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ABSTRACT

Limited fossil fuel, increasing population, pollution, and climate change are motivating

society to use renewable and clean energy techniques. However, the intermittent nature of

renewable sources hinders their continuous availability and use. Energy storage devices such as

supercapacitors and batteries are essential for sustainable development but their high cost limits

its bulk use. The cost of energy storage devices mainly depends on materials, synthesis process

and device fabrication. Therefore, low cost 3-D mesoporous nickel germanium fictionalize

nickel oxides electrode materials has been developed by using facile fabrication techniques for

supercapacitor application. 3-D mesoporous nickel provides the high surface area and enhances

the ionic conductivity, germanium functionalization improves the electrical conductivity and

reduces the charge transfer resistance of nickel oxides. Germanium fictionalization demonstrates

the improvement in specific capacitance of nickel oxides by more than twice. The asymmetric

supercapacitor shows the specific capacitance of 36 mFcm-2, energy density of 2.5 µWhcm-2, and

power density of 0.67 mWcm-2. The digital watch powered by germanium functionalized nickel

oxides and activated carbon-based asymmetric supercapacitor shows practical application of the

device.
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CHAPTER 1: INTRODUCTION

1.1 Research motivation

In 2021 the energy consumption in the United States consisted of 36% petroleum , 32%

Natural Gas, 10% coal, 8.1% nuclear, and only 12 % from renewable energy sources[1]. More

than three- fourths of the energy comes from fossil fuels. There is strong evidence that

demonstrates the effect the use of fossil fuels for transportation, electricity and industrial

processes has had on the environment. Such as, climate change, air pollution, global warming,

and the depletion of the ozone layer. The burning of fossil fuels such as coal, oil and gas has led

to an increase of concentration of carbon dioxide and other greenhouse gasses in the atmosphere.

Naturally, the greenhouse gasses are part of the earth’s atmosphere. It helps keep the earth warm

by trapping heat from the sun. Without the greenhouse effect, the earth would be colder. By

increasing the carbon dioxide as well as other greenhouse gasses  in the atmosphere, more heat

gets trapped,  making the temperature rise. It is projected that if continued dependence on fossil

fuels the global surface temperature increase will likely exceed 1.5 degrees celsius [2]. The rise

in temperature has caused changes to the ecological environment because of  sea-level rise,

glacier melting, and ocean acidification[3].

1.2 Background

The power density vs energy density mostly known as Ragone plot is shown in Figure

1.1. It compares the current energy storage devices based on their energy and power densities. It

can be seen that capacitors have high power density but low energy density. This means that it is

able to discharge and charge at a faster rate. On the other hand, batteries and fuel cells have high
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energy density but low power density. This means they are able to store more energy but take

longer to charge and discharge. Supercapacitors are in between capacitors and batteries. Its

energy storage is better than a capacitor but not as good as a battery. As for its power density it is

better than a battery but not as high as a capacitor. Future energy storage systems must provide

high energy density as well as high power density.

Figure 1.1: Energy density vs power density for energy devices [4]

As stated above batteries provide high energy storage and are used in most applications.

Yet, they are lacking in other characteristics. For that reason, supercapacitors are viewed as

alternatives to conventional batteries. It is essential for an energy storage device to have both

high energy and power densities. Not only that but,  long life cycles, high durability, fast

charging and properties that are safe to the environment. The table below shows differentiation
2



of characteristics of batteries and supercapacitors. It can be seen that supercapacitors are superior

in cycle life, power density, charge/ discharge time, and durability. The life cycle of a battery is

relatively  low in comparison to supercapacitors. It is important to have long life cycles because

they are subjected to repeated charge and recharge cycles. As for the charge and discharge time,

supercapacitors are by far superior to batteries. Its charging time is between .3 to 30 seconds and

its discharge is the same. Batteries have a charging time between one hour to five hours and a

discharge time of .3 to 3 hours. That said, supercapacitors show quality characteristics and can be

improved to ultimately replace batteries.

Table 1.1: Comparison of batteries and supercapacitors

Characteristics Li-ion Batteries Supercapacitors Ref.

Cycle life 500-3000 104-106 [5,6,7]

Power Density (kW/kg) .5-1 10-13 [5,8]

Energy Density (Wh/kg) 70-200 3-180 [5,7]

Discharge time (s) 1,080-10,800 .3-30 [5,6]

Charge time (s) 3,600-18,000 .3-30 [5,6]

Durability (Years) 10-20 20 [5]

Cell Voltage (V) 2.3 - 2.8 2.5 - 4.2 [7]

The main challenges for supercapacitors to overcome are low energy density and cost.

There has been much done to improve the energy density of supercapacitors and broaden their

application. Most of the research has been made on advanced electrode materials to increase the

cell voltage as well as the capacitance. Since capacitance and voltage are both proportional to

energy density, if either are increased it will increase the energy density. This can be done by

developing hybrid or asymmetric supercapacitors, and by using new electrolytes. The
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development of electrolytes can widen the potential window and increase the cell voltage. It is

more efficient to increase the cell voltage since the energy density is proportional to the square of

the cell voltage[9]. It should be noted that interactions between each component must be

considered when improving the supercapacitor.

1.3 Objective and organization of thesis

The objective of this research is to fabricate Ge-NiO electrode materials by

electrodeposition.It will be optimized with different electrodeposition times to see which

deposition time shows better results.To see which one shows better results, the material

properties will be studied with the use of physical and chemical characterization. For physical

characterization methods such as X-ray diffraction, Scanning electron microscopy and EDS will

be used. As for the electrochemical characterization, cyclic voltammetry, galvanic charge/

discharge  will be used. From the study of the characterization Ge-NiO-4 shows a better

performance and will be used for the asymmetric supercapacitor. The asymmetric supercapacitor

will be tested with electrochemical characterization. Lastly, the asymmetric supercapacitor will

be tested to show its performance.

1.4 Literature

1.4.1 Types of supercapacitors

There has been a lot of research done in order to improve or replace current methods to

store energy. Conventional energy sources such as wind, solar etc. have their limitations. For

example, solar energy can not be produced at night and  wind energy can not be produced if there

is no wind. With that being said, supercapacitors are widely used as energy storage devices due

4



to their energy storage capabilities. They are classified as electrochemical double layer,

pseudocapacitors and hybrid supercapacitors. In electrochemical double layer energy is stored

through the adsorption and desorption of ions at the electrode/electrolyte interface.

Pseudocapacitors store energy  through surface faradic redox reactions[10].

1.4.1.1 Electric double layer capacitors

The first electric double layer model proposed is shown in Figure 1.2 (a). Helmholtz

stated that two layers of charge formed at the electrode and the electrolyte are separated by a

small distance, H[11].In Figure 1.2 (b) shows the Helmholtz model modified by Gouy in 1910

and Chapman in 1913. Instead of having the ions close to the electrode surface, the ions are

distributed in the diffuse layer. This model takes into account that ions are moving in the

electrolyte and are driven by the influence of the diffusion and electrostatic forces[12]. Later in

1924, Stern combined the previous models to form the Gouy-Chapman-Stern model. The Stern

layer is similar to the Helmholtz model. It is described as a compact layer of immobile ions that

are absorbed at the surface of the electrode[12]. It also has the diffuse layer shown in the

Gouy-Chapman model. As stated before, the ions are mobile in the diffuse layer. The principles

of the Gouy-Chapman-Stern model are mostly used in the development of electrochemical

double layer capacitors.

5



Figure 1.2: Schematic representation of electric double layer capacitor (a) Helmholtz model, (b)

Gouy-Chapman model, and (c ) Gouy-Chapman-Stern model [12].

A double layer capacitor is composed of an electrolyte, two carbon based electrodes, and a

separator. The energy storage process takes place between the electrode and the electrolyte where

energy is stored by ion absorption. During the charging process voltage is applied and both the

positive electrode and negative electrode get charged.  The positive ions from the electrolyte are

attracted to the negative electrode and the negative ions are attracted to the positive electrode. An

electric double layer is formed in the two electrodes. For the discharge a load is applied and the

electrodes lose their charge and flow into the external circuit. The ions from the electrolyte are

no longer attracted to the electrodes and get scattered again in the electrolyte section as shown in

Figure 1.3.
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Figure 1.3 Schematic of charge/discharge in EDLC [13]

1.4.1.2 Pseudocapacitors

In the previous section EDLC were discussed. Its energy storing process takes place

between the surface of the electrode and the electrolyte. For that reason its performance is

dependent on the surface area as well as the type of electrolyte. In order to increase its surface

area a porous electrode is created. Yet, even with a porous electrode its performance is not

enough to replace batteries. For that reason other materials and storage mechanisms are being

studied.

Unlike EDLC’s, pseudocapacitors store energy through faradaic reactions at the

electrode surface. The different Faradaic reactions are underpotential deposition, redox reduction

and intercalation. Figure 1.4 shows a schematic of the underpotential deposition, redox, and

intercalation reactions. During the underpotential deposition, lead ions from the electrolyte form

a monolayer on the surface of the gold electrode. In other words, adsorption and desorption of

atoms from the electrolyte on a metal surface[14]. In redox reaction takes place near or at the

surface of the electrode.During charging and discharging no chemical changes happen to the

7



surface of the electrode because of reversible redox reactions. For example, from Figure 1.4 (b)

RuO gets reduced during charging and when discharging the ions go back to the electrolyte and

back to its original form.  Lastly, in intercalation the ions from the electrolyte intercalate in the

layers of the material[13].

Figure 1.4 : pseudocapacitor reactions (a) underpotential deposition (b) redox (c) intercalation

[13]

1.4.1.3 Hybrid

Hybrid supercapacitors have more enhanced characteristics due to the combination of

energy storage mechanisms. They may be asymmetric as well as symmetric based on the

materials of the electrodes. Overall supercapacitors exhibit  greater power density, but lower

energy density when compared to batteries. To improve its performance, many researchers are

focusing on the development of materials that show superior energy density in close

approximation to that of batteries. This without altering the characteristics of high power density

along with long cycling life[15].
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Hybrid supercapacitors are made of different electrode materials. This means the

electrodes store energy in a combination of  EDLC and  pseudocapacitor principles. Having said

that, hybrid capacitors use three types of electrodes: composite, battery type, and

asymmetric[16]. For composite, carbon based materials are integrated with a conducting polymer

or a metal oxide.The carbon material performs the role of the EDLC and metal oxides or

polymer of  a pseudocapacitive reaction. With that carbon based material will provide a high

surface area while the pseudocapacitive material can increase the capacitance[17].  The battery

type is composed of a supercapacitor electrode and a battery electrode. This helps by combining

the characteristics of batteries with that of supercapacitors. Batteries exhibit high energy density

while supercapacitors exhibit high power density, cycle life, and recharge time. Lastly,

asymmetry has a EDLC electrode and a pseudocapacitive electrode. Generally, the negative

electrode is carbon based and the positive electrode is of a metal oxide or a conducting polymer.

This attains to higher energy and  power densities compared to EDLC and better cycling than

symmetric pseudocapacitors[17].

1.4.2 Materials for supercapacitors

As stated before, the material of the electrode is important because it plays an important

role in the performance of the supercapacitor. Electrical double layer capacitors are composed of

carbon materials such as activated carbon, carbon nanotubes, graphene to name a few.

Pseudocapacitors consist of metal oxides and conducting polymers. Hybrid supercapacitors will

vary depending on the type of mechanism. For a symmetric hybrid , the anode and cathode will

consist of a pseudocapacitance material. An asymmetric hybrid will consist of a pseudocapacitor

as the anode and a double layer capacitor as the cathode. That is, a metal oxide or conducting

polymer and a carbon material.
9



1.4.2.1 Carbon

1.4.2.1.1 Activated Carbon

Activated carbon is an essential form of carbon because its properties allow its use in

various applications[18].  Properties such as high surface area, good electrical performance,

variable pore size, chemical stability, and low cost make it an interesting choice [ 18,19].

Activated carbon was obtained by burning carbon materials such as coal and petroleum coke.

However,  in the last few years research has been made to get activated carbon with renewable

materials. Table 1.2 shows a couple of raw materials used in research for the preparation of

activated carbon. When looking for renewable carbon materials , researchers look for high

carbon content and at the same time have a tunable morphology of the obtained products to be

utilized in supercapacitor application[20].

Table 1.2: Activated Carbon from renewable materials

Precursors Surface area (m2 g-1 ) Reference

Petroleum coke 2532 [20]

Phenol-formaldehyde resins 2445 [20]

Coconut shells 1194, 1416, 1440 [20]

Waste coffee beans 1019 [20]

Metal-organic framework 2222 [20]

Tofu 2960 [20]

Birch sawdust 3300 [20]

Oil palm shells 2139 [20]

Tree bark 1018 [20]
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Wheat straw 2316 [20]

Bamboo cellulose fiber 2366 [20]

Walnut shells 1197 [20]

Cabbage leaves 3102 [20]

Fish gill 2082 [20]

Pumpkin 2968 [20]

Starch 1510 [20]

Rice husk 1390,1890 [21]

Apricot shell 2335 [21]

Firwood 1130 [21]

Potato starch 2340 [21]

Banana 1414 [22]

Cauliflower 2604 [22]

Garlic Skin 2818 [22]

Dragon fruit peel 2667 [22]

Orange Peel 2521 [22]

Human hair 1306 [22]

Aside from selecting a material it is also important to take into consideration the process

of synthesis. The first step in the synthesis process is carbonization. In which the non-carbon

species are eliminated from the biomasses by thermal decomposition, resulting in the enrichment

of carbon content in the carbonaceous material[18]. Figure 1.5 shows a 3- dimensional schematic

of activated carbon derived from coconut fibers. It can be seen that in the carbonization process

the porosity is low and will later be improved. Then the burned material called char would then

be chemically and physically treated. The physical activation is done at high temperatures

between 700-1200 degrees celsius, and occurs in assorted oxidizing atmospheres[19,22]. Such as

11



air, oxygen, carbon dioxide, and water vapor and treated for a period of time to acquire the final

product[22]. The chemical activation  is done at lower temperatures between 400 -700 degrees

celsius [19]. Some of the activating agents commonly used are H2SO4, HNO3, H3BO3,ZnCl2,

H3PO4, NaOH and KOH [18, 22]. As shown in the figure below, with the physical and chemical

activation the porosity is improved.

Figure 1.5 :Porous activated carbon   [23]

As mentioned in earlier sections Electrical double layer capacitor is composed of two

electrodes made of carbon material. Activated carbon can be produced while being

environmentally friendly, low cost, and the materials are available in abundance. Yet, there are

still challenges in the development of activated carbon through biomass for supercapacitors[22].

1.4.2.1.2 Carbon Nanotubes (CNT)

In 1991, Ijima discovered carbon nanotubes containing more than one graphitic layer and

an inner diameter of 4nm. In 1993, Bethune et al. and Ijima et al. reported the development of

12



single- walled nanotubes [18]. Having said that, carbon nanotubes are categorized based on the

tube structure and shape. One is single walled carbon nanotubes (SWCNT) and the other one is

multi walled carbon nanotubes(MWCNT) . A SWCNT is a graphite sheet curled into a

cylindrical form. The MWCNT contains many concentric single walled nanotubes with different

diameters[19]. Carbon nanotubes have the capability to perform in multiple fields. Its pore

structure, electrical characteristics,  thermal, and mechanical properties makes them a potential

performer in fields such as supercapacitors, fuel cells, high strength composites, biomedical and

chemical[18 ,24]. It can be seen from Figure 1.6, that CNT’s are considered for supercapacitors

due to the surface area and electrical conductivity.

Figure 1.6 : Carbon nanotubes properties and its application  [25]

1.4.2.1.3 Graphene

Graphene is a one atom thick sheet made of sp2 bonded carbon atoms in a honeycomb

crystal lattice[21]. As shown in Figure 1.7 , graphene is obtained from the graphite which

contains many layers of graphene[26].That said, graphene has potential in energy storage devices

because of its high cyclic life,  excellent thermal and chemical properties[19].
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Figure 1.7: Schematic of graphite and graphene honeycomb lattice  [26]

Carbon is one of the most abundant elements on earth. And so, carbon has many physical

forms. The most known are graphite and diamond. It wasn't until 1960, that the characteristic of

graphite was revealed to consist of layers [27]. Figure 1.8 shows carbon materials in other

dimensions. For example, the one on the left is zero dimension fullerenes, the second one is one

dimension nanotubes and the third one is three dimensional graphite. It can be seen that graphite

consists of many layers like stated before. Therefore, one layer of the graphite is known as

graphene.  According to Mouras et al. (1987), the term “graphene” first appeared in 1987. It

depicted a single sheet of graphite, which is the main building block of materials such as

graphite, fullerene, and carbon nanotubes[27].
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Figure 1.8 :  Graphene in other dimensionalities [28]

The synthesis of graphene is based on physical and chemical methods. Some common

graphene synthesis methods are mechanical exfoliation, liquid phase exfoliation,

oxidation-reduction, chemical vapor deposition, and epitaxial growth on silicon carbide. The

mechanical exfoliation was developed in 1990 by Kurz and co workers. It is a single step and

simple procedure but time consuming and expensive. [26]. In order to improve this method

another approach was taken. Chen and his teammates discovered a method via a three roll mill.

The other process is the liquid phase exfoliation. This method converts graphite into monolayers

in liquid phase via ultrasonication[26]. Next are the two most common synthesis of graphene. In

oxidation-reduction,  oxidation of graphite  is followed by chemical reduction. This offers low

cost mass production of reduced graphene oxide (rGO), which can directly be used as EDLC

electrode materials[29] . Lastly, chemical vapor deposition deposits carbon atoms on growth

substrates via chemical reactions[26].
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Graphene based supercapacitors were reported with specific capacitance of 75 F g-1 and

energy density of 31.9 W h kg-1 with ionic liquid electrolytes. As for  aqueous and organic

electrolyte the specific capacitance of 135 F g-1 and  99 F g1, respectively. [21]. Yet, through

doping the electrochemical properties of graphene have been improved. For example, Jeong et al.

synthesized N-doped graphene through a simple plasma process and it is found to exhibit a

specific capacitance of 280 F g−1 , which is 4 times higher than that of the corresponding

undoped graphene[29].

1.4.2.2 Metal Oxides

Transition metals are located in the periodic table from groups three to eleven. These

transition metals have partially filled d-subshells or ionizes to give cations with an incomplete d

orbital[18]. Thus, in order for a metal oxide to be suitable for supercapacitor application they

must satisfy certain conditions. One is that they should be electronically conductive. Second, the

metal can exist in two or more oxidation states with no phase changes involving irreversible

modifications of a 3D structure. Lastly, the protons can intercalate freely, into the oxide lattice on

reduction and out in oxidation. [29]. Several transition metals have shown  high specific

capacitance, good electrical conductivity, reversible charge -discharge properties, and excellent

power densities[30]. Yet, various transition metal oxides have demonstrated to be harmful to the

environment and costly. For that reason the metal oxides that have been mostly reviewed are

ruthenium oxide, manganese oxide, cobalt oxide, and nickel oxides. Apart from ruthenium oxide,

the materials mentioned have been considered for supercapacitors due to its excellent

pseudocapacitive behavior, availability, environment safe and cost effectiveness[30]. However,

one main setback is its poor conductivity which is not good in supercapacitor performance. For
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that reason composites of metal oxides are being developed to improve the performance.

Furthermore, preparation of metal oxides involves synthesis. It is a very important step because

the preparation method will affect its performance. Table 1.3 shows some preparation methods

for metal oxides.

Table 1.3: Preparation methods for metal oxides in supercapacitors

Preparation
Method

Description of
method

Metal Oxide
Example

Ref.

High temperature
solid state

Solid precursors are
mixed intimately and
then reacted at a high
temperature

Co3O4 [31]

Hydrothermal The precursor is
dissolved in deionized
water or organic
solvent and then heated
in an airtight reaction
autoclave. This
produces a crystalline
product.

MnO2
NiO

[31]

Templating Organic materials are
usually prepared to
form a template with a
distinct morphology
and then the metal
sample grows at their
surface.The target
product is obtained by
removing the organic
template.

Hollow structured
Co3O4

MnO2

[31]

Sol-gel The precursors form a
sol by undergoing
hydrolysis and
condensation reactions.
The sol slowly
polymerizes to form a
gel, and then the gel
generates nanomaterial

MnO2 nanowire
arrays

NiO/NiCo2O4/Co3O
4 composite

[31]
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by drying and curing.

Electrodeposition
method

Electrochemical
principles are used to
deposit metal ions and
insoluble particles in
suspension to obtain
the desired product on
the cathode surface.

RuO2
MnO2

[31]

Chemical Vapor
Deposition (CVD)

Compounds or gasses
generate a nonvolatile
solid membrane layer
or nanomaterial on a
suitable substrate
surface.

ZnO
TiO2

[31]

Chemical
precipitation

In this method, a
chemical reaction
between different
components in solution
is used to form an
insoluble product.
When the precipitation
reagent solution is
added dropwise to an
inorganic solution, the
product is formed
rapidly and uniformly
dispersed.

Ni(OH)2
SnO2

[31]

1.4.2.2.1 Ruthenium Oxide

Ruthenium is a metal element that is a member of the platinum group. Even Though it is

an uncommon metal, it is the cheapest among the platinum group, but costly among other

transition metals. Moreover, ruthenium can exist in three oxidation states +2,+3 and +4 within a

voltage window of 1.2 V[29,31]. From all the metal oxides ruthenium oxide is the leading

material due to its advantages. For example, it has the highest specific capacitance out of all the

pseudocapacitance materials, between 200 up to 1200 Fg-1. Factors such as specific surface area,
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combined water, degree of particle crystallinity, particle size, electrode architecture and

electrolyte have an effect on specific capacitance[29, 31].

Although ruthenium oxide has shown great theoretical capacitance, its high cost has been

a major drawback. For that reason many researchers have attempted to reduce ruthenium usage

with the use of composite materials. Two methods are being used. The first one is to deposit

RuO2 on other low cost material. The second one is to dope RuO2 with base metal oxides[31]. In

addition, Ruthenium dioxide exists in two structures, anhydrous and hydrous forms[32]. One

which contains water molecules and the other one does not. It can be seen in Table 1.4 that RuO2

and RuO2·xH2O is deposited into low cost materials like  carbon nanotubes, multi walled carbon

nanotubes, activated carbon, conducting polymers,and graphene. Also, into metals like tin and

titanium.

Table 1.4: Ruthenium Dioxide performance with low-cost materials

Ru- based
material

Electrode
material

Current
density

Specific
capacitance

Electrolyte Ref.

RuO2 RuO2 - 788 .5 M H2SO4 [33]

RuO2 RuO2 - 650 .5 M H2SO4 [33]

RuO2 RuO2/CNT .5 966.8 1 M H2SO4 [33]

RuO2 RuO2/CNT - 1170 .5 M H2SO4 [33]

RuO2 RuO2/MWCNT - 457.63 1 M H2SO4 [33]

RuO2 RuO2/C .5 879.1 1 M H2SO4 [33]

RuO2 RuO2/C .05 537.7 1 M H2SO4 [33]

RuO2 RuO2/rGO .5 1099.6 1 M H2SO4 [33]
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RuO2 RuO2/PANI/CS 1 531 1 M H2SO4 [33]

RuO2 PANI/RuO2 - 664 1 M H2SO4 [33]

RuO2 RuO2/SnO2 - 930 1 M H2SO4 [33]

RuO2 RuO2/TiO2 - 534 .5 M H2SO4 [33]

RuO2 RuO2/Stainless
Steel

- 1190 .5 M H2SO4 [33]

RuO2·xH2O RuO2·xH2O 1 673.37 1 M H2SO4 [33]

RuO2·1.84H
2O

RuO2·1.84H2O .5 511 1 M H2SO4 [33]

RuO2·xH2O RuO2·xH2O/Ti 2 840 1 M H2SO4 [33]

RuO2·xH2O RuO2·xH2O/C - 715 1 M H2SO4 [33]

RuO2·xH2O RuO2·xH2O/C - 633 2 M KOH [33]

RuO2·xH2O RuO2·xH2O/MW
CNT

25 1585 1 M H2SO4 [33]

RuO2·xH2O RuO2·xH2O/CNT - 620 1 M H2SO4 [33]

1.4.2.2.2 Manganese Oxide

As discussed above ruthenium oxide has proven to be a good material but the cost and

toxicity is a great disadvantage. For that reason, many alternatives have been explored. Such as,

a combination of composites for ruthenium and alternative metal oxides like manganese oxide.

Manganese Oxide is low cost, naturally abundant,environmentally safe and has a high theoretical

capacitance[21, 18]. That said, the performance of manganese oxide is dependent on various

aspects. Physical properties and chemical factors affect the performance of  Mn oxide[29]. Table

1.5 shows different combinations of  Mn for pseudocapacitor electrodes. Different types of
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synthesis and  electrolytes for a variety of combinations of manganese oxides give different

specific capacitance.

Table 1.5: Manganese Oxide for pseudocapacitor electrodes

Mn based
material

Electrolyte Method of
synthesis

Specific
capacitance
(F g-1)

Ref.

Mn3O4/Graphene - Hydrothermal 367 [34]

MnO2 films - Sol - gel
method

360 [34]

Mn/Ni Oxide - Anodic
Deposition

250 [34]

Mn/MWCNT - Sol- gel method 339 [34]

MnO2/CNT .2 M Na2SO4 - 642 [29]

Mn2O3/C 6 M KOH Chemical
Process

600 [35]

Mn2O3/C 1 M Na2SO4 Hydrothermal 235 [35]

Mn2O3/Graphene
Oxide

1 M KOH Reflux method 998.2 [35]

Mn2O3/NiCo2O4
Composite

- Hydrothermal 824 [35]

Mn2O3 Hallow
nanotube arrays

1 M KOH Hydrothermal 677 [35]

Porous Mn2O3/C 1 M Na2SO4 Metal-Organic
framework

776 [35]
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In order to  improve the performance of Mn oxides,  enhancement in the preparation

processes, microstructure, crystallinity, and chemical state of Mn oxides is shown to be an

effective approach[29].For the preparation process, Table 1.3 shows various methods that are

utilized. Various synthesis are used for electrode material to evaluate which shows a better

performance in combination with other factors. It can be seen from Table 1.5 that the

hydrothermal process is used the most. The morphology relates to the specific area and the

specific capacitance. For that reason, some morphologie in which Mn oxide is prepared are

nanowires, nanorods, nanobelts, flower-like microspheres , nanotubes to name a few[29,30].

Ultimately, there is a concentration of research on MnO2 composites and nanostructured [29].

1.4.2.2.3 Nickel Oxide

Nickel Oxide is another transition metal oxide considered as an alternative to Ruthenium

oxide. It has proven to have high theoretical specific capacitance , abundant, low cost,

environmental friendly, and easy to synthesize[ 29]. However, some drawbacks would be low

conductivity, and  strain is developed in pure NiO during discharge and charge which leads to

poor stability. To overcome those drawbacks composites based on NiO are prepared[36].  Table

1.6 shows various synthesis methods and performance of Nickel oxide, Nickel hydroxide.
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Table 1.6: Nickel Oxide and Nickel hydroxide electrode-based material

Ni based material Electrolyte Method of
synthesis

Specific
capacitance (F
g-1)

Ref.

Ni(OH)2 KOH - 578 [15]

NiO(Flower like
hollow nanospheres)

- Gas/Liquid
interfacial
microwave

770 [30]

NiO(Porous
Nanocolumns)

- Hydrothermal 390 [30]

Ni(OH)2/rGO - Solvothermal 1886 [34]

NiO/rGO - Electrodeposition 950 [34]

NiO - Hydrothermal 1700 [34]

Ni(OH)2/MnO2/rGO - Hydrothermal 1985 [34]

Porous nickel
oxide/mesoporous
carbon

- Chemical
precipitation
method

2570 [34]

CNTs/NiO - Electrochemical 1701 [36]

Graphene/NiO - Chemical vapor
deposition
followed by
adsorption

783 [36]

1.4.2.2.4 Cobalt oxide

Just like the nickel oxide and manganese oxide, Cobalt oxide is abundant, low cost , and

environmentally friendly. The four types of cobalt oxides mostly used are CoO,Co2O3, CoO2, and

Co3O4[37]. From Table 1.7, it can be seen that from the four mentioned before the most common

one is Co3O4. This is because it has been demonstrated to have good theoretical capacitance. Yet
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just like the other metal oxides it has a limitation. The main drawback in cobalt oxide is the low

potential window. The low potential window limits its applications [38]. Not only that but, as an

electrode material it has poor cycling stability and rate performance. Even though cobalt oxide

has many advantages, more research has to be done to make its electrochemical performance

better.

Table 1.7: Cobalt Oxide based electrode-based material

Co based material Method of
synthesis

Specific
capacitance
(F g-1)

Ref.

Co3O4 Sol-gel 291 [30]

Co3O4(Nanorods) Microwave
assisted
hydrothermal

456 [30]

Co3O4(Nanotube) Chemically
depositing

574 [30]

Co3O4 (brush like
nanowires)

Self-organization 1525 [30]

Co3O4–MnO2–NiO
nanotubes

Electrodeposition 2525 [34]

CoMoO4 nanoplate
arrays

Hydrothermal 1558 [34]

1.4.2.3 Conducting Polymers

Conducting polymers have been studied for the past twenty years due to the low cost,

faradic redox capabilities, and a higher energy density than metal oxides[19]. The most common

for supercapacitors are polyaniline (PANI), polypyrrole(PPy), Polyacetyylene(PA), and PEDOT.
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Having said that, conducting polymers have three configurations for its use in supercapacitors.

Type one is symmetric and uses the same p-dopable polymer for both electrodes. Type two is

asymmetric, it uses two different p-dopable polymers with different ranges of electroactivity. The

third is symmetric, where both electrodes are p-doped for a positive electrode. As for the

negative electrode, both are n-doped[39].

An interesting  characteristic in conducting polymers that attracts researchers is the

doping-dedoping behavior. For this reason, they have been used in various devices such as

batteries, supercapacitors and sensors. Figure 1.9  shows a schematic of n-type and p-type

doping. It can be seen that the dopant ions convey charge in the form of excess electrons and

neutralize the unstable polymer backbone in the oxidized form either by donating or accepting

electrons [30]. The doping is used to increase the conductivity, but it also causes its cycling to

decrease. This is because the doping and dedoping causes the electrode to deteriorate. Other

methods are also used for example, to increase electrical conductivity and capacitance,

composites of conduction polymers with other materials are used. These materials include

carbon nanotubes, graphene, and metal oxides.
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Figure 1.9 : P-type and N-type doping in conducting polymers[30]

1.4.2.4 Composites

Composite supercapacitor combines the materials of both electric double layer and

pseudocapacitor. They are two types of composites, binary and ternary. Binary composites use

two different electrode materials to form one electrode [40]. For example, a combination of a

carbon material with a metal oxide or conducting polymer. Ternary composites use three

different electrode materials to form one electrode[40]. Specifically, a metal oxide, conducting

polymer and a carbon material. The use of binary and ternary composites allow the electrode

performance to be enhanced. Carbon, metal oxides and conducting polymers have advantages

and disadvantages. The combination of materials can help improve the drawbacks a single

electrode material might have.
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1.4.3 Electrolyte

Generally electrolytes are sorted into two groups, as either liquid  or solid. As shown in

Figure 1.10, Liquid electrolytes branch out to aqueous and non aqueous. As for solid, it branches

into dry polymer, gel polymer and inorganic. With an extensive range of  electrolytes, choosing

one is essential for the performance of the supercapacitor. The function of the electrolyte is to

provide ionic conductivity and allow charge compensation on each electrode. Also, it contributes

in the formation of the electrical double layer as well as the reversible redox reaction in

pseudocapacitors [41]. With this in mind, to choose an electrolyte it must have a wide voltage

window, electrochemical stability, high ionic concentration, low solvated ionic radius, low

viscosity, low volatility, low toxicity, low cost, and availability at high purity[21]. Lastly, since

the electrolyte interacts with electrodes it is necessary to be mindful of the pairing between

electrolyte and electrode material.

Figure 1.10: Types of electrolytes [18]
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1.4.3.1 Aqueous

The most commonly used aqueous electrolytes are H2SO4, KOH,  Na2SO4, and KCl .

These electrolytes are low cost, high ionic conductivity, non corrosive, non flammable, and

abundant[15, 42]. Another convenient aspect  of aqueous electrolytes is that it does not require

any special conditions like organic and ionic liquid electrolytes[41]. This makes it easier to make

as well as more cheap. Yet, despite these advantages it is usually not used for commercial

applications. This is because the voltage window is low compared to other electrolytes. Usually,

the voltage window is around 1.2 V. If the voltage was to be increased the cell would deteriorate

because of the building of pressure and water decomposition[15].

Aqueous electrolyte can be  divided into subsections, acid, alkali and neutral. These three

subsections have different pH levels. The most common acid electrolyte used is H2SO4, due to its

high ionic conductive nature. The conductivity mainly relies on concentration.For example, for

carbon based supercapacitors the highest conductivity attains from 1 M of H2SO4 at 25 degrees

celsius. [43].  That said, many metal oxides are not good for acid electrolyte for that reason

alkaline electrolytes are used. [43].  The most common alkaline electrolytes are KOH, LiOH and

NaOH. Out of these three the most researched is KOH due to the high conductivity. [18]. Lastly,

neutral electrolytes have a greater operating window and are safer than acidic and alkaline

electrolytes. The most commonly used neutral electrolyte for research is Na2SO4. [43]

1.4.3.2 Organic

Organic  electrolytes require strict process conditions to obtain ultra pure products[42].

This is because the procedure requires a  meticulous environment to prevent any impurities that

can cause self- discharge as well as degradation issues. Regardless of these conditions it is used
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for commercially available supercapacitors. This is because of its high potential window in the

range of 2.5-2.8 V [19]. Usually, organic electrolytes for commercial use consist of TEABF4

dissolved in solvents such as ACN and PC [41]. In other words, a conducting salt dissolved in a

solvent. Even though organic electrolytes have a high potential window, they also possess low

conductivity, and small specific capacitance. As well as high cost, volatile, toxic and

flammable[19].

1.4.3.3 Ionic Liquid

Ionic liquid electrolytes are molten salts composed of ions of melting points below 100

degrees celsius[41]. The low melting attributes to the asymmetric organic cation and

inorganic/organic anion[ 38]. Some of the advantages are high thermal, chemical and

electrochemical stability, negligible volatility, and non flammability[41]. Furthermore, ionic

liquid electrolytes are classified as aprotic protic and zwitterionic[38]. The figure 1.11 shows the

most commonly used cations and anions of ionic liquid electrolyte. The combinations of the

anions and cations are vast.

Figure 1.11: Commonly used cations and anions of ionic liquids [43]
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1.4.3.4 Solid State Polymer

A solid polymer is solvent free and it is composed of a polymer and a salt[38]. Besides,

leakage is a major concern in certain applications, a solid state electrolyte can help with that.

Moreover, with an increase in portable devices such as wearable electronics, printable

electronics, flexible electronics, and micr-electronics, the need of a solid state electrolyte is of

great need[9]. Supercapacitors derived from solid polymer electrolytes have high

electrochemical stability, good working temperature, high mechanical strength, and structural

stability[18]. A polymer based solid electrolyte is divided into three  subsections, solid polymer,

gel polymer and polyelectrolyte. Out of the three, gel polymer electrolyte has the highest ionic

conductivity. For that reason they are the most used in solid based electrolytes[9].

1.4.4 Supercapacitor System

In previous sections, the types of supercapacitors were mentioned. The types of

supercapacitors are EDLC, pseudocapacitor and hybrid. The types of supercapacitors pertain to

the materials of the electrodes. In this section, the supercapacitor device will be discussed.

Depending on the structure of the supercapacitor device, it can be classified into symmetric,

asymmetric, and hybrid. In a symmetric system, the supercapacitor is made up of two electrodes

with identical materials. For example, activated carbon for the positive and negative electrodes.

Another example is ruthenium oxide on both electrodes.  In an asymmetrical system, the

electrodes are made up of two different capacitive materials. For example, one electrode can be

of carbon material and the other electrode can be of a different carbon material. Another example

would be as shown in Table 1.8, one electrode is made of a metal oxide and the other electrode is

made of a carbon material.  As for a hybrid system, the supercapacitor has one electrode made of
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either a EDLC or pseudocapacitor and the other electrode is battery type. As shown below,

nickel and cobalt oxides and hydroxides are shown as a battery like material and are not

evaluated as a pseudocapacitive material [44].
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Table 1.8: Supercapacitor systems examples

Symmetric

Positive electrode Negative electrode Ref.

AC AC [48

RuO2 RuO2 [48]

Asymmetric

Positive electrode Negative electrode Ref.

MnO2 AC [47]

MnO2 CNT’s [47]

MnO2 Activated graphene [47]

MnO2/ CNT’s CNT’s [47]

MnO2/CNT AC [47]

Mn3O4/graphene CNTs/graphene [47]

RuO2/graphene Graphene [47]

PANi/CNTs/graphene Graphene [47]

Hybrid

Positive electrode Negative electrode [47]

CuO AC [47]

NiO Reduced graphene oxide [47]

Ni(OH)2 AC [47]

Co(OH)2 AC [47]

Co3O4 AC [47]

Co3O4 Graphene [47]

NiCo2O4 AC [44]

NiMoO4 AC [44]
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1.4.5 Characterization Methods

1.4.5.1 Physical

1.4.5.1.1  Brunauer-Emmett Teller (BET)

The brunauer-emmett teller (BET) method is often used to determine the surface area,

and pore size distribution. The BET method is based on the physical adsorption of gas molecules

on the surface of the sample being tested. This at a range of pressures that covers the monolayer

coverage of molecules[46]. This method usually uses inert gasses such as Nitrogen or Argon as

adsorbates to quantify the surface area[47].These gasses are used in most cases because they are

nonreactive gas molecules. Meaning the gasses will not chemically react with the material being

studied. Carbon dioxide can also be used but usually for specific surface areas with pore

diameters of less than 1nm[45].

1.4.5.1.2 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a physical characterization method used to

evaluate the surface chemistries of electrode materials[48]. It is a very important technique

because pseudocapacitor type electrodes rely  on faradic surface reactions. In addition, reactions

happening at the surfaces of materials such as oxides, semiconductors, glasses, ceramics,

polymers, composites and biomaterials can be evaluated[49]. Some elements that are used in an

XPS instrument are a X-ray source, an electron energy analyzer and ultra high vacuum

environment[50]. As shown in Figure 1.12,  the x-rays will come in contact with the sample.

Then the X-ray photons will knock out the valence electrons but only if the photon has a higher
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energy to overcome the binding energy of the electrode. This will cause the electron to move

with some kinetic energy[51].

Figure 1.12: Schematic of photoelectric effect [50]

To calculate the kinetic energy the potential and the kinetic energy will be equal to each other

meaning, conservation of energy. The detector will provide a stopping potential and the kinetic

energy can be calculated. From the kinetic energy the binding energy can then be determined.

Leading to the development of a plot like shown in Figure 1.13, showing the number of

photoelectrons detected or intensity and binding energy. Each peak from the XPS plot can

identify the elements because each element has a characteristic set of binding energy [50].
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Figure 1.13: Schematic of an XPS peak [51]

1.4.5.1.3 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a technique used to examine elemental analysis, phase

analysis, stress measurements and texture analysis[52].This method works when radiation hits a

solid or crystalline material and a diffraction pattern forms that displays its characteristics [53].

Having said that, Figure 1.14 shows an example of a XRD output. To analyze the output of an

XRD test, the peak position, intensity, and shape have to be considered. Through the peak

position, lattice parameters, space group, chemical composition, macrostresses, or qualitative

phase analysis can be assessed. From the peak intensity, the crystal structure, texture and

quantitative phase analysis can be attained. As for the peak shape or width, it can indicate the

microstrains and the crystalline size [54].
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Figure 1.14: XRD plot example [54]

1.4.5.1.4 Scanning electron microscopy ( SEM)

Scanning electron microscopy ( SEM)  is a technique used to produce magnified images

to study the microstructure and surface morphology of a material[Characterization of

biomaterial]. Its magnification can reach 300,000x and in newer models it can reach 1,000,000

[51]. Having said that, an electron beam is scanned across the sample and a variety of

interactions occur between the beam and the material.[55]. Figure 1.15, shows the modes that

can be used for images and characterization of the sample. For example, the composition of the

material can be attained by examining the x-rays generated from the interaction between the

electron and the sample. Also, the morphology images are attained by collecting secondary

electrons with nanoscale resolution   [55].
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Figure 1.15: Schematic of electron-material interaction [55]

1.4.5.1.5 Fourier Transform Infrared (FTIR)

In FTIR a IR light is directed into a sample that repeats the exposure over various

frequency ranges. Some wavelengths will be reflected but most of it will pass through the

sample. From the light that was not reflected some of it will be absorbed by the material  and the

other part will be transmitted. The IR light that is transmitted or absorbed is then measured by a

detector. This detector will measure the light that was either absorbed or transmitted. The results

are given in an absorption or transmitted, and wavelength graph. To analyze the information the

shape, position and peak intensity are observed. The analysis will derive from commercial

libraries [52].

1.4.5.2 Electrochemical

To test the electrochemical cell in a lab a two or three electrode configuration is

implemented. A three electrode system is composed of a working electrode (WE), a reference

electrode (RE), and a counter electrode(CE). The working electrode is the electrode with the

material being tested. The reference electrode is used as a constant potential. The counter
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electrode is used to complete the electric circuit. In a two electrode configuration only the

counter electrode and working electrode are used. Figure 1.16 shows a basic schematic of a two

and three electrode configuration.

Figure 1.16: schematic of (A) two electrode (B) three electrode configurations [56 ]

In essence, the current flows through the counter electrode to the working electrode. The voltage

is measured between the reference and the working electrodes. Since the two electrode

configuration does not have a reference electrode the voltage measure will be the cell voltage

[57]. Having said that, the changes observed in the two-electrode configuration is for the entire

cell. As for the three electrode configuration, it is used to observe changes in the working

electrode against the reference electrode [58]. Certain reference electrodes used are Hg/Hg2Cl2,

Hg/HgSO4, Ag/AgCl, Hg/HgO, and Ag/AgNO 3. For the counter electrode platinum wire or

graphite rods are commonly used[48].

38



1.4.5.2.1 Cyclic Voltammetry (CV)

This technique is used for qualitative and pseudo-qualitative studies, kinetic analysis by

scanning a wide range of scan rates, and voltage window determination [57]. Since actual

devices require greater capacity this technique is used in laboratories with smaller samples.

Cyclic voltammetry is occasionally utilized to analyze a single electrode using either a two or

three electrode system. The working principle is applying a potential range at some scan rate and

observing the current between that potential range. Basically, a positive voltage charges to the

maximum voltage established. For example, if the potential difference set is from 0-1 then the

maximum voltage would be 1. After the maximum voltage is achieved the process is reversed for

discharging. Usually, the measurements are formed using a linear sweep pattern or a cyclic

profile [58]. Hence, a plot of current as a function of potential difference for a specific scan rate

is generated.

An ideal cyclic voltammetry representation of EDLC, pseudocapacitors and faradaic of

the different types of supercapacitor materials is shown in Figure 1.17 . The electric double layer

can be recognized from the rectangular shape shown in the figure above[ 59]. It can be seen from

the voltammogram of the pseudocapacitors that it is not rectangular but, rather, looks a little

distorted. The faradaic reactions are causing the shape to be quasi-rectangular. Also, the

relationship between time and the applied potential is shown.
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Figure 1.17:  CV and GCD schematic [59]

The CV can be used to calculate the average capacitance for an EDLC. It can also be

used for a pseudocapacitor that displays a behavior similar to a rectangular curve. However, the

average capacitance cannot be calculated from the CV if it displays faradic behaviors. Having

said that, equation 1 shows the equation that can be used to find the capacitance for an EDLC.

(1)𝐶 =
∫𝑖 𝑑𝑉

2𝑣Δ𝑉

Where, the numerator accounts for the total area under the CV curve, v is the scan rate, and is∆𝑉

the potential difference. It is divided by 2 because it accounts for discharge only. Now from that,

the specific capacitance of the electrode can be found using equation 2.

(2)𝐶𝑠 = 𝐶
𝑚

Where, C is the capacitance of the electrode cell, and m is the mass of the active material. It

should be noted that the specific capacitance can be divided by mass, volume, or area.

Cyclic voltammetry is helpful for evaluating cyclability and the operating potential window of an

electrode. When the potential ranges are increased the stability can be monitored as well as the

safe operating potential window. The safe operating window can be determined from the anodic
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and cathodic peaks. Degradation of the electrode and electrolyte decomposition can be seen

when peaks in the voltammetry are not normal. As stated in the electrolyte section, the different

electrolytes have different operating ranges. If the voltages are outside the window this will

cause electrolyte decomposition. Something which will cause a device to be damaged [56].

Furthermore, the scan rate controls how quickly the potential is scanned [60]. Slower or

lower scan rates allow better contact of electrolyte and electrode material but it usually takes a

longer time for testing. Also, lower or slower scan rates and lower current densities show higher

capacitance. Fast scan rates often show lower capacitance. Ultimately, cyclic voltammetry is

useful to determine the potential window for supercapacitor materials. This, by adjusting the

parameters used and studying the charge and discharge processes [56]. Yet it is usually used in

combination with the GCD technique [48]. The GCD technique will be discussed in the next

section.

1.4.5.2.2 Galvanostatic charge/ discharge (GCD )

Galvanostatic charge/ discharge (GCD) is a test that records the change in voltage as a

function of time while keeping a fixed current[58]. The voltage window that is used is

determined in the cyclic voltammetry test. This is why CV and GCD are commonly used

together.  Figure 1.17 shows the schematic of CV and GCD. The top being the CV and the

bottom the GCD. Furthermore, the specific capacitance of an electrode can be calculated using

equation 3.

(3)𝐶 = 𝐼⋅Δ𝑡
Δ𝑉⋅𝐴
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Where, C is the capacitance, I is the fixed current, is the discharge time, is the voltage∆𝑡 ∆𝑉

window and A is the area. Area can be substituted to volume or mass. Next, the internal

resistance drop can be calculated using equation 4.

(4)𝑅 = 𝑉𝑑𝑟𝑜𝑝 
Δ𝐼

Where, Vdrop is the voltage drop and is the section in which the current is interrupted.When the∆𝐼

current is interrupted it is linked to the resistance of the cell[56]. In part due to various aspects

such as ionic resistance from the electrolyte, electrode resistance, faradaic reactions on the

electrode surface, active material and current collector interaction[58]. Figure 1.18 shows the

illustration of the internal resistance drop.

Figure 1.18: Internal resistance drop illustration [58]

Essentially, this method is used to evaluate the performance of supercapacitors such as

capacitance, energy density, power density, ESR and cycle stability [ 19]. As shown above the

capacitance is analyzed using eq. 3. In addition, the capacitance for different currents can be

calculated. With that information a graph for specific capacitance as a function of current can be

created. It should be noted that specific currents should reflect real life applications [26]. The

energy density and power density will be discussed in later sections. As for ESR, the internal
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resistance can be evaluated using eq.4. Lastly, the cycle stability can be attained by comparing

the capacitance of thousands of cycles with that of the first cycle [56].

1.4.5.2.3 Electrochemical impedance spectroscopy(EIS)

The next characterization method is electrochemical impedance spectroscopy. In the

impedance spectroscopy, a potential or current is applied to a fixed frequency. The response is

measured and the impedance is computed for several frequencies.  This method has been used

because it gives detailed information about impedance, internal resistance, current responses, and

capacitance [26]. Generally, the information is represented in a Bode plot and a Nyquist plot. The

bode plot is used to evaluate capacitive systems while the Nyquist plot is used to evaluate

resistive processes [61]. Figure 1.19 shows a circuit model of a porous carbon electrode. From

graph (A), in the Nyquist plot, term one and two are dependent on the electrolyte. Number three

is controlled by both the electrode material and the electrolyte [ 56].

Figure 1.19 : Porous carbon electrode EIS schematic  [56]
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As stated above and as shown in Figure 1.20, Nyquist plot is composed of three regions.

The first one is represented as a semicircle at high frequencies, usually larger than 104 . This

semicircle commonly shows interface resistance. The next region is the high to medium

frequency, usually between 104-1 Hz. This region shows charge transfer resistance. The last

region is at low frequencies, usually less than 1Hz. This region usually indicates the capacitive

behavior [48].  R. Ahmed et al. reported based on this knowledge, that the MoNi-5 nanowires

sample shows a smaller resistance during charge transfer [62]. As shown in Figure 1.20, (b)

section is a zoomed in plot of plot (a). It can be seen that the diameter of MoNi-5 is smaller than

the other samples. Normally, a bigger diameter will show a larger value of resistance. For this

reason, it can be implied that MoNi-5 shows a smaller resistance in comparison to the other

samples.

Figure 1.20: Nyquist plot of Mo-Doped NiO nanowires [62]

1.4.5.3 Energy Density

Energy density is the amount of energy stored per unit mass or volume of the device.

Batteries exhibit a high energy density and supercapacitors exhibit lower energy densities  in
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comparison to batteries. This is a major drawback for supercapacitors. Equation 5 shows the

formula for energy density.

(5)𝐸 = 𝐶𝑠・(Δ𝑉)2

2

Where, Cs is the specific capacitance , is the voltage applied or potential window.∆𝑉

From eq. 5 it can be concluded that, to increase energy density, either capacitance or potential

window need to be increased. The capacitance can be increased from the electrode material. For

instance, the surface area, pore size, electrical conductivity. The potential window can be

widened by using an electrolyte such as organic or ionic liquid. Organic electrolyte can achieve

cell voltage of 2.5-2.8 V and ionic liquid can be as high as 3.5 V. Also asymmetric and hybrid

supercapacitors can be used. If the energy density of supercapacitors is improved then it can be

an alternative for batteries.

1.4.5.4 Power Density

Power density describes the speed at which energy is stored or given off[26.] Unlike energy

density, batteries exhibit a lower power density and supercapacitors exhibit a higher power

density. Yet, even though supercapacitors exhibit a superior power density, batteries are the

choice for commercial energy storage devices. This is because they have a higher energy density.

In order to have supercapacitors further commercialized then its power density has to be kept

high but also the energy density has to be improved. The equation for power density is shown

below.

(6)𝑃 = 𝐸
Δ𝑡

Where, E is the energy density, is the discharge time. It is an advantage that supercapacitors∆𝑡

have and for that reason it is seen as an alternative for batteries.
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1.4.6 Research gap and novelty of work

There were different approaches researchers have used to overcome the poor electrical

conductivity. Nickel oxides- carbon composites and bi-metal oxides composites and doping in

nickel oxides etc. have been tried. Among all the surface fictionalization of transition metal

oxides is a simple and efficient approach.  surface fictionalization in nickel oxides enhances the

electrical conductivity, creates an efficient diffusion path, and introduces oxygen vacancies, all of

which improve overall supercapacitor performance. To the best of our knowledge, it's the first

time trying to incorporate germanium in a nickel oxides matrix to improve the electrochemical

performance in supercapacitors application.
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CHAPTER 2 : EXPERIMENTAL SECTION

2.1 Chemicals and Reagents

All chemical reagents were of reagent grade and have been used without any further purification.

Potassium hydroxide (KOH), Hydrochloric acid (37%), Nickel sulfate hexahydrate

(NiSO4.6H2O), Ammonium Chloride (NH4Cl), Polyethylene glycol, and Copper (99.98%), were

purchased from Sigma-Aldrich. Distilled water has been used in all experiments for making

solutions and cleaning.

2.2 Electrodeposition of Microporous Ni

The growth of microporous nickel on copper substrate was carried out using the Galvanostatic

electrodeposition process. The electrodeposition was performed using two electrode setup, where

nickel foam and copper substrate were used as a counter and working electrode, respectively.

Prior to the deposition, copper substrate was cleaned in 1M HCl solution and deionized water.

The bath for the synthesis of microporous nickel was prepared by adding 0.12M Nickel sulfate

hexahydrate, 1 M Ammonium Chloride and polyethylene glycol (100 mg in 300 ml) in deionised

water. Then, the beaker containing aqueous bath was sonicated for 5 min to get a stable light

green solution. The electrodeposition was done at current 100 mAcm-2 for 3 min. After the

deposition, samples were cleaned in deionized water and kept at 60°C for 1 h in an oven.
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2.3 RF-Sputtering of Germanium on Microporous Ni

RF-sputtering was used to deposit germanium on the 3-D porous nickel network for 2, 4, 6 and 8

minutes. After that all samples were annealed at 400°C for 30 min.

Figure 2.1: Schematic for 3-D mesoporous Ge-NiO
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 Structure, Morphology and Elemental Composition

3.1.1 Crystal Structure and Phase

It can be seen in figure 3.1 the result for the x-ray diffraction. The peaks correspond to copper

and nickel. Also, it can be noted that NiO is not present. There is a possibility that the peaks for

the NiO are situated in the same position as Ni.

Figure 3.1: X-ray diffraction pattern of 3-D mesoporous Nickel-Germanium-Nickel Oxides on
copper substrate after annealing 400°C for 30 min.

3.1.2 Surface Morphology

The  scanning electron microscopy gives a better understanding of the surface morphology. It

can be seen from figure 3.2 that it is a cauliflower structure. Also, it shows that (a) and (b)
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corresponding to nano porous nickel and NiO are sharper in the edges. Once germanium is

deposited it becomes less sharp with the increase of the deposition of the germanium.

Figure 3.2: SEM images of (a)electrodeposited nickel oxide nanoflakes on 3-D microporous
nickel and after annealing 400°C for 30 min (b) NiO (c) GeNiO-2, (d) GeNiO-4, (e) GeNiO-6
and (f) GeNiO-8.
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3.1.3 Elemental Composition and Homogeneity

The EDS analysis shows the distribution of the elements present in the material, as shown in

figure 3.3. The images are obtained using the SEM and used in this EDS analysis. With that

being said, the red color indicates the elemental mapping of nickel. The green color shows the

oxygen and lastly, the blue color shows germanium. Based on the Elemental composition

analysis it can be seen that with the increase of the deposition time germanium is more

concentrated in the top surface of the cauliflower structure.

Figure 3.3: EDX elemental mapping of 3-D mesoporous Nickel-Germanium-Nickel Oxides with
different deposition time of Germanium and after annealing 400°C for 30 min (a)-(d) GeNiO-2,
(f)-(j) GeNiO-4, (k)-(o) GeNiO-6 and (p)-(t) GeNiO-6.
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3.2 Electrochemical Characterization

3.2.1 Cyclic Voltammetry

The cyclic voltammetry of  Ge-NiO at different deposition times and scan rates is shown in

figure 3.4. The deposition times are 2,4,6, and 8 minutes and the scan rates range from

2-200mVs-1. In addition, it can be seen that the results display anodic and cathodic peaks which

indicate pseudocapacitive behavior. The CV was done in a three electrode system, where

platinum was used as the counter electrode, and Hg/HgO was used as the reference electrode.

From the potential vs current density the specific capacitance can be calculated for different scan

rates. This can be done by dividing the area under the curve by the scan rate and voltage window.

Also it can be normalized by mass, volume, or area. From the specific capacitance calculated

graph (f) is obtained.  It can be seen that the sample Ge-NiO-4 shows a higher specific

capacitance when compared to the other deposition times.
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Figure 3.4: Cyclic Voltammetry of 3-D mesoporous Nickel-Germanium-Nickel Oxides with
different deposition time of Germanium and after annealing 400°C for 30 min (a) NiO, (b)
GeNiO-2, (c) GeNiO-4, (d) GeNiO-6, (e) GeNiO-6 and (f) comparisons of specific capacitance
at different scan rates.
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3.2.2 Galvanic Charge-Discharge Profiles

The galvanic charge and discharge profiles are shown in figure 3.5. It can be seen that the time is

higher at Ge-NiO with a deposition of 4 min. This means more energy. Since capacitance is

proportional to discharge time at constant current density, the capacitance is higher with higher

time. For this reason Ge-NiO- 4 displays a higher specific capacitance.

Figure 3.5: Galvanic Charge-discharge of 3-D mesoporous Nickel-Germanium-Nickel Oxides
with different deposition time of Germanium and after annealing 400°C for 30 min (a) NiO, (b)
GeNiO-2, (c) GeNiO-4, (d) GeNiO-6, (e) GeNiO-6 and (f) comparisons of specific capacitance
at different current density.
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3.2.3 Cyclic Stability

The cyclic stability is done to check the stability of the material. In NPN the cyclic stability is

degrading meaning that the NiO alone without Germanium has a poor cyclic stability. Once the

germanium is deposited it can be seen that it becomes more stable.

Figure 3.6: Cyclic stability of 3-D mesoporous Nickel-Germanium-Nickel Oxides with different
deposition time of Germanium and after annealing 400°C for 30 min.
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3.3 Cyclic Voltammetry of Activated Carbon

The negative electrode for the asymmetric supercapacitor will be activated carbon. Activated

carbon was tested with different drying times to compare their specific capacitance. It can be

seen from figure 3.7 that the activated carbon dried at 60 ℃ showed better results. For that

reason, the activated carbon dried at 60 ℃ will be used for the negative electrode in the

asymmetric supercapacitor.

Figure 3.7: Cyclic Voltammetry of activated carbon tested in 1M KOH after drying at different
conditions (a) 60°C (b) 80°C, (c) 100°C and (d) comparisons of specific capacitance at different
scan rates.
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3.4 Asymmetric Supercapacitor

The asymmetric supercapacitor was fabricated using Ge-NiO-4 because it showed better

performance when compared with other deposition times. As for the negative electrode, activated

carbon dried at 60 ℃ is used due to better results. That said, figure 3.8 shows the electrochemical

characterization of the asymmetric supercapacitor composed of Ge-NiO and activated carbon. In

figure 3.7 it can be seen that activated carbon is stable at -1-0 V and figure 3.4 shows that

Ge-NiO-4 is stable at .2-.6 V. The potentials are added which gives around 1.6V, as shown in

figure 3.8 (c ). The cyclic voltammetry and galvanic charge/discharge results are shown in figure

3.8  (c ) and (d). From the CV and GCD the capacitance, energy density and power density can

be calculated. Then, a Ragone plot or power density vs energy density plot can be made. After

making the asymmetric supercapacitor the energy and power density improved as shown in

figure 3.8 (f).
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Figure 3.8: Electrochemical characterization of Nickel-Germanium-Nickel Oxides// Activated
Carbon asymmetric supercapacitor
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In order to test the asymmetric supercapacitor a charge and discharge test was done. From figure

3.9 the image from the left shows the supercapacitor charging. The image on the right shows the

supercapacitor discharging. First the asymmetric supercapacitor was charged at 5mA and then it

was discharged through a watch. It can be seen that it was able to power the watch for 4 minutes.

Figure 3.9: Practical demonstration of Nickel-Germanium-Nickel Oxides// Activated Carbon
asymmetric supercapacitor (a) charging and (b) discharging at 1 mA current.
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CHAPTER 4: FUTURE WORK

In this thesis an alkaline electrolyte was used. For future work it would be beneficial to

test germanium functionalized nickel oxide in different electrolytes. For example, acidic or

organic. Then compare their performance for supercapacitors. Also, test germanium

functionalized nickel oxides for electrocatalysis and battery applications. Lastly, it would be

interesting to fabricate, optimize and study other metal oxides. For instance, cobalt oxide, and

manganese oxide. Then compare their performance with NiO.
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CHAPTER 5 : CONCLUSION

In the present work, we successfully demonstrate the improvement in performance of

supercapacitors by incorporation of germanium at the 3-D mesoporous nickel/ nickel oxides

interface. The electrodeposition, RF-sputtering and annealing were done to fabricate germanium

functionalize nickel oxides on 3-D mesoporous nickel framework. The 3-D mesoporous nickel

with interconnected framework provides high surface area and  excellent ionic conductivity.

Germanium improves the electrical conductivity of nickel oxides by reducing charge transfer

resistance. Germanium incorporation in 3-D nickel and nickel oxides interface enhanced the

specific capacitance of nickel oxides by more than twice. The asymmetric supercapacitor shows

the specific capacitance of 36 mFcm-2, energy density of 2.5 µWhcm-2, and power density of 0.67

mWcm-2. The asymmetric supercapacitor has enabled digital watches to run for several minutes,

demonstrating practical application of the device.
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