mn(OH)2 suspension at an elevated temperature of 80
 o

C to prepare manganese 

dioxide suspension according to the equation (4.2.2) [9]. 

Mn(OH)2 + H2O2 = MnO2 + O2      (4.2.2) 

In this suspension 12 wt% Polyvinyl alcohol (PVA) powder is added to prepare the 

metal oxide polymer solution. This solution is fed to the perforated drum rotating at 

4000 rpm at a constant rate of 10 mL h
-1

 using a syringe pump. Because of the action 

of the centrifugal force, the polymer solution is forced through the small holes and 

dries quickly to form a tiny strand of fibers in the chamber. The whole setup is 
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enclosed in a temperature-controlled chamber. The chamber temperature is kept fixed 

at 60 
o
C. The higher chamber temperature ensures quick drying of the fiber. The fiber 

is collected in a cylindrical net and annealed at 700 
o
C in an inert atmosphere for 1h, 

which is further used for different characterizations. By annealing the polymer-metal 

oxide fiber, the polymer matrix is converted to carbonaceous fiber, which supports the 

MnO2. The different steps of the metal oxide-polymer solution have been shown in 

figure 4.2.1 (c). Here, we have omitted the use of GO while synthesizing the MnO2/C 

fiber because it was seen that PVA/GO suspension was clogging the small holes in the 

container hampering the whole process. This clogging problem could have been 

avoided if a high rpm motor had been used.  

4.3 Synthesis of NiMn2O4 via hydrothermal technique 

The hydrothermal technique is an easy one-pot synthesis technique [10]. It 

incorporates water as the reaction medium under pressure greater than 1 bar and 

temperature greater than 100 
o
C. This synthesis technique is usually performed in a 

specially designed closed vessel capable of withstanding high pressure.  

Nickel acetate ((CH3COO)2Ni.4H2O), manganese acetate 

((CH3COO)2Mn.4H2O), and urea (CO(NH2)2) were purchased from Merck. The 

different surfactants and mineralizer which were used to vary the morphology of the 

Figure 4.3.1: Scheme to synthesize NiMn2O4 with different morphologies. 



96 

 

composites were all obtained from Sigma Aldrich. These surfactants were cetyl 

trimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS), and glucose 

and the mineralizer was ammonium fluoride (NH4F). Ni-foam was purchased from 

Gelon Energy, China.  All these chemicals were of analytical grade and used without 

any further purification. Initially, 0.5 M 10 mL aqueous solution of nickel acetate and 

1M 20 mL aqueous solution of manganese acetate were mixed using a magnetic 

stirrer. After proper mixing of these two solutions, 0.3 g urea was added to it, which 

was again stirred for 1 h. Here, urea acts as a carbonate ion source to form Ni-Mn-

carbonate through the following reactions (4.3.1 to 4.3.5) [11]: 

CO(NH2)2 + H2O  2NH3 + CO2              (4.3.1) 

NH3.H2O  NH4
+ 

+ OH
-
                          (4.3.2) 

CO2 + H2O  CO3
2-

 + 2H
+            

     (4.3.3) 

Ni
2+

 + 2Mn
2+

 + 2OH
-
 NiMn2(OH)2             (4.3.4) 

NiMn2(OH)2 + CO3
2- 

+ nH2O  [NiMn2(OH)2](CO3
2-

).nH2O          (4.3.5) 

Upon heating, the complex bimetallic carbonate, the NiMn2O4, can be synthesized. 

Different surfactants and mineralizer were added separately with the mixture of nickel 

acetate and manganese acetate to prepare different variants of the NiMn2O4 

composite. The addition of NH4F as a mineralizer during the synthesis produces F
-
 

ions, which form strong coordination with the Ni
2+

 and Mn
2+

 ions, and thus spherical 

particles of NiMn2O4 are obtained. On the other hand, the surfactants are able to 

produce different morphology based on their cationic or anionic nature. The 

mechanism of formation of different morphologies due to the addition of different 

chemicals has been discussed in detail in chapter 5 (section 5.3). The details of the 

sample designation and the added quantity of the different surfactants and mineralizer 

are given in table 4.3.1. After adding the surfactants or the mineralizer, the resultant 

solution was again stirred for 2 h. Next, the solution was transferred to a teflon coated 

steel container. Pieces of Ni-foam of size 0.5 cm x 3 cm were cut from the stock and 

were washed several times using a dilute aqueous solution of hydrochloric acid, 

water, and ethanol, respectively, to remove the oxide layers on the foam. After 

washing, these foams were dried at 70 
o
C. After adding these dried Ni-foams, the steel 

container was sealed tightly and heated at 180 
o
C for 6 h, and after heating, the 
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container was allowed to cool naturally. Nanoparticles coated Ni-foam was carefully 

removed from the container and washed in distilled water. These foams were 

annealed at 400 
o
C for 1 h in the open air and used as working electrodes for the 

electrochemical measurements. The synthesis scheme is shown in figure 4.3.1. The 

residual composite was collected from the solution using a centrifuge and washed 

using d.i. water. This powder composite was also annealed at 400
 o
C for 1 h. 

Table 4.3.1: Details of the sample names and quantity of the chemical added to tune the 

morphology.  

 

4.4 Synthesis of ordered microfiber of NiMn2O4 using RJ-Spin 

technique 

Sample Name Chemical added to 

tune the morphology 

Type of the 

chemical 

Amount 

NM1 NH4F Mineralizer 0.8 g 

NM2 CTAB Surfactant 0.8 g 

NM3 SDS Surfactant 0.8 g 

NM4 Glucose Surfactant 0.8 g 

Figure 4.4.1: Synthesis scheme for microfiber of NiMn2O4 
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From the electrochemical measurement (Chapter 5, Section 5.3), we find that the 

NiMn2O4 prepared using SDS (NM3) offered the best charge storage performance. 

Hence, to fabricate the microfiber of NiMn2O4 we took pre-synthesized NM3 particles 

and ground it in a mortar. A fine powder was obtained, which was mixed with 12 wt% 

PVA polymer solution. This mixture of metal oxide and the polymer solution was 

magnetically stirred for 10 h. In a similar manner, as described in section 4.2, this 

polymer-metal oxide mixture was fed to the rotating perforated drum using a syringe 

pump at a rate of 8 ml h
-1

. The polymer fiber embedded with the NiMn2O4 particles 

was obtained. After collecting the fiber, it was kept at an elevated temperature of 80 

o
C to remove excess moisture. The presence of excess moisture hampers the stability 

of the fiber during the annealing process. Next, the fibers are treated with iodine by 

keeping it in iodine vapor for 5 minutes. This iodine treatment prevents the fiber from 

breaking during the annealing process. Finally, the annealing was performed at 800
 o
C 

in an inert atmosphere for 3 h. The annealed fiber (named NM3RJ) was collected and 

used for further characterizations. Figure 4.4.1 depicts the synthesis scheme for 

NM3RJ. 
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Figure 5.1.1: (a) XRD patterns of GM-0E and GM-2E(b) XPS survey spectrum of GM-2E. 

High resolution XPS data of (c) Mn 2p 3/2 and (d) O 1s of GM-2E. SEM images of (e) GM-2D 

and (f) GM-2E

The previous chapter discusses the synthesis scheme of the different electrode 

materials. This chapter has discussed the results of compositional, structural, 

morphological, and electrochemical characterization of these samples in detail. 

5.1 Ordered and Disordered sample of MnO2-GO 
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The ordered and disordered samples of MnO2-GO have been synthesized 

using electrospinning and dropcasting, respectively. Here, we discuss the 

various results of the different characterizations.  Figure 5.1.1 (a) shows the 

powder XRD patterns of GM-0E, GM-0D, GM-2E, and GM-2D samples. The 

peaks at 28.7
0
, 37.5

0
, 42.8

0
, 56.4

0
, 59

0
, 64.8

0
, 69.1

0
, 72.3

0
, 75.9

0
 are due to the 

tetragonal phase of MnO2 (JCPDS 72-1984). The peaks at 26.6
0
 and 49.5

0
 are 

may be due to carbon (JCPDS 75-0444) which arises due to the thermal 

annealing of the PVA polymer. The GM-2E and GM-2D samples show the 

peaks of the tetragonal phase of MnO2 with an additional broad peak nearly at 

12
0,

 which corresponds to the graphene oxide, and a small hump near 20
0,

 

which may be due to partially reduced GO [1]. The encapsulation of GO by 

PVA matrix may prevent GO from being totally reduced. These XRD patterns 

do not show any impurity peak suggesting a successful synthesis of pure MnO2 

and MnO2-GO fiber.  

The elemental analyses of GM-2E and GM-2D samples were performed by 

X-ray photoelectron spectroscopy (XPS). Figure 5.1.1 (b) shows the full survey 

spectrum of the GM-2E composite, which clearly indicates the presence of Mn, 

O, and C on the surface of the composite. Figure 5.1.1 (c) displays the high-

resolution spectra of Mn 2p state of GM-2E, which can be deconvoluted into 

two different peaks, namely Mn 2p3/2 and Mn 2p1/2 at energy 642.1 eV and 

653.9 eV, respectively. This suggests that the element Mn is in +4 valence state 

[2] in both these two composites. The energy separation of 11.8 eV is in 

excellent agreement with the literature. Figure 5.1.1 (d) represents the core 

level spectrum of O1s of GM-2E, which again can be deconvoluted into four 

distinct peaks. The peak at 527.9 eV is due to the lattice oxygen [3]. The peak 

at 529.4 eV represents Mn-O [4]. The peaks at 530.5 eV and 531.4 eV are due 

to the quinone groups and the O-H present in the GO [5]. 

The SEM image of the GM-2D (Figure 5.1.1 (e)) clearly shows the discreet 

cluster of the redox-active particles with negligible interconnection between 

them. Figure 5.1.1 (f) shows the uniform distribution of the electrospun fiber of 

the GM-2E sample having an average diameter of 260 nm. No bead formation 

was observed on the fiber. This fiber-like structure effectively connects the 

individual redox-active site resulting in superior electrochemical performance.  
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Cyclic voltammetry (CV) has been performed in a three-electrode setup using 

aqueous 1M Na2SO4
 
solution as electrolyte within the potential range -0.3 V to 1 V. 

Results show that GM-2E and GM-2D demonstrate the highest specific capacitance 

among the respective groups (electrospun sample and dropcasted disordered sample). 

Thus the CV results at different scan rates are discussed for GM-2E and GM-2D 

samples, while the rest of the CV curves are shown in figure 5.1.3. Figures 5.1.2 (a) 

and 5.1.2 (b) show the CV curves for different scan rates for GM-2D and GM-2E, 

respectively. It is found that the electrospun sample (Figure 5.1.2 (b)) maintains its 

near rectangular shape down to the low scan rate of 2 mV s
-1

. On the other hand, the 

disordered dropcasted sample deviates from its near rectangular shape at the boundary 

of the potential window at a low scan rate which suggests that the fiber-like ordered 

structure may participate in the redox reaction with the electrolyte within a wide 

potential window of 1.3V but the disordered sample cannot. A similar kind of trend is 

also observed for GM-0D, GM-0E, and GM-1D and GM-1E (Figure 5.1.3 (a)-(d)). 

Figure 5.1.2: CV curves at different scan rates for (a) GM-2D and (b) GM-2E. (c) Specific 

capacitance vs. scan rate plot for the two samples. (d) Specific capacitance as obtained from the 

CV measurement for different samples. 
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Figure 5.1.2 (c) shows the specific capacitance vs. scan rate plot for GM-2E and GM-

2D. The specific capacitance value rises for both the samples with the decreasing scan 

rates. At a lower scan rate, the ions from the electrolyte get enough time to access 

both the inner and outer surface of the active material resulting in the accumulation of 

a large number of ions at the electrode, which effectively enhances the specific 

capacitance.  We have observed with the increase of graphene oxide percentage, the 

specific capacitance rises for both disordered and ordered samples and attains a 

maximum value of 546.9 F g
-1 

for the sample GM-2D and 892.8 F g
-1

 for the sample 

GM-2E, both having Mn
2+

 and GO ratio 5:2. The addition of GO beyond this 

optimized amount slightly decreases the specific capacitance for both ordered and 

Figure 5.1.3: CV curves at different scan rates for (a) GM-0D (b) GM-0E (c) GM-1D (d) GM-

1E (e) GM-3D (f) GM-3E 
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disordered samples. Thus an opposite kind of behavior is observed for GM-3D and 

GM-3E (Figure 5.1.3 (e) and (f)), which is possibly because of the presence of an 

excessive amount of GO compared to MnO2 in the sample [6]. Because of the 

encapsulation of the redox-active material MnO2 by GO, the electrolyte cannot access 

MnO2 nanoparticles, resulting in fewer redox reactions. Thus, the samples GM-3E 

and GM-3D show less specific capacitance, as shown in figure 5.1.2 (d).  We can also 

see from figure 5.1.2 (d) that ordered electrospun samples always yield a higher 

specific capacitance value than the disordered counterpart.  

Galvanostatic charge-discharge (GCD) is another useful tool to determine the 

performance of the electrode material. GCD of all samples was performed in the same 

setup using aqueous 1M Na2SO4 solution as electrolyte within the same window 

potential of -0.3V to 1V. Figure 5.1.4 (a) and 5.1.4 (b) represent the GCD curves at 

different current densities for GM-2D and GM-2E, respectively. All these discharge 

curves show three distinct regions (i) a small region of rapid discharge, (ii) a wide 

region of linear discharge, and (iii) a near exponential region of discharge at the tail. 

The small region of rapid discharge is mainly due to the internal resistance drop (I.R 

drop) of the electrode material. This drop in potential is mainly due to the weak 

electrical contact of the active material with the current collector and due to the 

intrinsic resistance of the electrolytes [7]. From figure 5.1.4 (a) and 5.1.4 (b), we can 

see that the dropcasted disordered sample GM-2D offers a higher I.R. drop compared 

to the electrospun ordered GM-2E sample, which again suggests that the electrospun 

sample offers much better electrical contact between the individual nanoparticles 

constituting the electrode. Using the equation (2.3.3), we get the specific capacitance 

values of 536.4 F g
-1

 for GM-2D and 863.0 F g
-1

 for GM-2E at the respective 

minimum current densities, which are very close to the values obtained from the CV.   

Electrochemical Impedance Spectroscopy (EIS) is an important analytical 

technique to gain kinetic information of the redox processes which occur at the 

electrode-electrolyte surface at different time scales. The obtained EIS measurement 

data for GM-2D and GM-2E are plotted in figures 5.1.4 (c) and 5.1.4 (d) in the form 

of a Nyquist plot over a frequency range of 0.01 Hz to 100 kHz using an a.c. 

perturbation voltage of 10 mV. The high-frequency regions are shown in the inset of 

the respective Nyquist plots. The EIS data are fitted using Z-View software using an 

equivalent circuit which is shown in the inset of Figure 5.1.4 (c) and 5.1.4 (d). All the 
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calculated circuit parameters are presented in Table-5.1.1.  Here Rs is the Equivalent 

Series Resistance (ESR), which generally occurs due to the combined resistance of 

the electrolyte and electrode [7]. From Table-5.1.1, it can be seen that the disordered 

bulk sample offers higher ESR compared to the ordered sample. This ESR is mainly 

Figure 5.1.4: GCD curves at different current densities for (a) GM-2D and (b) GM-2E. Nyquist 

plot for (c) GM-2D (Inset: corresponding high frequency region and equivalent circuit used to fit 

the Nyquist plot) and (d) GM-2E (Inset: High frequency region for GM-2E and the same 

equivalent circuit used to fit the Nyquist plot). Cyclic stability analysis and columbic efficiency 

plots for (e) GM-2D and (f) GM-2E  
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responsible for IR drop in the GCD profile. We have also seen from the GCD profiles 

that the ordered sample has a comparatively lower IR drop which has been verified 

using the equivalent circuit model.   In the equivalent circuit, RCT is the charge 

transfer resistance that determines the charge transfer rate from the electrode-

electrolyte interface. The lower value of RCT for GM-2E essentially suggests fast ion 

transport from the electrode surface. CPEDL is the constant phase element arising due 

to the double layer effect at the interface of the electrode. This is  

Table-5.1.1. Different parameters obtained from the fitting. 

Sample Rs (Ω) RCT (Ω) CPEDL Wo CPEL 

GM-2D 1.06 0.47 CPEDL-Q = 

0.001591 

CPEDL-n = 

0.61948 

WOR = 1.08 

WOT = 0.2261 

WOP = 0.5716 

 

CPEL-Q = 

0.027139 

CPEL-n = 

0.58128 

GM-2E 0.68 0.41 CPEDL-Q = 

0.069247 

CPEDL-n = 

0.89134 

 

WOR = 1.01 

WOT = 0.6247 

WOP = 0.5279 

CPEL-Q = 

0.068010 

CPEL-n = 

0.91511 

 

mainly because of the separation of ionic and/ or electronic charges at the interface. 

The higher value of CPEDL for GM-2E suggests that the ordered sample stores more 

charges via electric double layer formation than the disordered sample [8]. Wo is the 

Warburg element which is due to the frequency-dependent diffusion. From table-

5.1.1, we find that the value of Warburg resistance is less for the ordered sample, 

which suggests that the ion diffusion takes place much more easily compared to the 

dropcasted sample.  CPEL arises due to the charge storage via pseudocapacitive effect. 

In this case, also the electrospun ordered sample offers higher pseudocapacitance than 

the dropcasted disordered sample. This is because of the formation of a large number 
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Figure 5.1.5: SEM image of (a) the electrode coated with GM-2E sample before 

electrochemical measurement (b) the same electrode after 5000 GCD cycles. 

of redox-active sites on the surface and inside the electrode material. Insets of figures 

5.1.4 (c) and 5.1.4 (d) show the high-frequency region for the respective sample. We 

have also calculated the apparent diffusion coefficient (Da) of the charge carriers for 

both these two samples from the diffusion-controlled regime of the Nyquist plot. We 

found that for GM-2D this regime extends from 0.2 Hz to 2 Hz, whereas for GM-2E  

the same extends from 1.7 Hz to 18 Hz. Following the procedure of S. K. Ujjain et al. 

[9-13] we found the value of apparent diffusion coefficient for GM-2D is 1.39 x 10
-8

 

cm
2
 s

-1
, whereas for GM-2E the same value is 1.16 x 10

-7
 cm

2
 s

-1
. The higher value of 

diffusion coefficient for GM-2E again suggests that fiber-like porous structure 

enhances the charge diffusion process as well as electrochemical performances. In 

order to check the long-term stability, we performed 5000 GCD cycles for both GM-

2D and GM-2E at the same current density of 30 A g
-1

. Figures 5.1.4 (e) and 5.1.4 (f) 

show the variation of percentage retention of specific capacitance and columbic 

efficiency with the cycle number. The dropcasted sample GM-2D retains 80.8%, 

whereas GM-2E retains 88% of their respective capacitance after 5000 GCD cycles. 

This demonstrates that the fiber-like structure of the ordered sample provides extra 

structural support to the MnO2-GO composite. This extra support prevents the large 

volumetric strain occurring during the repeated GCD cycles. The Columbic efficiency 

of a GCD cycle is defined as the ratio of the discharging time to charging time. Both 

these two samples demonstrate columbic efficiency close to 100% over all the cycles. 

Figure 5.1.5 (a) and (b) show the SEM images of the GM-2E working electrode 

before and after the long-term stability test. It can be seen that fibers got almost 

destroyed after the 5000 GCD cycles. This could be the reason for the decrement of 

specific capacitance value after 5000 charge-discharge cycles.    
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We have already demonstrated the superiority of the ordered sample in the 

presence of an electrolyte medium. In order to further check the idea of good 

interconnectivity between the redox-active sites in the electrospun ordered sample 

compared to the disordered counterpart, we have performed the room temperature 

dielectric study on the samples to calculate the mobility (µ) and diffusion constant (D) 

of charge carriers. Though there is a difference in packing density of the pelleted 

sample with the sample used to test the electrochemical measurements, the values of 

the different parameters obtained from dielectric measurement actually support the 

idea of good connectivity between the individual nanoparticles. Figure 5.1.6 (a) shows 

the Cole-Cole plot of the two samples. Each Cole-Cole plot comprises a depressed 

semi-circle with a tilted spear. Such response can be modeled by a parallel 

combination of Constant Phase Element CPE1 and a resistor (R) which are connected 

in series with another constant phase element CPE2 (inset of Figure 5.1.6 (a)). Here 

CPE1 is due to the bulk geometrical capacitance, and CPE2 arises due to the 

establishment of an electric double layer at the interface of the blocking electrode and 

the sample.  For individual CPE, real (Z’) and the imaginary part (Z”) are given by,
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Figure 5.1.6: (a) Cole-Cole plot of the two samples at room temperature (inset: schematic of the 

dielectric measurement and the circuit element corresponding to complex impedance response) 

(b) Plot of Z
’
 vs. for the two samples 
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   So the real and imaginary part for the equivalent circuit as shown in figure 5.1.5 (b) 

(inset) can   be expressed by, 
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where k1
-1

 is the geometrical capacitance due to the bulk material and k2
-1

 is the 

capacitance due to the electric double layer (EDL) developed at the electrode interface 

during the measurement,   is the angular frequency, R is the material resistance of 

the material under investigation, which is equal to the length of the projection of the 

semi-circular arc on the Z’ axis. p1 is the ratio of the angle between (in radian) the real 

and imaginary impedance axes to the angle between (in radian) the diameter of the 

semicircle and the Z” axis. p2 is the parameter that controls the angle of leaning of the 

spear with respect to the Z’ axis. p1 and p2 have values between 0 and 1 [14]. The 

mobility (µ) of the charge carrier at absolute temperature T can be determined from 

the Einstein-Nernst equation, which is given by, 

TKeD B                     (5.1.5) 

Here KB is the Boltzmann constant. From the analysis of Bandara et al. [15] and Arof 

et al. [14] the diffusion coefficient of the material is given by, 

(5.1.6) 

 

 

Here, r is the relative permittivity of the material, and A is the area of the pelleted 

sample.  is the permittivity of the vacuum.  is equal to 1/2, where  is the 

2

2
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angular frequency

 

corresponding to the minimum of the imaginary part of the 

impedance spectra in figure 5.1.6 (a).  

From equation (5.1.5) and (5.1.6) the mobility of charge carriers is given by,
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         (5.1.7)

                                        

 Equations (5.1.3) & (5.1.4) are used to fit the graph to evaluate the values of k1 and 

k2. One such fit of the Z’ vs. is shown in figure 5.1.6 (b). Using the values of R, p1 

and p2 obtained directly from the Cole-Cole plot of Figure 5.1.5 (a), we have 

evaluated the values of D and from the equations (5.1.6)                                                    

and (5.1.7). These calculated values are enlisted in table-5.1.2 for the two different 

samples. Hence it can be concluded from the above study that because of the good 

interconnection between the nanoparticles, the ordered sample offers higher mobility 

and diffusion constant compared to the disordered sample having a negligible 

interconnection between the nanoparticles. The higher mobility, conductivity, and 

diffusivity of the ordered sample offer easy electron transport, which is beneficial for 

good electrochemical activity. 

 

 

Table-5.1.2. Parameters obtained from the Nyquist plot and the fitting. 

Values evaluated GM-2D GM-2E 

Bulk resistance (R) (k) 398.9 164 

Conductivity () (S cm
-1

) 6.9x10
-5 

2.1x10
-4 

p1 0.74 0.53 

p2 0.12 0.21 

k2(F
-1

) 1.9x10
5 

6.1x10
5 

Diffusion Constant (D) (cm
2
s

-1
) 1.4x10

-12 
1.3x10

-10 

Mobility (µ) (cm
2
V

-1
s) 5.4x10

-11 
5.2x10

-9 

Relative permittivity (r) 4.9 4.9 
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Figure 5.1.7: (a) CV curves at different potential windows at 100 mV s
-1

 scan rate (b) CV curves 

at different scan rates for 1.8V potential window(c) specific capacitance vs. scan rate plot for the 

device (inset) device schematic (d) GCD curves at different current densities (e) Ragone plot for 

the device along with some recent report for comparison (f) Charging state and discharging 

stages of the device at different time.  
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The device performance of the GM-2E sample has been demonstrated by 

assembling an asymmetric supercapacitor (ASC). A steel plate (2 cm x3 cm) coated 

with the ordered GM-2E sample is used as a positrode of the device, whereas an 

activated carbon-coated steel plate of similar dimensions is used for the negatrode. A 

filter paper (25 microns) soaked in a 1M aqueous Na2SO4 electrolyte acts as a 

separator. Inset of the Figure 5.1.7 (c) shows the schematic of the device. Figure 5.1.7 

(a) shows the CV curves at different window potentials up to 1.8 V at a 100mV s
-1

 

scan rate. Even on the higher side of the potential window, the CV curves maintain 

their near rectangular shape, which essentially suggests that the as-fabricated 

electrodes have high hydrogen and oxygen overpotential. Figure 5.1.7 (b) shows the 

CV curves at a 1.8 V wide potential window for different scan rates. Specific 

capacitance value calculated from the CV curves shows a maximum of 212 F g
-1

 at 2 

mV s
-1

, which decreases with the increasing scan rate (Figure 5.1.7 (c)). Figure 5.1.7 

(d) shows the GCD curves of the ASC at different current densities. All the GCD 

curves show a near triangular profile with a small IR drop. The maximum specific 

capacitance value obtained at 1 A g
-1

 is 210 F g
-1

, which is very close to the value 

obtained from the CV curves. The energy density (E) (Wh kg
-1

) and power density (P) 

(W kg
-1

) of the ASC can be calculated from the GCD curves at different current 

densities using the following equation (2.5.1) and equation (2.5.2) [16]. At the lowest 

current density of 1 A g
-1,

 the device offers a maximum energy density of 96.75 Wh 

kg
-1

 and a minimum power density of 0.85 kW kg
-1

. As the current density is 

increased to 3.1 A g
-1

, the energy density decreases to 28.8 Wh kg
-1,

 and power 

density maximizes to 2.8 kW kg
-1

. This kind of behavior has been plotted as Ragone 

plot in figure 5.1.7 (e). We have also included results from some recent works [17-22] 

in the Ragone plot for the purpose of comparison.  The fabricated device was 

connected to an external power supply and charged to 1.8 V for 30 s then it was 

connected to power a red LED. Because of the high energy density offered by the 

device, the LED remained on for more than 3 min. The charging state and the 

discharging states at different time durations have been shown in figure 5.1.7 (f). The 

EIS study of the device is shown as a Nyquist plot in figure 5.1.8 (a). The device 

offers comparatively low resistance over all frequencies. Inset of the Figure 5.1.8 (a) 

shows the circuit used to fit the experimentally obtained data. As previously 

discussed, Rs is the equivalent series resistance which in this case has a value of 0.17 

Ω, and Rct is the charge transfer resistance having a value of 4.04 Ω. These small 
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values of the resistances signify easy conduction of electrons and ions, which is 

beneficial for high power delivery. The long-term performance of the device was 

verified by performing 5000 GCD cycles at 3.1 A g
-1

 current density (Figure 5.1.8 

(b)). Initially, up to the 1800
th

 cycle, the specific capacitance rises, reaching a 

percentage retention value of 110%; after that, it decreases and reaches a value 93.3% 

after 5000 cycles, whereas columbic efficiency remains close to 100% with some 

minor variations over all the cycles. Figure 5.1.8 (c) shows the schematic of the 

Figure 5.1.8: (a) Nyquist plot for the device (inset) circuit used to fit the data (b) Cyclic stability 

analysis and columbic efficiency plot for the device (c) Schematic of the electrodes coated with 

ordered electrospun and dropcasted disordered sample.  



116 

 

working electrodes coated with electrospun ordered sample and dropcasted disordered 

sample. During the electrospinning process, a well-defined conducting path 

connecting the nanoparticles has formed within the fiber. Thus electrons can easily 

reach the current collector following these paths, resulting in a small internal 

resistance of the electrode. Also, because of the fiber-like structure of the deposited 

material, the electrolyte can easily access the whole active material, which reduces the 

effect of dead mass and enhances the charge storage capacity. On the other hand, the 

disordered sample consists of nanoparticles that are less electrically connected to each 

other. This creates large potential barriers at different locations within the material for 

the electrons resulting in high electrode resistance. Three-dimensional accessibility of 

electrolyte is also reduced in the case of the dropcasted disordered sample. Only the 

active zone, which is the portion of the redox-active material close to the electrode-

electrolyte interface, participates in the redox reaction with the electrolyte, but the 

redox-active nanoparticles belonging to the inactive zone cannot participate in the 

reaction and remain as a dead mass which also increases the resistance of the 

electrode. Thus from the electrochemical point of view, the electrospun ordered 

sample is a better candidate than the disordered sample for the electrodes of the 

supercapacitors. 
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5.2 Ordered microfiber of MnO2/Carbon  

Synthesis of MnO2/Carbon microfiber by Rotary Jet-Spin method has been discussed 

in detail in the previous chapter. Here results of the different characterizations are 

discussed. 

XRD of the powdered sample is performed using Rigaku Miniflex 

diffractometer with CuK radiation. XRD pattern of the sample (figure 5.2.1 (a)) 

shows the characteristic diffraction peak for single-phase -MnO2 (JCPDS-44-0141) 

[23]. The sharp peaks indicate good crystallinity of the sample. No other impurity 

peak indicates the successful synthesis of single-phase -MnO2.  

Figure 5.2.1: (a) XRD-pattern of the synthesized sample (b) FTIR spectrum of the sample (c) 

XPS survey scan of the sample. High resolution scan of (d) Mn 2p peak (e) O 1s (f) C 1s. 
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Fourier transformed infrared (FT-IR) spectrum of the sample is presented in 

figure 5.2.1 (b). Two strong absorption peaks at 475 cm
-1

 and 600 cm
-1

 resemble the 

stretching vibration of O-Mn-O, indicating the presence of MnO2 [24]. A small peak 

near 1000 cm
-1

 is may be due to the graphitic C-O vibration, which arises due to the 

presence of oxygenated functional groups on the carbonaceous fiber [25].  These 

groups may have formed during the annealing procedure due to the presence of small 

amount of oxygen in the vacuum furnace. A broad absorption peak near 3000 cm
-1

 

corresponds to the stretching vibration of the H-O-H bond, suggesting the presence of 

a small amount of absorbed water in the sample.  

Material composition on the sample surface is studied by X-ray photoelectron 

spectroscopy (XPS). Figure 5.2.1 (c) shows the survey scan of the sample, which 

shows the presence of Mn, O, and C on the sample. The presence of carbon is due to 

the formation of carbonaceous fiber resulting from the annealing of the polymer. The 

element Mn shows two photoelectric peaks, namely Mn 2p and Mn 3p, and one Auger 

peak at 902.6 eV (Mn LMM). Figure 5.2.1 (d) shows the high-resolution core-level 

spectrum of Mn 2p peak, which splits significantly due to spin-orbit interaction. The 

peak at 641.8 eV corresponds to Mn 2p3/2, and the peak at 653.5 eV corresponds to 

Mn 2p1/2 with a separation of 11.7 eV between them, which suggests that Mn is in +4 

oxidation state [26]. This separation value matches well with the existing literature. 

The deconvoluted spectra due to O 1s and C 1s are shown in figures 5.2.1 (e) and 

5.2.1 (f), respectively. The O 1s spectrum can be deconvoluted into three peaks which 

are due to O-Mn-O (529.3 eV), C-O (532.4 eV), and –COOH (533.7 eV) groups.  The 

deconvoluted C 1s spectrum shows the presence of graphitic carbon, sp
3
 hybridized 

carbon, along with the C-O and –COOH bonds [27].  Thus XPS confirms the 

successful formation of MnO2/Carbon fiber.  

Figure 5.2.2 (a) and 5.2.2 (b) shows the field emission scanning electron 

microscopy ((FESEM (FEI Quanta FEG 200))) images of the fibrous sample before 

and after annealing, respectively. The annealed microfiber shows an average diameter 

of 5 m. This fibrous nature of the sample effectively connects the individual redox-

active sites and increases the electrolyte accessibility.  

Energy dispersive X-ray spectroscopy (EDS) (figure 5.2.2 (c)) of the sample 

again confirms the presence of Mn and O on the sample with atomic percentage ratio 
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of Mn:O as 1:2.3 (as shown in figure 5.2.2 (d)), which closely resembles the atomic 

percentage ratio of that of the elements in MnO2. The slightly higher value of the 

oxygen percentage is may be due to the additional oxygenated functional groups 

linked to the carbonized fiber as already concluded from XPS. 

A lattice fringe spacing of 0.31 nm is obtained from the high-resolution 

transmission electron microscope (HRTEM) image of the sample (figure 5.2.2 (e)), 

which corresponds to the interplanar spacing of the (310) plane of -MnO2. Figure 

5.2.2 (f) shows the selected area electron diffraction (SAED) pattern of the sample, 

which confirms the single-crystalline nature of the synthesized fiber [28].    

After confirming the formation of single-phase MnO2 fiber, the sample is 

investigated for electrochemical charge storage application. All the electrochemical 

Figure 5.2.2: FESEM images of the fiber (a) before and (b) after annealing. (c) EDS spectroscopy 

of the fiber (d) Percentages of different elements as obtained from EDS (e) HRTEM image of the 

sample (f) SAED pattern of the sample 
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measurements are performed using CS131 (Corrtest, China) electrochemical 

workstation in a three-electrode setup. The counter and the reference electrode are 

platinum plate (1 cm x 1 cm) and Ag/AgCl in saturated KCl. 1M aqueous Na2SO4 is 

used as an electrolyte for all the electrochemical measurements. The fibrous sample is 

coated on a teflon coated graphite rod with a binder PVDF which acted as the 

working electrode. Figure 5.2.3 (a) shows the cyclic voltammetry (CV) curves within 

a potential window of -0.3 V to 1.3 V at different scan rates. The wide potential 

window allows the sample to store a large quantity of energy. The CV curves 

maintain their quasi-rectangular shape during all the potential sweeps at different scan 

rates. This suggests the microfiber can participate in the reversible redox reaction 

even at a very low scan rate. The specific capacitance (Cm) is calculated by using the 

equation (2.3.1). The highest specific capacitance of 663 F g
-1

 is obtained at the 

potential scan rate of 2 mV s
-1

. Reduction in specific capacitance values can be seen 

with the increase in scan rate from the specific capacitance vs. scan rate plot in figure 

5.2.3 (b). At a lower scan rate, the electrolyte ions can access a huge number of active 

sites. However, at a higher scan rate, because of the fast movement of the electrolyte 

ions, the specific capacitance is mainly dominated by the physical charge absorption 

Figure 5.2.3: (a) CV plots at different scan rates (b) Specific capacitance vs. scan rate plot (c) 

GCD curves at different current densities (d) Impedance spectra for the sample (inset) the high 

frequency region for the impedance spectra. 



121 

 

process on the surface of the electrode material. Figure 5.2.3 (c) shows the 

Galvanostatic charge discharge (GCD) profile of the sample at different current 

densities in the same aqueous 1M Na2SO4 electrolyte within the similar potential 

window of 1.6 V. The GCD curves deviate from the ideal triangular shape, which 

suggests that redox reaction contributes to the charge storing mechanism. A sharp fall 

can be observed in the GCD profile at the commencement of the discharge. This 

corresponds to the Ohomic drop due to the imperfect connection of the electrode 

material with the current collector (graphite rod) and due to the resistance of the 

electrolyte. The specific capacitances are calculated at different current densities 

using the equation (2.3.3). The maximum specific capacitance of 612 F g
-1

 is obtained 

at the lowest current density of 4 A g
-1

. Electrochemical impedance spectroscopy of 

the material is performed under a similar three-electrode configuration with AC 

perturbation voltage of 10 mV within 0.01 Hz to 100 kHz. Figure 5.2.3 (d) shows the 

Nyquist spectrum of the sample. The high-frequency region has been shown in the 

inset of figure 5.2.3 (d), which intercepts the real axis at 1.4 Ω. This resistance is the 

series resistance Rs which arises mainly due to the imperfect connection of the 

electrode material with the current collector. The effect of Rs is observed in the GCD 

curves as ohomic drop. Considering only MnO2, the ordered sample offers relatively 

low Rs.  

  A two-electrode device is fabricated using the MnO2 microfiber as the 

positrode and activated carbon as the negatrode coated on steel current collector of 

dimension 2 cm x 3 cm. A Whatman filter paper (25 µm pore size) socked in 1M 

Na2SO4 is used as a separator. Figure 5.2.4 (a) shows the CV diagram for the device 

at 100 mV s
-1

 scan rate for different potential windows. The device can be operated at 

a higher potential window up to 1.8 V. However, to remain on the safer side, the 

whole electrochemical measurements for the device were carried out at a potential 

window of 1.6 V. Figure 5.2.4 (b) shows the CV diagrams for different scan rates at a 

potential window of 1.6 V. A highest specific capacitance of 135.6 F g
-1

 is obtained 

from the CV diagram at a scan rate of 2 mV s
-1

. The variation of specific capacitance 

with scan rate has been demonstrated in figure 5.2.4 (c). The usual decrease of 

specific capacitance is observed with the increase in the scan rate. The quasi-

triangular GCD profile of the device at various current densities is shown in figure 

5.2.4 (d). A little IR drop at the beginning of the discharge is observed, which is 
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Figure 5.2.4: (a) CV plots at 100 mV s
-1

 for different potential windows (b) CV plots for 1.6 V 

potential window at different scan rates (c) Variation of specific capacitance with different scan 

rates (d) GCD plots at different current densities (e) Ragone plot (f) EIS Nyquist plot for the 

device (g) Long cyclic performance test for the device (h) State of device charging and 

discharging through LED 
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mainly due to the lack of proper contact of the microfiber with the current collector. 

Using the equation (2.3.3) specific capacitance of the device is also calculated at 

different current densities. A maximum specific capacitance of 110 F g
-1

 is obtained at 

a current density of 0.6 A g
-1

. The specific energy and power density of the device 

were calculated at various current densities following equation (2.5.1) and equation 

(2.5.2). Figure 5.2.4 (e) shows the variation of energy density with power density 

(Ragone plot). The device demonstrates a peak power density of 3.2 kW kg
-1

 at a 

current density of 4 A g
-1

 and highest energy density of 56.7 Wh kg
-1

 at a current 

density of 0.6 A g
-1

. The dynamic response of the device was obtained by performing 

the EIS at 0 V potential with ac perturbation potential of 10 mV within the frequency 

0.01 Hz to 105 Hz. The figure 5.2.4 (f) shows the EIS of the device in terms of the 

Nyquist plot. The plot has been fitted using Zview software. The equivalent circuit 

has been shown in the inset of the figure 5.2.4 (f). The device offers low contact 

resistance of 0.06 Ω and low charge transfer resistance of 1.62 Ω. The cycling 

performance of the device is demonstrated by performing 5000 GCD cycles (figure 

5.2.4 (g)), at the end of which, the device retained 77.9% of its initial capacitance. 

The device is used to power a red LED for more than 90 s after charging for only 30 s. 

Different states of charging and discharging have been shown in the figure 5.2.4 (h).    

Thus RJ-spin can be used to fabricate metal oxide microfiber for application in 

the electrodes of future energy storage devices. Further, there are ample opportunities 

to utilize the technique to produce fiber of different metal-oxide and their composites 

with different carbonaceous materials. A detailed study of such a kind can improve 

the performance of the electrodes significantly. The scalability, production yield 

capability, and ease of synthesis could make the RJ-spin technique to be widely 

accepted in the industry.   
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5.3 Hydrothermally synthesized NiMn2O4 

As concluded from the previous results and discussions, morphology plays a vital 

role in the overall charge storage performance of electrode material. Single metal 

oxides like MnO2 offer relatively high resistance to current flow, which hampers the 

charge storage performance. Bimetal oxides, on the other hand, offer comparatively 

good conductivity, and hence charge storage performance improves. In this section, 

we have discussed the results of different characterizations of the bimetallic oxide 

NiMn2O4. The synthesis of this material has already been discussed in the previous 

chapter. During the synthesis, we have utilized different surfactants to prepare 

morphologically different variants of NiMn2O4 to understand the effect of 

morphology on the electrochemical charge storage performance of this bimetallic 

oxide. Four different samples were prepared, the details of which are given in the 

previous chapter.  

Figure 5.3.1: (a) XRD patterns of the samples. (b) XPS survey spectrum of the sample NM3. 

Core level XPS spectrum of (c) Ni 2p and (d) Mn 2p 
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Figure 5.3.1 (a) shows the XRD patterns for all four samples all of which are 

nearly identical to each other.  All the five highly intense peaks are found to match 

with the standard NiMn2O4 patterns (JCPDS no.71-0852). The diffraction peaks at 2θ 

= 18.3°, 36°, 43.25°, 63.2° and 74.5° correspond to the (1 1 1), (3 1 1), (4 0 0), (4 4 0) 

and (5 3 3) planes of NiMn2O4 [29-32]. The positions of all the diffraction peaks 

suggest that all the samples have the standard single-phase spinel structure of 

NiMn2O4 which belongs to the space group Fd-3m [33]. XRD of each sample also 

shows the presence of by-product phase -MnO2, which may have formed either at 

the time of increase of temperature or due to minor fluctuation of the temperature 

inside the reaction vessel during the reaction. The by-product phase has been 

indicated by a marker in figure 5.3.1 (a) according to the JCPDS no. 44-0141 [34]. 

However, the intensity of the XRD peaks due to the by-product phase is relatively 

weak compared to NiMn2O4, suggesting a little presence of -MnO2 in the sample. 

X-ray photoelectron spectroscopy (XPS) is employed to find the surface 

elemental composition of the sample, which demonstrates the best electrochemical 

performance (NM3). Figure 5.3.1 (b) shows the survey spectrum of the NM3 sample. 

The presence of carbon, oxygen, manganese, and nickel can be seen from the survey. 

Figure 5.3.1 (c) shows the high-resolution core level scan of the Ni 2p peak, which 

splits into two peaks due to spin-orbit coupling. The peak at binding energy 854.9 eV 

corresponds to Ni 2p3/2, and the peak at binding energy 872.7 eV corresponds to Ni 

2p1/2. Binding energy separation of 17.8 eV between these two peaks, along with the 

presence of two satellite peaks at 861.1 eV and 872.3 eV agree well with the literature 

[35]. The deconvoluted Ni 2p spectrum shows the presence of four peaks. Peaks at 

855.2 eV and 872.6 eV can be consigned to the Ni
2+

 state, and peaks at 861.1 eV and 

878.8 eV can be assigned to the Ni
3+

 state [36]. Figure 5.3.1 (d) shows the high-

resolution Mn 2p spectrum having a spin-orbit doublet with binding energies of 653.4 

eV (Mn 2p1/2) and 641.6 eV (Mn 2p3/2). Deconvolution of the Mn 2p spectrum 

resulted in six peaks. Among these, four peaks are relatively strong. The fitted peaks 

at 640.5 eV and 652.2 eV are linked to the Mn
2+

 state. The other two peaks at 644.4 

eV and 653.4 eV can be attributed to the Mn
3+

 state. Two weak peaks at 642.4 eV and 

653.5 eV are due to Mn
4+

 state, which arises due to the presence of a little amount of 

MnO2 in the NM3 sample as confirmed by the XRD study [35, 37].  



126 

 

Figure 5.3.2 (a) shows the spherically shaped NM1 particles prepared using 

NH4F as a mineralizer. The addition of NH4F in the reaction medium results in the 

formation of F
- 

ions which form strong coordination with the Mn
2+

 and Ni
2+

 ions 

already present in the reaction mixture. Because of this coordination, the number of 

free ions to form the NiMn-oxide reduces, which in turn decreases the number of 

nuclei for the reaction. This results in the formation of a large NM1 microsphere [38]. 

Dissociation of NH4F in the reaction medium results in the formation of HF acid. Due 

to the etching effect of HF, the microsphere of NM1 shows a rough surface [39]. 

Spherically shaped NM2 particles are shown in figure 5.3.2 (b). CTAB has been used 

in the synthesis of NM2, which acts as a cationic surfactant. CTAB concentration 

Figure 5.3.2: SEM images of (a) NM1 (b) NM2 (c) NM3 and (d) NM4. (e) TEM image of NM3 

(f) HRTEM image of NM3 
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chosen for the synthesis results in the formation of positively charged spherical 

micelles in the reaction medium. Due to the presence of long-chain and the cationic 

nature of the head group in CTAB, the ions cannot get close to each other. Hence, due 

to the repulsion between the positively charged micelles, the agglomeration of the 

ions is prevented. The ions get entrapped uniformly in the micelles so that after the 

reaction spherical nature of NM2 is obtained [40]. The small diameter of NM2 

compared to the other variants of NM also reflects this repulsive interaction. Figure 

5.3.2 (c) shows the interconnected morphology of the NM3, which has been 

synthesized using SDS. SDS is an anionic surfactant that forms negatively charged 

spherical micelles in the reaction medium. Because of the smaller size and the anionic 

nature of the micelles, the ions can get closer to each other. Thus due to the attraction 

between the micelles and the ions, large agglomeration can be formed, which results 

in an interconnected morphology [41]. This type of morphology effectively connects 

the different redox-active sites and thus demonstrates the best electrochemical charge 

storage performances. Figure 5.3.2 (d) shows the quasi-sphere of the NM4 sample 

synthesized through glucose-assisted hydrothermal reaction. Well disperse carbon 

spheres are formed due to the hydrothermal carbonization reaction of glucose [42]. 

The –OH and –CHO groups present on the carbon sphere results in the binding of 

Ni
2+

 and Mn
2+

 ions on the surface during the reaction. When the samples are annealed 

in open air the carbon escapes and spherical quasi-particles are formed [43]. Figure 

5.3.2 (e) shows the TEM image of the NM3 sample, which clearly shows the 

interconnected nature of the sample. Figure 5.3.2 (f) shows the HRTEM image of the 

NM3 sample, which demonstrates the lattice fringe spacing of 0.204 nm, which 

corresponds to the (400) plane of NiMn2O4 [36, 44].  

Nitrogen adsorption/desorption isotherms of the composites are shown in 

Figure 5.3.3. NLDFT method has been used to determine the pore size distribution of 

the individual composite. The inset of the individual plots shows the pore size 

distribution of the corresponding sample. The specific surface area and the pore width 

of the individual samples have been listed in Table 5.3.1. We have obtained a 

maximum specific surface area of 59.9 m
2 

g
-1

 for sample NM3 and a minimum 

specific area of 10.6 m
2 

g
-1

 for the sample NM4. The higher surface area of the 

composite allows a large number of active sites for the electrolyte ions to perform the 

redox reaction. This ensures rapid charge transfer at the electrode surface during the 
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electrochemical process [45, 46]. For this reason, we have obtained maximum specific 

capacitance for the sample NM3 and minimum for NM4, which has further been 

discussed in the electrochemical analysis section.  

Table 5.3.1: Parameters associated with BET for the different samples. 

Sample name Surface area (m
2 

g
-1

) Pore width (nm) 

NM1 43.813 10.681 

NM2 36.559 10.681 

NM3 59.910 4.543 

NM4 10.675 4.752 

 

Figure 5.3.3: N2 adsorption and desorption isotherms of (a) NM1 (b) NM2 (c) NM3 (4) NM4 with 

pore size distribution (Inset) 
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Because of the higher specific surface area than the other composites and 

interconnected mesoporous structure, we have obtained the highest specific 

capacitance for the sample NM3 Figure 5.3.4 (a) shows the CV curves for the 

composite NM3 at different scan rates. The composite offers a window of 1.3 V. The 

Figure 5.3.4: (a) CV curves at different scan rates for NM3, (b) comparison of CV curves at 50 

mV s
-1

 scan rate for the different samples, (c) specific capacitance vs. scan rate plot for the 

different samples, (d) bar diagram of maximum specific capacitance for the different samples 

obtained at 2 mV s
-1

, (e) plot of specific capacitance vs. square root of scan rate for NM3 and (f) 

plot of specific capacitance vs. inverse square root of scan rate for NM3 
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presence of redox waves along with the deviation from the ideal rectangular shape of 

the CV curves suggests that the storage mechanism is due to the combined 

contribution of the double-layer and Faradaic redox capacitances [47, 48]. In addition, 

there was no gas evolution observed at the electrode at the boundaries of sweep 

potential, suggesting that the sample possesses good stability in the wide potential 

window. Figure 5.3.b (b) shows the comparison of CV curves for different samples at 

50 mV s
-1

 scan rate. The sample NM4 encloses the smallest area in the CV curve, 

whereas NM3 encloses the highest area. As the specific capacitance is proportional to 

the area enclosed thus, NM3 offers the highest specific capacitance, and NM4 shows 

the lowest specific capacitance. We have calculated the specific capacitance from the 

CV curves using equation (2.3.1). Figure 5.3.4 (c) shows the variation of specific 

capacitance with the scan rate for the different samples. It can be seen that the specific 

capacitance decreases with the increasing scan rate. The variation of specific 

capacitance with scan rates depends mainly on three processes: (a) charge transfer in 

the electrode, (b) ion diffusion in the electrolyte, and (c) surface adsorptions of the 

ions on the surface of the electrode materials [49]. At higher scan rates, all these 

processes become slow, and thus specific capacitance decreases. However, at lower 

scan rates, the ions get sufficient time to penetrate deep into the inner active sites. 

Thus, both the inner and outer active sites of the electrode material contribute to the 

total specific capacitance and hence specific capacitance reaches a maximum at a low 

scan rate and gradually decreases with the increasing scan rate. Figure 5.3.4 (d) shows 

the bar diagram of the maximum specific capacitance for different samples at 2 mV s
-

1
. NM3 offers the highest specific capacitance of 1937 F g

-1,
 and NM4 offers the 

lowest specific capacitance of 426 F g
-1

. It is interesting to note that these variations 

of specific capacitance with the sample actually follow the BET surface area result 

(Table 5.3.1). Total specific capacitance offered by the electrode material can be 

written as a sum of two different contributions as expressed by equation (5.3.1) [50, 

51]  

outinT CCC                                                              (5.3.1) 

Where CT is the total specific capacitance, Cin is the specific capacitance due to the 

faradaic reaction, which mainly occurs in the inner side of the electrode, and Cout is 

the specific capacitance due to double layer contribution, which mainly occurs at the 

interface of the electrode and the electrolyte. At higher scan rates, the charge storage 



131 

 

depends mainly on the outer surface because of the shortage of time for the ion 

diffusion to happen inside the pores of the material. Thus Cout mainly involves the 

contribution due to the double layer mechanism. At very low scan rates ( 0 ), 

however, both faradic and double layer mechanisms contribute to the total charge 

capacity. Thus total capacitance can be obtained by extending the specific capacitance 

vs. 2

1

  curve to 0  as shown in Figure 5.3.4 (e). And the contribution due to the 

outer surface can be found out by extrapolating the plot of specific capacitance vs. 

2

1


  to   (i.e. 02

1




  ) (Figure 5.3.4 (f)). We have obtained total specific 

capacitance CT = 2301 F g
-1

 and specific capacitance due to the outer contribution Cout 

= 183.5 F g
-1

. Hence, from equation (5.3.1), we have obtained the inner contribution 

to the capacitance Cin = 2117.5 F g
-1

. The higher value of inner contribution to the 

specific capacitance suggests that the redox reaction plays a dominating role in storing 

the charges. Here it is worth mentioning that during the two linear fittings done in 

both figures 5.3.4 (e) and 5.3.4 (f) we have used the data for low scan rates only, and 

the higher scan rate region was avoided. This is because of the fact that at a higher 

scan rate, Ohomic drop becomes significant, which introduces nonlinearity in the 

respective plots [52].  

Galvanostatic Charge Discharge (GCD) is another important tool to measure 

the electrochemical charge storage capability of the electrode material. Figure 5.3.5 

Figure 5.3.5: (a) Galvanostatic charge discharge curves at different current densities for 

NM3. (b) Electrochemical impedance spectroscopy of the NM3. Inset: the high frequency 

region of the impedance spectroscopy of the same composite along with the circuit used to fit 

the impedance spectroscopy data.     
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(a) shows the GCD profile for the NM3 electrode in 1 M Na2SO4 electrolyte within 

the same potential window as CV at different current densities. The GCD plot 

deviates significantly from the ideal triangular shape, which again suggests the 

domination of redox activity. NiMn2O4 offers large redox capacitance, which is 

believed to be due to the intercalation/de-intercalation of Na
+
 ions from the electrolyte 

into the NiMn2O4 matrix as given in equation (5.3.2). 

NiMn2O4 + Na
+
 + e

-
 NaNiMn2O4              (5.3.2) 

On the other hand, because of comparatively low specific surface area (~59.9 m
2
 g

-1
), 

NM3 cannot store a large quantity of charges via the double-layer formation. Thus 

redox activity dominates over the physical charge storage mechanism [50]. A very 

little IR drop can also be observed in the GCD plots at the high current density, 

proving little resistance and good capacitive properties. This IR drop is mainly due to 

the poor contact of the electrode material with the current collector and also because 

of the intrinsic resistance of the electrolyte [53]. We have obtained a specific 

capacitance value of 1880 F g
-1

 at the lowest current density of 10 A g
-1

 using 

Serial 

No. 

Electrode material 3-electrode specific 

capacitance 

References 

1 NiMn2O4 202 F g
-1

 @ 0.5 mA cm
-2 

[50] 

2 NiMn2O4 microsphere 768.9 F g
−1

 @ 1 A g
−1

 [35] 

3 NiMn2O4/rGO hydrogel 392.3 F g
-1

 @ 1A g
-1

 [37] 

4 NiMn2O4/rGO/PANI 757 F g
-1

 @ 1 A g
-1

 [54] 

5 NiMn2O4/C-sphere 470.7 @ 1 A g
-1

 [55] 

6 NiMn2O4 on Ni-foam 662.5 F g
-1

 @ 1 A g
-1

 [56] 

7 NiMn2O4 on 3D N2 doped 

graphene 

1308.2 F g
-1

 @ 1 A g
-1

 [57] 

8 MWCNT blended 

NiMnO3/NiMn2O4 

1347 F g
-1

 @ 5 A g
-1

 [58] 

9 NiMn2O4 @ CoS Core−Shell 

microspheres 

1751 F g
−1

 @ 1 A g
−1

 [59] 

10 NiMn2O4 modified with 

SDS(NM3) 

1937 F g
−1 

@ 2 mV s
-1

 and 

1880 F g
-1

 @ 10 A g
-1

 

Present 

work 

Table 5.3.2: Comparison of specific capacitance with some reported results. 
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equation (2.3.3). In Table 5.3.2, we have compared the specific capacitance value of 

NM3 with NiMn2O4, and its different composite-based electrodes reported previously.   

Electrochemical impedance spectroscopy (EIS) is a useful technique to obtain 

information about the charge transfer and electrolyte diffusion dynamics at the 

electrode-electrolyte interface. EIS was performed within 0.01 Hz to 100 kHz 

frequency range with an ac perturbation voltage of 10 mV. Figure 5.3.5 (b) shows the 

Nyquist plot of the NM3 sample. In the high-frequency region, a circular arc can be 

seen (Figure 5.3.5 (b) (inset)), the diameter of which determines the charge transfer 

resistance, which has the value of 5.1 Ω. The EIS data have been fitted using the 

equivalent circuit model using Z-view software. The equivalent circuit has been 

shown in the inset of Figure 5.3.5 (b). Here Rs is the total internal resistance which is 

mainly due to poor electrical contact between the electrode material and the current 

collector. From the fitting, we have obtained the value of Rs as 0.46 Ω. This low 

internal resistance suggests good power delivery.       

A two-electrode asymmetric supercapacitor device has been fabricated using 

NM3 as the active material. Initially, 85% of the active material, 10% of activated 

carbon, and 5% of PVDF are well mixed, and then NMP is added to form a gel. A 

steel plate of dimension 2 cm x 3 cm has been coated with this gel. This plate works 

as the positrode of the device. A steel plate of similar dimensions coated with 

activated carbon only is used as the negatrode of the device. A filter paper (25 µm) is 

used as the separator, and 1M aqueous Na2SO4 is used as the electrolyte. Figure 5.3.6 

(a) shows the schematic of the device. Figure 5.3.6 (b) represents the CV curves at 

different potential windows at 100 mV s
-1

 scan rate. No sharp water splitting current 

peak is observed over these different potential windows, which suggests that the 

device can be operated within 2 V potential window. This is mainly because of the 

fact that NiMn2O4 shows a high overpotential for oxygen evolution reaction [60]. The 

combination of this suitable positive electrode along with the activated carbon-based 

negative electrode increases the operating window of the device. However, to remain 

on the safer side, the whole device characterizations were performed at a 1.8 V 

window. Figure 5.3.6 (b) shows the CV curves within1.8 V potential window for 

different scan rates. The CV curves are nearly rectangular down to a low scan rate 

which suggests good supercapacitive behavior. Using equation (2.3.1), we have 

calculated the specific capacitance of the device, which shows the highest value of 

270 F g
-1

 at 2 mV s
-1

 scan rate. Figure 5.3.6 (d) shows the specific capacitance vs. 
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scan rate plot for the device. As can be seen from the figure that specific capacitance 

decreases with increasing scan rates which is mainly because of the fact that at a low 

scan rate the electrolyte ions can diffuse through the interior of the active material 

yielding higher value of specific capacitance. Figure 5.3.6 (e) shows the GCD profile 

of the device within 1.8 V potential window. The GCD curves show a nearly 

triangular shape with a very small I.R. drop. We have also calculated the specific 

capacitance from the GCD profile using equation (2.3.3). We have obtained a specific 

Figure 5.3.6: (a) Schematic of the device (inset: actual device). (b) CV at different window for the 

two electrode device at 100 mV s
-1

 scan rate. (c) CV at 1.8 V window for different scan rates (d) 

Specific capacitance vs. scan rates for the two electrode device. (e) GCD at different current 

densities for 1.8 V window. (f) Ragone plot for the device.     
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capacitance value of 293 F g
-1

 at the lowest current density of 0.8 A g
-1

 which is very 

close to the value obtained from the CV measurements. Using equations (2.5.1) and 

(2.5.2) we have calculated specific energy density and specific power density 

respectively at different current densities from the GCD data. Figure 5.3.6 (f) shows 

the energy density vs. power density plot or, more commonly, the Ragone plot along 

with the comparison with some recent results [37, 50, 54, 55]. The device shows a 

maximum energy density of 145.3 Wh kg
-1

 at the lowest current density of 0.8 A g
-1

 

Figure 5.3.7: (a) Nyquist plot for the device (Inset: Circuit used to fit the data), (b) Cyclic 

stability analysis and plot of coulombic efficiency vs. number of cycles and (c) Different stages of 

charging and discharging of the device. 
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and maximum power density of 12 kW kg
-1

 at the highest current density of 13.3 A g
-

1
. EIS was performed within the frequency range of 0.01 Hz to 100 kHz with an AC 

perturbation voltage of 10 mV to understand the charge dynamics of the device. 

Figure 8(a) shows the Nyquist plot for the device. The Nyquist plot has been fitted 

with Z-view software using the equivalent circuit shown in the inset of figure 5.3.7 

(a). The device shows a contact resistance of 0.1 and charge transfer resistance of 

0.44 These low values of the resistances enable the device to store and deliver 

charges easily. Figure 5.3.7 (b) shows the cyclic performance of the device. The 

cyclic performance was studied by performing 5000 GCD cycles at 100 A g
-1

 current 

density. Initially, the specific capacitance decreases to 94% of the initial value then 

start to increase up to 750
th

 cycle to a value of 109% of the initial value. Finally, after 

800
th

 cycle, the specific capacitance starts decreasing and reaches a value of 92% of 

the initial value after 5000 GCD cycles. The bar plot of figure 5.3.7 (b) shows the 

variation of coulombic efficiency with the cycle number. Nearly 100% efficiency was 

observed over all the cycles with some minor variations. Finally, the device was used 

to store charges from solar energy. Four commercially available solar panels (each 

having open circuit voltage 1.2 V and maximum power 68 mW at 1 sun intensity with 

AM 1.5 simulated solar radiation) were used for converting the solar energy into 

electrical energy. To meet the required charging voltage, two such panels were 

connected in series which were again connected in parallel with another series 

combination of two similar panels. This matrix of solar panels was placed under a 

solar simulator to charge the supercapacitor device. We charge the device for 2 min 

under 1 sun intensity and discharge the device through a red LED. The LED remains 

in on state for more than 6 min suggesting the high energy density of the device. 

Figure 5.3.7 (c) shows the different stages of the charging and discharging of the 

device. 
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5.4 Microfiber of NiMn2O4  

In the previous section, we have seen that SDS-assisted hydrothermally 

synthesized NiMn2O4 (NM3) provides the best electrochemical performance 

compared to all the other samples. The high specific capacitance of this sample is 

mainly because of the higher surface area and interconnected morphology of the 

same. Previously, all the electrochemical measurements were performed using Ni-

foam substrate, upon which the sample NM3 was deposited during the hydrothermal 

reaction. This is also a major factor behind the ultrahigh value of specific capacitance 

for this sample. Ni-foam substrate provides a conducting and porous backbone which 

enhances the specific capacitance value. However, Ni-foam is not a suitable substrate 

for commercial use as it is very fragile and tends to degrade in the electrolyte solution. 

Hence, we have utilized the RJ-Spinning technique to fabricate the fiber-like structure 

of the sample NM3 using an aqueous PVA polymer solution. Upon annealing in a 

vacuum, the PVA/NM3 polymer fiber converts to NM3/Carbon fiber (Named as 

NM3RJ). This Carbon backbone provides a morphologically ordered conducting path 

Figure 5.4.1: (a) XRD and (b) N2 adsorption and desorption isotherms of NM3RJ, SEM images 

at (c) low and (d) high magnifications for the sample NM3RJ. 
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that can enhance the performance of the sample. The detailed synthesis scheme has 

been discussed in chapter 4. In this section, we will be discussing the results of 

different characterizations and compare its electrochemical storage performance with 

NM3 powder sample.  

Figure 5.4.1 (a) shows the XRD pattern of the NM3RJ. All the highly intense 

peaks are found to match with the standard NiMn2O4 patterns (JCPDS no.71-0852) 

[29-32] and are very much similar to that obtained with NM3 in figure 5.3.1 (a). 

However, this XRD pattern includes a very intense peak at 24°. This intense peak is 

may be due to the (002) plane of the graphitic carbon [61]. Upon vacuum annealing 

the fiber, PVA converts to graphitic carbon, which forms the conductive backbone of 

the fiber. Figure 5.4.1 (b) displays the N2 adsorption and desorption isotherms of 

NM3RJ. A specific surface area of 62.7 m
2
 g

-1
 has been obtained for this fiber-type 

Figure 5.4.2: (a) XPS survey spectrum of NM3RJ. High resolution scans of (b) Ni 2p (c) Mn 2p 

(d) C 1s peaks 
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sample. Previously, we have obtained a specific surface area of 59.9 m
2
 g

-1
 for the 

sample NM3 in powder form (Table 5.3.1). This suggests after fiber formation, the 

specific surface area of the sample increases. This enhancement of surface area 

improves the electrochemical charge storage performance for this fiber-like sample. 

SEM images at different magnifications of the NM3RJ sample has been demonstrated 

in figure 5.4.1 (c) and 5.4.1 (d). The images clearly reveal the fiber-like structure of 

the sample. Using ImageJ software, the average diameter for the fiber is estimated to 

be around 5 m. The magnified SEM image of NM3RJ shows junctions of different 

fibers. This kind of morphology effectively connects the individual redox-active sites. 

Thus the overall resistance of the sample decreases. X-ray photoelectron spectroscopy 

(XPS) is employed to find the surface elemental composition of the NM3RJ sample. 

Figure 5.4.2 (a) shows the survey spectrum of the same, which demonstrates the 

presence of carbon, oxygen, manganese, and nickel. High-resolution scan of the Ni-

peak has been shown in figure 5.4.2 (b), which shows four distinct peaks. The peaks 

at 855.5 eV and at 873.7 eV are assigned to Ni 2p3/2 and Ni 2p1/2 states, respectively. 

A binding energy difference ~18 eV between these two states confirms the presence 

of Ni
2+

 ions in the NM3RJ fiber [62]. The presence of additional shakeup peaks at 

861.6 eV and at 880.1 eV can be observed. Figure 5.4.2 (c) shows the high-resolution 

scan for the Mn 2p peak. The doublet state of Mn 2p splits due to spin-orbit 

interaction. The peak at 642.5 eV is assigned to Mn 2p3/2, and the same at 654.1 eV is 

assigned to Mn 2p1/2 state. The binding energy separation of ~11.5 eV confirms the 

presence of Mn
3+

 ions in the sample. Both the survey spectrum and the high-

resolution scan of the C 1s peak show a good presence of carbon in the sample. This 

carbon arises from the annealing of PVA polymer. Figure 5.4.2 (d) shows the high-

resolution scan of the C 1s peak, which can be deconvoluted into several peaks. The 

peak at 285.1 eV corresponds to the sp
2
 hybridized graphitic peak and is the most 

intense among all the peaks. This graphitic carbon is responsible for the good 

conductivity of the fibrous sample, the signature of which can also be seen from the 

XRD measurement. The peaks at 286.4 eV and at 289 eV correspond to C-O and C=O 

bonds present in the sample. These oxygen-containing groups result from incomplete 

carbonization of the polymer and somehow limit the conductivity of the sample [62, 

63]. The atomic percentage ratios of the different atoms are shown in the inset of 

figure 5.4.2 (a). It can be seen that Ni: Mn is nearly1: 2 and thus follows the formula 
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for NiMn2O4. However, a large percentage of oxygen is due to the oxygen-containing 

functional groups, which arises due to incomplete carbonization.      

Figure 5.4.3 (a) shows the CV curves at different scan rates for the NM3RJ 

sample. The CV was performed within a wide potential window of -0.4 V to 0.9 V 

(vs. Ag/AgCl in saturated KCl) using a 1 M aqueous Na2SO4 solution. The curves 

show typical pseudocapacitive nature having oxidation and reduction peaks. These 

peaks result from the transition of Mn
3+
 Mn

4+
 and Ni

2+
 Ni

3+
 [64-66]. Using 

equation (2.3.1), the specific capacitance for this sample has been calculated from 

these CV curves. The highest specific capacitance of 460 F g
-1

 was obtained at 2 mV 

s
-1

 scan rate. Figure 5.4.3 (b) shows the CV curves at different scan rates for the NM3 

Powder sample within the same potential window of -0.4 V to 0.9 V. A highest 

specific capacitance of 405 F g
-1

 was obtained for the same.   Figure 5.4.3 (c) shows 

the comparison between the CV curves for NM3-powder and NM3RJ at a fixed scan 

Figure 5.4.3: CV curves at different scan rates for the sample (a) NM3RJ and (b) NM3 Powder. 

(c) Comparison of CV curves for NM3RJ and NM3 powder at a fixed scan rate of 50 mV s
-1

, (d) 

specific capacitance vs. scan rate plot for the sample NM3RJ and NM3 Powder.  
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rate of 50 mV s
-1

 within the same potential window and same aqueous 1 M Na2SO4 

electrolyte. It is worth mentioning; in the previous section (section 5.3) we have 

performed a similar CV measurement of NM3 sample deposited on Ni-foam. This 

results in a much higher current density and thus a very high specific capacitance 

value. However, when the same composite (NM3) was used as a powder form for the 

electrochemical measurement, it was seen that it offered relatively less current 

density, and thus a relatively smaller value of specific capacitance was obtained for 

the powder sample. On the other hand, a fiber-like structure was fabricated by 

synthesizing NM3RJ, which increases the specific surface area and conductivity. This 

results in superior electrochemical performance for the NM3RJ compared to the NM3 

powder sample. This can be concluded from figure 5.4.3 (c). As the specific 

capacitance is proportional to the area enclosed by the CV curves, we can see that for 

a particular scan rate, NM3RJ encloses a higher CV area compared to that of the NM3 

powder sample. Figure 5.4.3 (d) demonstrates the specific capacitance vs. scan rate 

plot for NM3RJ and NM3 Powder samples. The usual decrement of specific 

capacitance with increasing scan rate can be observed. At a higher scan rate, NM3RJ 

retains relatively high specific capacitance compared to both NM3 (on nickel foam) 

sample (figure 5.3.4 (c)) and NM3 Powder sample (figure 5.4.3 (d)). This is mainly 

because of the fiber-like morphology NM3RJ, which provides optimum porosity and 

allows easy access to the electrolyte ions, and can transport electrons effectively.  

Total specific capacitance offered by the electrode material can be written as a 

sum of two different contributions as expressed by equation (5.4.1) [50, 51]  

outinT CCC                                                              (5.4.1) 

Where CT is the total specific capacitance, Cin is the specific capacitance due to the 

faradaic reaction, which mainly occurs in the inner side of the electrode, and Cout is 

the specific capacitance due to double layer contribution, which mainly occurs at the 

interface of the electrode and the electrolyte. At higher scan rates, the charge storage 

depends mainly on the outer surface because of the shortage of time for the ion 

diffusion to happen inside the pores of the material. Thus Cout mainly involves the 

contribution due to the double layer mechanism. At very low scan rates ( 0 ), 

however, both faradic and double layer mechanisms contribute to the total charge 

capacity. Thus total capacitance can be obtained by extrapolating the specific 
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capacitance vs. 2

1

  curve to 0  as shown for the sample NM3RJ in Figure 5.4.4 (a) 

and for the sample NM3 Powder in figure 5.4.4 (c). And the contribution due to the 

outer surface can be found out by extrapolating the plot of specific capacitance vs. 

2

1


  to   (i.e. 02

1




  ) which has been plotted in figure 5.4.4 (b) for the 

sample NM3RJ and in figure 5.4.4 (d) for the sample NM3 Powder. We have 

obtained, for the NM3RJ sample, total specific capacitance CT  = 516.9 F g
-1

 and 

specific capacitance due to the outer contribution Cout = 231.4 F g
-1

. Hence, from 

equation (5.4.1), we have obtained the inner contribution to the capacitance Cin = 

285.5 F g
-1

. The same values obtained for the sample NM3 Powder as CT = 479.9 F g
-

1
, Cout = 21.7 F g

-1
, and Cin = 458.2 F g

-1
. The higher value of inner contribution to the 

specific capacitances for both these two samples suggests that the redox reaction plays 

a dominating role in storing the charges. However, it can be seen that the outer  

Figure 5.4.4: (a) Plot of specific capacitance vs. square root of scan rate for NM3RJ, (b) plot of 

specific capacitance vs. inverse square root of scan rate for NM3RJ, (c) Plot of specific 

capacitance vs. square root of scan rate for NM3 Powder, (d) plot of specific capacitance vs. 

inverse square root of scan rate for NM3 Powder.  
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contribution to the specific capacitance is much higher in NM3RJ than the NM3 

Powder sample. This concludes that at high scan rates, the electrolyte ions can utilize 

maximum electrode material because of the optimum porosity of the ordered 

structure.  Here it is worth mentioning that during the linear fitting done for both the 

samples, we have used the data for low scan rates only and the higher scan rate region 

was avoided. This is because of the fact that at higher scan rate Ohomic drop becomes 

significant which introduces nonlinearity in the respective plots [52]. Figure 5.4.5 (d) 

shows the GCD profiles for NM3RJ sample at different current densities. The GCD 

Figure 5.4.5: GCD plots at different current densities for the samples (a) NM3RJ and (b) NM3 

powder. Nyquist plots for the samples (c) NM3RJ and (d) NM3 Powder, inset of both these two 

figures show the high frequency regions of the respective Nyquist plots. (e) Model circuit used 

to fit both these two Nyquist plots 
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curves show relatively low IR compared to NM3 powder sample (figure 5.4.5 (e)). 

This is because of the conducting network of the fiber which connects the individual 

redox active sites. Both these GCD plots show near triangular shape which is 

characteristic of the near rectangular CV profile as seen in figure 5.4.3 (a) and (b). 

Using equation 2.3.3 specific capacitances for both these two samples are calculated 

from the GCD data. A highest specific capacitance of 447 F g
-1

 and 408 F g
-1

 have 

been obtained at the lowest current density of 4 A g
-1

 for the NM3RJ and NM3 

Powder samples, respectively. These values are very close to the value obtained from 

the CV curve. Figure 5.4.5 (c) and (d) display the EIS data in the form of Nyquist plot 

for both these two samples.  The EIS has been performed at a frequency range 0.01 

Hz-10
5
 Hz using an AC perturbation signal having amplitude of 10 mV. The high 

frequency regions of the respective Nyquist plots have been shown in the inset of the 

figure 5.4.5 (c) and (d). These Nyquist plots are fitted using the model circuit as 

shown in figure 5.4.5 (e). Here Rs is the equivalent series resistance which includes 

the resistance due to improper contact with the graphite current collector, material 

resistance and electrolyte resistance. From circuit fitting we have obtained the Rs 

values as 1.51  and 1.65  for the samples NM3RJ and NM3 Powder. The lower 

value of Rs for NM3RJ suggests less material resistance and good contact with the 

current collector for the fibrous sample. In the equivalent circuit, CPE is the constant 

phase element. CPE is used in place of a capacitor in a model circuit to account the 

non-homogeneity in the system. CPE consists of two parts, CPE-T and CPE-P. If 

CPE-P equals 1 then the behaviour of the circuit element is identical to that of a 

capacitor. A CPE-P value between 0.9 and 1 signifies rough or porous surface. We 

have obtained a CPE-P value of 0.907 for the fibrous sample and 0.464 for the 

powder sample. This suggests, the fibrous sample offers a porous surface which is 

beneficial for charge storage. The RCT in the equivalent circuit represents the charge 

transfer resistance. The NM3 powder sample offers a relatively high charge transfer 

resistance of 6.3  compared to a relatively small value of 3.5  for the sample 

NM3RJ. Thus the fiber-structure helps in efficient charge transport compared to the 

powder sample. Finally, the Wo is the Warburg impedance and arises due to diffusion 

of ions at low frequency. The powder sample offered a high Warburg resistance of 7.2 

 compared to only 0.42  for the fibrous sample. Thus the fiber morphology allows 

easy diffusion of ions. 
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6.1 Conclusion 

In this thesis work, we have studied the effect of particle morphology of different 

metal oxide-based samples on their electrochemical charge storage performance. For 

this purpose, at first, we have chosen a single metal oxide, MnO2, because of its well-

known pseudocapacitive charge storage performance. However, MnO2 degrades over 

time after repeated charge-discharge cycles because of the large volumetric strain 

suffered during the repeated electrochemical process. To stabilize the sample against 

this strain, we added graphene oxide to make a composite of MnO2-Graphene oxide 

(MnO2-GO). We have optimized the GO quantity for the best performance. It was 

seen that for a 5:2 loading of MnO2 and GO (by weight), the specific capacitance of 

the sample maximizes, and further increase in the GO percentage slightly reduces the 

specific capacitance value. Further, we studied the effect of sample morphology on 

electrochemical performance. For this purpose, we have prepared ordered and 

disordered samples of MnO2-GO. Ordered samples were prepared using the 

electrospinning technique, which resulted in a fiber-like morphology, and the 

disordered samples were prepared using the dropcasting method. Due to the good 

connection between the individual nanoparticles, the ordered electrospun samples 

demonstrate good electrochemical performances compared to the dropcasted samples. 

We obtained a maximum specific capacitance of 892.8 F g
-1

 for the ordered sample, 

whereas the disordered sample with the same MnO2 and GO ratio offers 546.9 F g
-1

. 

A correlation between the electrochemical performances and dielectric behaviors of 

the ordered and disordered samples was made by performing a room temperature 

impedance spectroscopy study which reveals that the ordered sample offers higher 

charge mobility, diffusivity, and conductivity. Finally, we have assembled an 

asymmetric supercapacitor using the GM-2E sample as an active material. The device 

showed a maximum power density of 2.8 kW kg
-1

 at a current density of 3.1 A g
-1

 and 

a maximum energy density of 96.75 Wh kg
-1

 at a current density of 1 A g
-1

. The 

device retained 93.3% of its initial capacitance after 5000 GCD cycles performed at 3 

A g
-1

. The excellent electrochemical behavior and long-term stability make the 

electrospun ordered GM-2E sample a useful electrode material for future energy 

storage devices. 
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However, electrospinning is a slow process, which makes it unsuitable for 

large-scale production. Hence, we devised an apparatus that can produce similar fiber 

samples in much larger quantities. The apparatus works similar to the cotton candy 

machine and is known as rotary jet spin system. We have prepared MnO2 microfiber 

using a rotary jet spin assembly in this next work. As confirmed by the FESEM 

measurement, after annealing the jet spun sample, we obtained microfiber of MnO2 

having an average diameter of 5 µm. This MnO2 microfiber has been investigated for 

application in supercapacitor electrodes. The microfiber offers excellent 

electrochemical properties because of the ordered and well-connected morphology. 

The highest specific capacitance of 663 F g
-1

 is obtained at the lowest scan rate of 2 

mV s
-1

. A two-electrode asymmetric supercapacitor device is fabricated using the 

microfiber sample as positrode and activated carbon as the negatrode. The device 

offers a high specific capacitance of 135.6 F g
-1

 along with excellent charge storage 

capability. Thus rotary jet spin can be used to fabricate metal oxide microfiber for 

application in the electrodes of future energy storage devices. Further, there are ample 

opportunities to utilize the technique to produce fiber of different metal-oxide and 

their composites with different carbonaceous materials. The scalability, production 

yield capability, and ease of synthesis could make the rotary jet spin technique to be 

widely accepted in the industry.   

The main disadvantage of single metal oxides is their high resistivity. On the 

other hand, bimetallic oxides show relatively less resistivity alongside the presence of 

multiple valency states, making them suitable for supercapacitor electrodes. Hence, in 

the next work we have chosen a bimetallic oxide of nickel and manganese. Nickel 

oxides are well-known battery-type material; on the other hand, manganese oxides are 

popular pseudocapacitive material. Thus electrode made of a combination of both 

these two oxides should demonstrate high energy density and high power density. We 

have synthesized NiMn2O4 through a hydrothermal technique using different 

surfactants and mineralizers. We found the addition of these chemicals results in 

different morphology of the NiMn2O4 with different surface areas and particle sizes. 

The addition of sodium dodecyl sulfate (SDS) during the synthesis maximizes the 

surface area, and hence better electrochemical performance was obtained with this 

variant of NiMn2O4 coated on Ni-foam. This sample offered a three-electrode specific 

capacitance of 1937 F g
-1

 at 2 mV s
-1

. The same material was used to fabricate a two-
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electrode device that shows a specific capacitance of 270 F g
-1

 at 2 mV s
-1

 with the 

maximum power density of 12 kW kg
-1

 and maximum energy density 145.3 Wh kg
-1

. 

Finally, the device was used to harness solar energy using commercially available 

solar cells. The overall performance of the two-electrode device actually suggests its 

usability as a future energy storage device. 

The sample NiMn2O4 coated on Ni-foam (NM3) shows an ultrahigh-specific 

capacitance. The reason behind this ultrahigh value is the superior connectivity of the 

sample with the Ni-foam substrate. Here Ni-foam both acts as a current collector and 

connects the individual redox-active sites of NiMn2O4 electrically. The porous 

structure of Ni-foam also enhances electrolyte accessibility. But, Ni-foam is not a 

suitable alternative for commercial use as it is very fragile and degrades in the 

electrolyte solution. Hence, we again used the rotary jet spin technique to fabricate the 

fiber of the previously synthesized NiMn2O4 (NM3) in an attempt to increase the 

connectivity between the redox-active sites through fiber-like morphology. SEM 

measurement shows the fiber-like structure having an average diameter of 5 m. 

Because of this fiber-like morphology, the rotary jet synthesized sample (NM3RJ) 

showed high specific surface area compared to the powder NM3 sample. We also 

compared its electrochemical performance with the powder NiMn2O4 sample. As the 

powder NiMn2O4 (NM3 powder) do not have good interconnection within its redox-

active sites, it offered relatively less current density at a fixed scan rate compared to 

the rotary jet-assisted synthesized sample of NiMn2O4 (NM3RJ). NM3RJ offered a 

high specific capacitance of 460 F g
-1

 at 2 mV s
-1

, as confirmed from both CV and 

GCD measurements.  

Thus it can be concluded that the morphology of the electrode material plays a 

vital role in determining the overall charge storage performance. Morphology, which 

offers high surface area, good inter-particle electronic connectivity, good electrolyte 

accessibility, should demonstrate excellent electrochemical charge storage 

performance. The high surface area of the electrode material enhances the charge 

storage capability via the EDLC mechanism. Good inter-particle connectivity 

enhances the charge transport rate and thus increases the power density. Good 

electrolyte accessibility reduces the effect of dead mass on the electrode, and the 

whole active material coated on an electrode can be utilized for charge storage. 



156 

 

6.2 Scope for future research 

 Transition metal-oxide-based electrode materials offer high energy density and 

high power density. However, because of high internal resistance and lack of long-

term stability, they are not yet been used commercially. Modification of the material 

morphology can address a few of these problems. This thesis work explores the effect 

of the morphology of the supercapacitor electrode material on its charge storage 

performance. Below listed are a few among many improvements which may address 

the problems of transition metal-oxide based electrodes.  

1. Investigation of morphologically ordered tri-metal oxides and beyond for 

supercapacitor electrode. 

2. Effect of other different types of morphologies on the electrochemical 

performance of particular electrode material. In this regard, the 

development of a proper theoretical framework is necessary along with the 

experimental work. 

3. More research on the improvement of the rotary-jet spin device is required 

to be able to fabricate nanofiber with good uniformity. As we know, 

decreasing the fiber's dimension will enhance the surface area. 

4. The rotary-jet spin device can be utilized to work with different types of 

polymer solutions having different viscoelastic properties. Thus the effect 

of different polymers on the fiber geometry can be studied along with the 

electrochemical performance.  

5. The device fabrication technique has to be improved. In this regard, proper 

choice of electrolyte, current collector, and separator is very much 

necessary. Also, the high self-discharge rate of supercapacitor has to be 

suppressed by using a proper methodology.  

The field of supercapacitor research is very vast and always evolving. With the 

investments of billions of dollars in research, it seems that the future of 

supercapacitors is very bright. 
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