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Abstract

Supercapacitors are gaining attention day by day due to their intrinsic character-
istics such as high power density and superior cyclability in contrast to batteries.
Electrochemical double layer capacitors (EDLCs) are utilized as significant storage
technology for electrical energy which will play vital role in development on large
scale non-steady renewable energy sources, electrical vehicles, and smart power
stations. It was observed that increased surface area, high porosity and activated
carbon enhance the capacitance and charge-discharge rates of EDLCs along with
electrical conductivity. Metal-organic frameworks (MOF's) in this regard, serve as
a material having far more surface area than that of activated carbon. In this
research work, three composite materials of reduced graphene oxide(rGO) with
metal organic frameworks (MOFs) of cobalt, nickel and copper have been synthe-
sized by using solvothermal process. The composites of rGO with metal organic
frameworks were prepared by using metal precursors and benzene tricarboxylic
acid (BTC) as a linker and 5wt% of reduced graphene oxide (rGO). The pre-
pared materials were characterized by XRD, FTIR, SEM and EDX techniques
to investigate the successful synthesis of rGO/MOF composites and to determine
their structural and morphological properties. The electrochemical analysis for
supercapacitor application was performed via cyclic voltammetry, electrochemical
impedance spectroscopy and chronopotentiometry. Among the three synthesized
reduced graphene oxide/MOF based composites as electrode materials, the re-
duced graphene oxide/copper composite shows the specific capacitance of 60.92
F/g in 2M KOH electrolyte solution and the energy density of 4.87 Wh/Kg. The
second composite electrode material namely reduced graphene oxide/nickel com-
posite demonstrate specific capacitance of 542.34 F /g in 2M KOH electrolyte solu-
tion and the energy density value of 43.38 Wh/Kg. The third sample viz. reduced
graphene oxide/cobalt composite exhibits highest specific capacitance up to 562.12
F /g in 2M KOH electrolyte solution and the energy density value of 44.96 Wh/Kg.
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Chapter 1

Introduction

In the introduction chapter, the first section 1.1 gives an insight into various en-
ergy storage and conversion devices such as fuel cells, batteries, solar cells and
capacitors. The second section 1.2 gives a brief overview of capacitors, super-
capacitors, their types and components along with supercapacitor applications in
various fields. The third section 1.3, provides a preface of materials used in this re-
search work, such as Metal Organic Frameworks (MOFSs) as well as its composites
which are employed as electrode materials in supercapacitor application. In the
fourth section 1.4, the details regarding the background of various characterization

techniques are briefly presented and in the last section.

1.1 Enmnergy Storage Devices

In the modern era life, electrical energy plays a very vital role to meet the present
living standards. With each passing decade, natural fossil fuel resources are being
depleted, so there is a high need for a transition towards electric power based

vehicles and domestic consumption to meet the future challenges of everyday life.

Moreover, very high consumptions of fossil fuels over the past few decades lead
to catastrophic climate changes due to the evolution of greenhouse gases, which
can be averted by moving toward clean energy generation, storage and utilization.

1



Introduction 2

Electrical energy is an incredibly versatile form of energy that can be used for
transportation as well as to power homes and industry, but it suffers a major
drawback in terms of its storage i.e. it’s relatively challenging to store electric

energy in a short span of time.

Among various known electrochemical energy storage devices are fuel cells, bat-
teries, solar cells and supercapacitors. Fuel cells operate with hydrogen mainly
as a fuel but hydrogen is the secondary source of energy itself and it is not avail-
able in nature. Apart from hydrogen generation from natural resources, storage
of hydrogen also poses a big challenge, which leads to the high cost of this energy
technology.

FIGURE 1.1: Electrochemical Energy Storage Devices

Solar cells, also known as photovoltaic cells are electric devices that work on the
principle of converting light energy directly into electrical energy by making use
of the photovoltaic effect. In this technology, the bottle neck is quantum effi-
ciency as well as durability of the solar cells devices due to prolonged exposure to

harsh ultraviolet light. These photovoltaic cells can degrade over a period of time
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and therefore lose their quantum efficiency, particularly on exposure to extreme

climates such as high temperatures in deserts and low temperatures close to poles.

The battery is an electrochemical device that comprises of single or combination
of multiple electrochemical cells along with external connectors. They are used to
power various electrical devices such as laptops, electric vehicles, cell phones etc.
Batteries can store a significant amount of electric energy, but these devices can
take up to hours for their charge up. There is also various hazard associated to
their use such as leakage of corrosive chemicals, ingestion of battery and use of toxic
material as their electrode or electrolyte like mercury, lead and cadmium metals.
Capacitor are an electrochemical storage device that can get charge practically

instantaneously, and can store a significant amount of energy.

1.2 Capacitors

At the beginning of electro technology, technologies used for storage of energy could
be classified as (1) Inductors: which used magneto static field for energy storage,
(2) Batteries: which undergo chemical reactions for energy storage, and (3) Capac-
itors: which used the electrostatic field for energy storage. Capacitors are one of
the basic building units of electronic circuits. A capacitor is a passive device which
contains two electric terminals and used for electrostatic energy storage. There are
many different types of capacitors, but all of them comprise two electric conductor
plates which are separated by a dielectric material. A variety of materials can be
used as capacitors, for instance, metals thin films or foil of aluminum or disks.
A dielectric having non-conducting nature acts to increase the charge capacity of
capacitors. Although capacitors have existed for 2 centuries, advanced capacitor
technology has only been known for 50 years. Many technologies are established
for the development of advanced capacitors over half a century. Utility, industry,
and transportation areas use polymer film capacitors which play a vital role in
these areas. There is an increase in demand for lighter and smaller capacitors

having high temperature capability in the power electronics industry, exploration
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of gas and deep oil, military arena and hybrid vehicles. Using polypropylene and
polyvinylidene fluoride as dielectrics, the metalizes film capacitors can offer an
amount of 1-2 J/cm? energy density. A little improvement had been made until
then in regard to high temperature capacitors with upto 200°C. There is a need
to handle different operations at high temperatures for high temperature rating
capacitors in pulse power system, gas and deep oil exploration, electric ships and
military vehicles. One of the most complicated technological barriers in energy
density has been identified is increasing temperature rating. For the development
of better capacitors and related insulation would enable the operating system to
work at temperatures ranges from 150-300°C' that would be capable to achieve

the light weight and miniature systems which will be the need of future.

w Electrolytic
- Film& Foil ~ Capacitor
Paper& Capacitor 1970

Mica ceramics 1960
Capacitor 1900

Leyden 1850

Jar

o
l\'\iﬂ""

Nonlinear
Composites
Nano
;Ei Ultra dielectrics 2004
2 Multilayer Capacitor 509
Field Tunable ~ Ceramics 2000
Metallized Film Cap 1999
Film Cap 1998
1990

F1GURE 1.2: Development History of Advanced Capacitors

Traditional capacitors also called electrostatic capacitors, contain two conducting
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electrodes divided by a dielectric. By applying an external voltage, charges try to
assemble on two electrodes generating an electric field. The electric field allows

the device to store electrical energy.

Dielectric

FiGURE 1.3: Illustration of an electrostatic capacitor

Capacitance is one of the significant characteristics of a the capacitor, which is the

relation of the charge to the voltage:

C = (1.1)

</

The capacitance will change by changing the voltage Under this condition, the

capacitance can be presented as:

_dQ
o= (1.2)

For a capacitor comprising of two parallel plates with surface area, divided by
a dielectric with permittivity, and a thickness, the voltage is described as the

essential of the electric field with regards to the spacing:

ngdx//odgdxjg%dx%l (1.3)

So, the capacitance can be represented as:
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To attain high capacitance, the requirement is dielectric materials with better
permittivity, reduce the spacing between two electrodes, and explore high surface
area electrode materials. In literature [1-4], promising porous materials for elec-
trodes are carbon with exceptional conductivity, like activated carbon, graphene,
carbon aerogel and carbon nanotubes. The high surface area gives excellent charge

storage ability in a small size packaged capacitor.

The primary features of an energy storage device are energy density and power
density, with unit of energy or power per unit mass. The stored energy in a
capacitor is represented as:

Q2

_1 2 _ %
E=2 0V =% (1.5)

To get the power density of a capacitor, the discharge time of the capacitor is

desired.
FE

pP=_—_
At

(1.6)

Usually, power density values for capacitors are higher than 5000 W /kg, however
value of energy density is low as between 0.01 and 0.05 Wh/kg. Capacitors are
charged or discharged quickly as compared to batteries and fuel cells, however

they cannot store a large quantity of energy.

Electrochemical supercapacitors are electrical energy storage devices both pas-
sively and statistically for those applications which require high power density
for instance portable devices, hybrid automobiles and backup systems [5]. These
electrochemical supercapacitors can store a significantly high amount of energy
than regular conventional capacitors but lesser than batteries but their construc-
tive framework is similar to the conventional capacitors with a difference in the

material of metal electrodes which is placed by a highly porous electrode [6].

The capacitance values of a supercapacitor are high in electrochemical double layer
capacitor devices [7]. The high capacitance of supercapacitors is because of the
excellent electrochemically active surface area of electrode materials. Traditional
supercapacitors are composed of highly active carbon material with a theoretical

surface area of ~ 1000-2000 m?g~" [8].
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Electrochemical supercapacitors (ES) contain two electrodes, an electrolyte and a
separator as shown in Figure 1.4. The most significant component of an electro-
chemical capacitor is the material of its electrode. Conventionally, the electrodes
of supercapacitors are developed by nanomaterials which bear good surface area
and porosity. It is clearly shown in Figure 1.4. that charges can be stored at the
border between electrode material and electrolyte. This interface can be called a

capacitor with EDLC and can be represented as follows:

Ae

- = (1.7)

Where, A = Surface area of the electrode (in case of supercapacitor it is an active
surface of the electrode). € = Dielectric constant of electrolyte. d = Thickness of

the electrical double layer.

Electrolyte, Separator

1 Electrolyte, Active Layer

Current Collector Current Collector

o o o e o

\\\\\3\\\@

[ I e O B B

. - .
Carbon particles
in contact with an
electrolyte film

1-4V

FIGURE 1.4: Electrical Double layer capacitor
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1. Electrical Double Layer Supercapacitor

In this type electrode material like carbon is not electrochemically active or
there is no electrochemical reaction taking place on electrode material during
the process of electrostatic charging or discharging and buildup of charges

taking place pure physically at electrolyte interface.

2. Pseudocapacitor

In this type electrode material is electrochemically active such as metal ox-
ides that have the ability of charge storage during the process of charging
and discharging [9, 10].

The electrolyte used in an electrochemical supercapacitor is categorized into three:

e Aqueous electrolyte
e Organic electrolyte

e lonic liquids (ILs)

Often organic electrolytes are recommended because aqueous electrolytes have a
larger limitation due to a small voltage window as low as 1.2 V which is very low
as compared to organic electrolytes. While a number of electrodes and devices are
also made by ionic liquids (ILs) electrolytes [11]. Electrochemical supercapacitors
have various benefits like high power density, high efficiency, safer, long life, ex-
tend shelf life and wide temperature range. On the other hand, some challenges
with ES like little energy density, cost, self-discharge and industrial standards for

commercialization [12].

1.2.1 Principle of Conventional Capacitor

The traditional capacitor contains two electrodes and a separator which is insu-
lating dielectric material is inserted. After applying voltage, positive and negative
charges gather on electrodes. The dielectric separator is used to separate the

charges [1].
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Dielectric

Negative
- | Electrode

Positive
Electrode| *

Load il (D> e e I

ResistanceS 0 c-eceeeaaaas e
Electric Fiel

e
| I
Applied Voltage

FIGURE 1.5: Schematic of a Conventional Capacitor

1.2.2 Supercapacitor

A new energy saving equipment that is conversion equipment such as supercapac-
itors is designed to partake the capability of high-power density, swift discharge-
charge, excellent circulation facet, lacking self-discharging, safe in work, and low
in cost. Various materials porous in nature are usually employed, such as metal
organic frameworks, many carbon based composites of MOFs and many other
composites i.e. (NiO and FeO based composites with carbon) are utilized for

constructing supercapacitors due to their vast electrochemical features [13].

1.2.2.1 Principle of Supercapacitor

Mostly, the working principle of a supercapacitor is similar to conventional capac-
itors. Similar to the conventional capacitor, supercapacitors comprise two elec-
trodes disconnected by an insulating dielectric separator. The main difference
between the two types of devices is due to high surface areas of electrode mate-
rial in supercapacitors as compare to conventional capacitors, and an electrolyte
solution. The capacitance and energy increase intensely in supercapacitors due to

greater surface area and lesser space between electrodes.
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Positive Electrode Negative Electroode

Current Collector % Current Collector

Load .
Resistance VJ\“”“{

+||.

Applied Voltage

FIGURE 1.6: Schematic Diagram for a Double Layer Capacitor

1.2.2.2 Types of Supercapacitors

Supercapacitors are classified into two major types, namely electric double layer

capacitors and pseudocapacitors. The major types as well as sub classes of super-

capacitors are presented in Figure 1.7.

Supercapacitors
I
Electric double-Layer Pseudocapacitors
Capacitors
_ | |
Activated Carbon [ |
Conducting Metal Oxides
Carbons based Aerogels based
Polymers based based
Supercapacitors Supercapacitors
Carbon Graphene
Nanotubes based based
Supercapacitors Supercapacitors

FIGURE 1.7: Types of Supercapacitors
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1.2.2.3 Electrical Double-Layer Capacitors

Electrical double-layer capacitors (EDLC) consist of two electrodes system, an elec-
trolyte for the conductance of ion, and a separator between two compartments. In
electrical double-layer capacitors (EDLCs), charging and discharging are a greatly
reversible phenomenon. This gives high cyclic stability for EDLCs. EDLC can
store energy by means of an electrochemical double-layer of positive and negative
charges when voltage is applied between electrodes. Voltage normally is lower than
as compared to that required for a chemical reaction. Ions in electrolyte solution
pass through the separator and arrive in voids of the electrode material. Due to
applied voltages, charges start to gather at the electrode and electrolyte interface.
However, ion recombination is avoided by the watchful design of the electrode
material. From the initial development of EDLC, highly porous carbon electrode
material with good surface area (SA), less costly and highly stable properties was
used. Lately, many other kinds of carbon based materials were extensively used

in EDLC, like activated carbons (AC), graphene, carbon aerogel and CNTs.

Separator

Current Collector

: o

. Current Collector

[

FI1GURE 1.8: Diagram of a Charged EDLC

1.2.2.4 Pseudocapacitor

In pseudocapacitors, electric charge is stored due to redox reactions in electrode

materials as compared to EDLCs where a charge is stored electrostatically. In
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pseudocapacitors, to store charges different transition metal oxides and conducting

polymers have been primarily employed [14, 15].

1.2.2.5 Hybrid Supercapacitors

Hybrid supercapacitors contain both double layer (carbon) and pseudocapacitance
material (metal oxide) have appealed to substantial considerations [16]. The supe-
rior capacitance of hybrid supercapacitors is due to porous carbon materials and
metal oxides [1]. Hybrid supercapacitors are of three types: 1) asymmetric, 2)

composite, 3) battery-type.

Asymmetric have both EDLC and pseudocapacitor electrodes [17]. Asymmet-
ric supercapacitors are better in cyclic stability as compare to pseudocapacitors.
These types of supercapacitors can attain higher energy and power densities as
compared to EDLCs. In composite supercapacitors, composite materials of carbon
with metal oxides as electrode materials [18]. The carbon will provide a better

surface area to increase the interaction of metal oxides with electrolytes [19-21].

1.2.2.6 Operational Voltages of Supercapacitors

Different supercapacitors have different voltage limits. The normal electrostatic
capacitor can withstand high volts, while the supercapacitor can operate between
2.5-2.7 V. Higher than 2.7 V are possible but with reducing cycle life. To increase
voltages, a series connection of supercapacitors is required. Internal resistance
and capacitance are compromised in a series of connections of supercapacitors.
A combination of more than three supercapacitors requires voltage balancing to

avoid any cell from going into over-voltage.

1.2.3 Components of Supercapacitors

The design and components of the supercapacitors are like electrochemical bat-

teries. The supercapacitors device parts comprise of:
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i. Electrode

ii. Electrolyte

iii. Current collector

iv. Binder

v. Separators
The electrolyte and electrode are the active components of the supercapacitors.
The current collector, binder and separator are considered inactive components

of the supercapacitor. Generally, two current collectors are used with electrode

materials [22].

Current Collector

Electrode Material
Separator/Electrolyte

FiGURE 1.9: Components of Supercapacitors

1.2.3.1 Electrode Materials

In supercapacitors, electrode materials play a leading role in performance. Many
electrode materials like carbon aerogels, activated carbon (AC), graphene and
CNTs etc. illustrate the EDLC actions. Alternatively, the transition metal oxides
are fall in the group of pseudocapacitive, in which storage of charges happens due

to redox reaction (physio-chemical adsorption) on the surface of electrodes [23].



Introduction 14

1.2.3.2 Electrolyte Materials

The prime challenge in supercapacitor development is to boost the values of energy
density, which can be attained via enhancing the capacitance of electrode material
or through broadening the device voltage window. Superlatively, expanding of
voltage window can be beneficial for boosting the energy density of the device

13].

Moreover, cell potential sturdily leans on the electrolyte electrochemical stability
used with the intention of evading parasitic and exhaustive reactions, therefore it
is important to choose an appropriate electrolyte. Therefore, a range of different
electrolytes in supercapacitors is available with adjustable voltage windows such
as 1.0-1.3 V for aqueous electrolyte-based supercapacitors, 2.5-2.7 V for organic
electrolytes-based supercapacitors and 3.5-4.0 V for ionic liquid supercapacitors.
Furthermore, the electrolyte should have excellent activity, conductivity and re-

sistance towards degradation [24]. Classification of electrolyte is shown in Figure

1.10.
Electrolyte
Redax electrolyte
Liquid electrolyte i
Solid state or quasi-
solid state electrolyte
Aquecus electralyte
Amqueous dectrolyte Non aqueous
electrolyte Dry solid palym er :
electrolyte Organic
_ Electrolyte
Apid | | Organic Electrolyte
Gel polymer Tonic liquid
electralyte
Alfkcaline 1 lonicliqud
Gel polymer
Inorganic electrolyie |- electralvte
Neutral 1 Mix tures

FiGure 1.10: Types of Electrolytes for Supercapacitor
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1.2.3.3 Current Collector

The active components of supercapacitors are electrolyte and electrode materials,
while the passive component is the current collector. But, similar to the elec-
trolyte and electrode materials, it performs an important role in the cell potential
and durability improvement of a supercapacitor. The choice of a current collector
exclusively is contingent on electrolyte and electrode such as metal foil (corro-
sion resistive) current collectors like gold have been utilized in strong acid-based

electrolytes.

Additionally, to reduce the cost, indium tin oxide plates and carbon materials can
be used. While supercapacitors are based on alkaline electrolytes, Ni materials
are selected as an appropriate current collector due to low costs like Ni foam.
Moreover, supercapacitors are based on non-aqueous electrolytes, the broadly used

current collectors are aluminum [25].

1.2.3.4 Binder

Binders have been utilized with a milled electrode material that will not only
help in the maintenance of structure but also assist in attaining an improved
connection between the current collector and active material. Normally, polymeric
materials like PVDF, PVP, PAA, PTFE, natural cellulose, Nafion, and polyaniline

(conductive polymers) have been used as a binder.

Though, the presence of binders in surplus quantity could have a constraining
effect on the performance of supercapacitor because of their aquaphobic prop-
erty that obstructs the penetration of electrolyte may lead to reduce capacitance
performance. In several cases, the binder’s mixture in an optimized amount has
been applied to obtain more electrolyte access and more wettability. Attributable
to the adversative effects such as lessened active surface, lower conductivity and
electrode materials wettability, utmost existing technologies of supercapacitor are
targeting to prepare binder free electrodes, that bring about electrode material

improved electrochemical activity [26].
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1.2.3.5 Separators

Like binders and current collectors, the separator is an inactive part of superca-
pacitors. Though it has not any impact on the efficiency of the supercapacitor but
does an essential part by stopping connection in between electrodes and assisting
electron transferal.
i. electrical insulator
ii. elevated mechanical strength
iii. chemical/electrochemical inert
iv. ion transfer capability
V. porosity
vi. width
vii. Surface morphology.
A range of separators is fabricated by a broad range of materials such as PTFE,

PP, PVDF, cellulose polymer membranes, glass fiber, films of graphene oxide and
Nafion etc [27].

1.2.4 Applications of Supercapacitors

Supercapacitors have the capability to deliver more power as compare to electro-
chemical batteries and store a large amount of energy in contrast to traditional

capacitors.

1.2.4.1 Consumer Electronic Products

1.1.4.1.1 Backup Power Sources Supercapacitors can be employed as backup

power in microcomputers, memories, and electronic boards [28, 29].
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In a backup power application, the main power source will be a typical load.
1.1.4.1.2 Main Power Sources

Supercapacitors supply one or numerous large current pulses of short duration
(ms). These supercapacitors can be installed as the main power source for many
applications. For example, in a toy car, the battery can charge these supercapac-
itors or chargers in the “rechargeable motors” [29]. These supercapacitors very
fast in charging and provide power for acceleration. A low power rating can also

be used for charging these supercapacitors.
1.1.4.1.3 Alternate Power Sources

Supercapacitors can be used in different alternate power source applications. In
a solar PV system, during the daytime, in addition to supply electric load, these
supercapacitors are charged by the solar system. Similarly, in the solar watch
concept, the solar cell can charge a supercapacitor and can provide power to
watch for a longer time [29]. This type of system is reliable and long life without

maintenance.

1.2.4.2 Vehicles Applications

Supercapacitors are used in electric vehicles (EVs) and hybrid electric vehicles
(HEVs), to provide high power for short time and to store regenerative braking
energy. This type of application of supercapacitors can minimize the number of
batteries or size of the internal combustion engine (ICE) [29]. The same type of

combination can also be utilized in ships and aircraft.

1.2.4.3 Industrial Process

Few industrial processes are delicate to stoppages of the mains power, like chemical
processes, textile industry and pharmaceutical industry processes. This interrup-
tion of the power supply is costly for the production industry. Supercapacitors

can provide consistent energy to power these sensitive industrial processes.
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1.3 Metal-Organic Frameworks (MOFSs)

MOFs belong to highly porous with upto 90% free volume) class of materials that
are incomparable not only in their physical and chemical characteristics but also in
their diversity in structure and degree of versatility for both inorganic and organic
components of their structure. MOFs also possess ultrahigh Brunauer-Emmett-
Teller (BET) surface areas that are extending more than a2 7000 m?/g. All these
properties make MOF's utilized in their potential applications in energy cleaning,
most vital role in storage media significantly for gases like methane and hydrogen
gas and also as adsorbent with high capacity to fulfill various needs of separation.
Some other fields gaining importance rapidly in the area of membranes which
include catalysis, thin film devices and biomedical imaging. The contrast of two
elements of metal organic framework, the metal ion cluster and the organic linker
both provide an infinite number of possibilities. The possibly developed synergistic
effect by the sum of physical properties of organic and inorganic components play

a vital role in the characteristics of the whole MOF [30].

Metal ions or clusters Organic linkers Metal-organic framework

FiGURrE 1.11: Metal-Organic Frameworks

Major characteristics of metal organic framework such as large surface area makes
them promising candidate to use in catalytic applications for incorporation of ac-
tive phases. In some cases, MOFs are additionally constructed by nodes of metal

and aromatic linkers which can certainly develop charge transfer interactions by
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coordination of m — 7 forces which offer an additional advantage for improvement
of activity of metal nanoparticles and its stabilization as compared to other sup-
ports such as mesoporous aluminosilicates and zeolites [31]. MOFs along with
incorporated metal oxide nanoparticles can be assumed to construct the structure
of metal organic framework around pre-formed nanoparticles [32]. The synthetic
methods are usually composed of two steps. The first step includes a metal pre-
cursor which is introduced into the porous network for the first time and then this
step is followed by the reduction process of the incorporated precursor and in the

second step doe the generation of metal nanoparticles [33].

1.3.1 Ni-BTC Metal Organic Framework

Nickel based MOFs have got more interest due to their vast applications in the
area of supercapacitors and also that these MOFs can be used as precursors for
the formation of distinctive metal oxide and carbon materials with explicit struc-
ture [34] [35]. Ni-BTC MOF was at the beginning reported by Yaghi [36]. It is
demonstrated that Ni-BTC MOF formed by the hydrothermal method has high
specific capacitance with the value of 726 F/g [37].

The Synthesis process of Ni-MOFs normally needed plenty of solvents, high tem-
perature and extended reaction time [38]. Effect of solvent on the formation of
Ni-BTC was tested with different solvent mixtures such as water and dimethylfor-
mamide (DMF), water and ethanol, as well as a mixture of three solvents namely

ethanol, water and DMF [39] [40].

1.3.2 Co-BTC Metal Organic Framework

As it was discussed that metal organic framework (MOF) being permanently
porous materials possess immense current interest because of their low density
and well-defined structures and their tremendous application potentials such as
catalysis, gas storage and separation. Moreover, in this regard, polynuclear cobalt

complexes have been the intensive subject of study due to owning their formation
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of a variety of innovations in structural networks which include sheets, chains and

matrices [41] [42].

Precursnré for .
Co-BTC MOF Co-BTC MOF

FiGUrE 1.12: Synthesis of Co-BTC MOF

1.3.3 Cu-BTC Metal Organic Framework

Cus(BTC)y (BTC = 1,3,5-benzenetricarboxylate) which is also known as Cu-BTC
and HKUST-1 or MOF-199 [43], is one of the well-known MOF which possess
square shaped pores of size 94 by 94. This Cu-BTC MOF was reported by
Williams and co-workers for the first time in 1999 [44]. The synthesis of pure phase
Cu-BTC was quite difficult in the beginning due to the formation of side products
such as metallic and oxidic copper species in the early solvothermal procedure
[45]. Several optimized routes such as electrochemical methods, high-throughput
screening [46], ultrasonic [47] and microwave assisted procedures [48] have opened
various possibilities for large scale production of Cu-BTC which a significant need

of the hour for catalytic applications.

—
DMF

S - ?3‘-.-.«-. el
|“ Hyvdrothermal ;%v{!hf ‘u{.;
L 1) (120°C, 12 h) 23
L _

-

1,3,5-BTC  Cu(NO;3),.3H,0 DABCO

FIGURE 1.13: Synthesis of Cu-BTC MOF
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1.4 Characterization Techniques

Samples characterization was carried out via FTIR, XRD and SEM techniques.

1.4.1 Fourier Transform Infrared Spectroscopy

FTIR is an efficient method to study compound composition and internal struc-
ture by recognizing functional groups present in the studied compound. IR spec-
troscopy equipped with Fourier transform technique is an easy approach for sample
characterization. It is used for the analysis of organic as well as inorganic com-

pounds.

The basic components of FTIR are IR source, sample, interferometer, laser, mirrors
and detector. The basic principle of FTIR technique is the change in the dipole
moment of the molecule as a result of molecular vibrations when infrared radiations
strike the molecule. The working principle of the instrument is that IR radiations
from source strike to beam splitter and splitter beam transfer to the fixed and
movable mirror. The moveable mirror reflects the beam to beam splitter from
where it is focused on the sample and then response reaches a detector and the

resultant spectrum is displayed on the monitor [49].

F1GURE 1.14: Construction and Working of Fourier Transform Infrared Spec-
troscopy
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1.4.2 Scanning Electron Microscopy

SEM was developed first of all in mid of 19thcentuary by Max Knoll and a beam
of an electron is utilized instead of the light source to develop an image of the
material. SEM is easy to operate and information about topography, composition
crystal structure and morphology are obtained within 5 minutes. Scanning Elec-
tron Microscope comprises of electron column equipped with an electron gun and
electron lens, detectors, sample stage, vacuum and scanning system, electronic
control and display system. The purpose of an electron gun is to instate and stim-
ulate electrons to operate within 1-40 k eV range. Field emission and thermionic
are two main types of an electron guns. Thermionic is mainly a material that
is focused to an elevated temperature to eject an electron. In field emission, two
electrodes are fixed and an electron is emitted from a metallic tip in the presence of
magnetic field which is driven toward other electrode and then toward microscope

in the presence of electric field by applying a voltage of 2 kV.

Electron Gun
Electron Beam -

> s,

oA W Anode
—————————

Magnetic Lens

To TV Scanner

Electron
Detector

Secondary Electron

Stage —=- Spectrum  petector

FIGURE 1.15: Instrumentation and Working of Scanning Electron Microscope

Electron beam focused by these anodes is further focused by a condenser lens and
concentrated to form a probe. After concentration, an electron beam is passed
through an aperture with electron exclusion. To avoid beam divergence stigma-

tors are applied on the beam to fully focus on the sample. The beam received
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by deflector coils is now thoroughly passed through the sample and information

obtained from every part is transferred to monitor to get the final image [50].

1.4.3 X-Ray Diffraction

XRD is an excellent method for the study of the crystal lattice, crystal size, unit
cell dimensions, atomic spacing and sample purity. X-Rays were discovered acci-
dentally in by Roentgen in1895 while using a cathode ray tube. The main compo-
nents of the XRD instrument are sample, x-ray tube, aperture, slits, goniometer,
monochrometer, sample holder and detector. They are electromagnetic radiations
that have the tendency of ionization and covered wavelength range is 0.01-10 nm

[51).

nA = 2dsinf (1.8)
where, n= an integer showing the number of layers, A= wavelength, D= interlayer

spacing, # = diffraction angle.

kA
"~ Beosh

(1.9)

Where, A= wavelength, §= diffraction angle, D= crystallite mean size (nm), f=

Full width half maximum, k= Shape factor.
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FIGURE 1.16: Basic Components and working principle of X-ray Diffractometer
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1.5 Research Objectives

To overcome the supercapacitor research major obstacles that are elevated cost, as
well as less density in terms of energy and improvements in existing technologies
are required. Among synthesis of graphene, the methods that offer improved mor-
phology and exfoliation which is also an economically viable process are desirable.
Also, the fabrication technique that will be enabled to hold the highly porous elec-
trode material and electrochemical properties of active supercapacitor electrode
material for enhanced supercapacitance properties are required. The objectives of

the present work are mentioned below:

e Synthesis of reduced graphene oxide composites with copper/nickel/cobalt
e Characterization of prepared samples by SEM, EDX, XRD and FTIR

e Electrochemical testing by Cyclic voltammetry, EIS and GCD for superca-

pacitor



Chapter 2

Literature Survey and Problem

Statement

This chapter presents the literature review with a brief overview of the already re-
ported electrode material used for supercapacitors. In the first part of this chapter
section 2.1, an extensive study of previous approaches used for the development of
electrode material in supercapacitors is discussed. The second part 2.2 presents the
gap analysis in the area of supercapacitors research and also discusses the aim of
this research. The third part 2.3 highlights the problem statement and the fourth
part 2.4 presents propose research methodology and also about characterization
technique used to investigate the physical and chemical properties of the electrode
material. The last part also demonstrates the proposed plan to investigate the

electrochemical performance of supercapacitor electrode materials.

2.1 Literature Review

In the recent decade, many researchers investigated many materials for superca-
pacitors. Yan et al. [2014] reported porous carbon that was synthesized from

MOF-5. Being an electrode material, the MOF-5 derived porous carbons showed

25
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potential capacitive behavior and demonstrated maximum specific capacitance of

232.8 F/g at 100 mA /g of current density in 30% KOH solution [54].

Hau et al. [2018] reported porous three NiO based material with a different surface
area prepared from nickel-based MOF templates. Nickel oxides have an extraordi-
narily elevated theoretical specific capacitance and retain comparatively superior
electrical conductivity in contrast to other metal based oxides. Though, the re-
ported specific capacitance value for NiO-based electrodes is much lower than the
theoretical value until now, because of the improved porosity, three NiO based
electrode materials demonstrated an enhanced electrochemical activity and the
discharge capacitances of 102, 105, and 116 Fg~! atl Ag~' of current density.
The specific capacitance of NiO is around 93.2% after 3000 cycles, which is better
than earlier reported NiO electrode materials and recommended for their promis-

ing applications in supercapacitors[55].

Purkait et al. [2018] reported a network of rGO networks with copper wire that
are used to assemble solid-state supercapacitor. An electrolyte such as polyvinyl
alcohol /H3PO,4 and exhibits specific capacitance of 81 £3 F'/g energy density and
power density respectively. The voltammogram showed cycling stability of 94.5%
for 5000 cycles[56].

Shengtang Liu et al. [2018] reported nano films of TiO, coated with graphene-
SnOs and graphene-F'e;O3 which depicts the exceptional electrochemical perfor-
mance. Development of this facile and novel synthetic process offers the idea of

graphene hybrids for batteries and supercapacitors [57].

Wenbo Yue et al. [2013] reported graphene-based metal oxides which possess a
sandwich structure for Li-ion batteries. They used the stepwise heterocoagulation
method for further protection of metal oxides by using nanosheets of graphene.
These sandwiched materials of graphene-based metal oxides Co3O, or possess
higher reversible capacities in contrast to the conventional graphene-based mate-
rial. For the alleviation of volume change of metal oxide during cycles it also acts
as ideal strain buffers [58]. Wenyu Zhang et al. [2012] described one-step process

for electrochemical production of graphene based nanostructure of metal oxides
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for the storage of Li ions. Metal oxides were deposited, and sheets of graphene
were separated in a single-step electrochemical process. High specific capacities
showed by the hybrid electrodes with outstanding cycling stability. A discharge ca-
pacity of 894 mAhg~! was observed by Fe,Os/graphene anode. Co30,4/graphene
showed discharge capacity of 880 mAhg~!. The cathode of V5,05 /graphene depicts
208 mAhg~! discharge capacity [59].

Hamid et al. [2016] reported nickel sulfide wrapped with graphene and utilized in
Li-ion batteries and supercapacitors. Significant improvement of nickel sulfide was
observed by graphene wrapping not only in the performance of Li-ion battery but
also in the performance of supercapacitor electrode. The specific capacity of nickel
sulfide wrapped with graphene as anode for Li-ion battery was observed above
1200 mAh/g cycles with improved rate capability. The specific capacity of nickel
sulfide wrapped with graphene as supercapacitor electrode was observed around
1000 F/g and current density of 55A /g. It also improves the pseudocapacitive rate

performance which enables nanocomposites to achieve high capacitance [60].

Xi’an Chen et al. [2014] reported the development of sulfur doped 3D porous
hollow nanospheres framework of rGO and observed its performance both for su-
percapacitors and ORR. Moreover, this material depicts good rate capability, with
excellent capacitance and better cycling stability. They believed that the reason for
good performances is sulfur doping which enhances electrochemical performance
which provides porous network structure. Furthermore, this type of material with
its structural property may use as a conductive matrix in Li-ion, Li-S, superca-

pacitors, chemical sensors and catalysis [61].

Ke-Jing Huang et al. [2015] reported the successful fabrication of CuS-rGO com-
posite. They used flexible rGO for wrapping of CuS hollow spheres. Furthermore,
these composite bears the ability for the utilization of high conductivity, good
mechanical property, large surface area and excellent electrochemical performance
of rGO as well as extraordinary stability of hollow spheres of CuS. As the re-
sult shows, the composite of CuS-rGO depicts unusually high performance which

further highlights the advantage of CuS possesses a special hollow structure and
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combining rGO to reach the maximum performance for supercapacitors. They also
propose to apply the same strategy to other hollow nanomaterials for the sake of

enhancement of electrochemical performance for supercapacitors [62].

Wei Liu et al. [2018] reported metal sulfides with graphene composite for superca-
pacitors. The resultant composite also bears excellent mechanical integration and

I and shows an out-

conductivity. It gives a high capacitance value of 310.2 C g~
standing rate capability of 61.8% retention. The fabricated graphene composites

depict high cycling stability over 10000 cycles [63].

Guangdi Nie et al. [2014] reported the successful synthesis of Bi2S3 with graphene
oxide nanosheets composites (BGNS) which bear uniform morphology by using
facile one-pot hydrothermal reaction using Sulphur compounds which serve as
both sulfur source as well as reducing agent. The followed method could de-
velop controlled fabrication of Bismuth graphene hybrids with adjustable size
and composition can also be adjusted by the additive amount of graphene oxide.
Adjustable composition and unique structure of nanohybrid also ensure effective
electron transport and fast ion diffusion. Various advantages like an abundant
resource, low cost and non-toxicity also prove Bismuth graphene hybrids as a

promising material for practical application in supercapacitors [64].

Rajendran Ramachandran et al. [2015] reported the synthesis of ZnS with the
decoration of graphene nanocomposites by using a facile solvothermal approach
and confirm their successful synthesis by XRD, TEM, FTIR and UV spectroscopy.
They use 6M KOH electrolyte for electrochemical measurements of different elec-
trodes towards supercapacitor applications. A series of composites also prepared
by adding different amounts of graphene and all the prepared composites were
tested for electrochemical measurements. Cyclic voltammetry technique was used
to evaluate specific capacitance with a value of 197.1 F/g using ZnS-graphene at
a scan rate of 5hmV /s. The capacitance retention is around 94.1% over 1000 cycles

which suggest cyclic stability for a long time [65].

Weihua Cai et al. [2016] the synthesis of transition metal sulfides NiC'0,S; which

were grown on fibers of graphene by using the solvothermal deposition method,
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used for wearable asymmetric supercapacitors which bear high cell voltage with
1.5V, high volumetric capacitance and high energy density in aqueous electrolyte.
The selection of fiber is due to its light weight (0.24 gem?), flexibility, highly
conductive and mechanically robust nature. The graphene based NiC0,5, com-
posite depicts high volumetric capacitance upto 388 Fem™2 at 2 mVs™! in a
3-electrode cell. The electrochemical measurements show higher capacitance of
Graphene/NiC02S4 in contrast to the pure fibers. The developed device obtains
high energy density upto 12.3 mW hem ™ which also shows maximum power den-
sity with a value of 1600 mWem™3. So, the composites are promising candidates

for wearable electronics and storage devices [66].

H. Tong et al. [2016] reported the fabrication of nanosheets of Zn Co sulfide on a
film of graphene/carbon nanotubes (CNTs) material. Films of composite material
serve as an electrodes and exhibit a high energy density of 50.2 Whkg~! at a power
density of 387.5 Wkg~! which shows 100% cycling stability over 2000 cycles [67].

Aming Wang et al. [2013] reported the controlled synthesis of novel nickel sulfide/-
graphene oxide nanocomposites. The NiS gives a particle size of 50nm. Obtained
results indicate an increase in conductivity by the addition of GO and also improve
supercapacitance behavior of NiS/GO nanocomposites and the capacitance value
of 800 Fg=t at 1 Ag~! and cycle life over 1000 cycles. Moreover, the suggested
method could be a suitable approach for the synthesis of other metal sulfides with

graphene and graphene oxide [68].

Xia Wang et al. [2016] reported Ni-Co sulfide nanocomposite by single-step
solvothermal method on graphene by employing polymers as an additive for the
fabrication of Ni-Co-SQG, which can be utilized in supercapacitors. The prepared
material electrode exhibit capacitance 1021 Fg=! at 20 Ag—'. and show high value

of capacitance retention of 92.1% after 5000 cycles at 10 A g~ 1.

The reason for
its excellent performance is its unique integrated nanostructure which also offers

more electroactive sites results in high conductivity.

Moreover, in case of supercapacitor of Ni-Co-S@QG//reduced graphene composites

depict high value of 39.5 Whkg™! at power density of 1778 Wkg~! power density
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and it also shows outstanding cycle stability with the value of 84.4% capacitance

retention over 15000 cycles [69].

Zhong-Shuai Wu et al. [2017] reported the synthesis of S-doped graphene fabri-
cation for supercapacitors. The fabricated solid-state films depict a highly stable
capacitance behavior which has the capacitance of 582 F ¢cm™3 and showed out-
standing rate capability with a capacitance value of 8.1 F ¢cm-3 even at 2000 V/s,

and depicts power density of 1191 W em-3 [70].

Binggiao Xie et al. [2015] reported the synthesis of MoSs/N-doped graphene by
one-pot hydrothermal method. Flower shaped MoS2/G was obtained with 3.5%
nitrogen content on the graphene layers. Electrochemical measurements show the
maximum specific capacitance of MoS2/NG electrodes with a value of upto 245
F/g. Furthermore, electrodes exhibit excellent cyclic stability with a value of
91.3% retention of capacitance over 1000 cycles. The synergistic effect gives an

excellent performance of the MoS2/G hybrid [71].

Zhicai Xing et al. [2013] reported the nickel sulfides/reduced graphene oxide as-
sisted with amino acids which act as reducing agents and donors of sulfur. The
prepared nickel sulfides/rGO used as electrode materials for supercapacitors. Ul-
trafine particles of nanospheres lead to textural pores and the resulting material
was found to have a capacitance of 1169 F/g at 5 A/g with excellent cycle life as
well [72].

Juan Yang et al. [2015] reported a simple strategy for the fabrication of Ni-Co-
S, which are deposited on graphene frameworks to form Ni-Co-S/G composites
through a chemically converted method. Ni-Co-S depicts very high electrochemi-
cal activity. Ni-Co-S/G depicts capacitance value of 1492 F/g at 1 A /g, excellent
rate capability of 96% with the increase in current density upto 50 A/g and also
showed electrochemical stability excellently. A supercapacitor was formulated with
Ni-Co-S/G hybrids as an electrode which depicts an energy density value of 43.3
Wh/kg and 0.8 kW /kg power density [73]. X. Yu et al. [2016] reported the incor-
poration of sulfur and phosphorus into three-dimensional highly porous graphene

for enhancement of performance of supercapacitors. The 3D porous continuity is
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preserved despite high loading amount of P and S of 4.6 and 5.8 % respectively.
The composites depict a specific capacitance value of 438 F /g at a scan rate of 10
mV /s. Furthermore, at 500 mV /s specific capacitance value was 381 F/g which
indicates the retention of 87.2 %. The capacitance retention of 93.4% was observed

after 10000 charge/discharge cycles at 1 A/g. [74].

Haiming Zhang et al. [2013] described an approach for the development of reduced
GO/Ni352 networks. The reduced graphene oxide/Ni3S2 nanoparticles were di-
rectly deposited onto the substrate by using an electrostatic spray. The results
demonstrate a capacitance value of about 1424 F/g and a current density value
of 75 A/g. The results showed that this material is a promising material for

supercapacitors [75].

Parma Banerjee et al. [2015] stated the synthesis of composites of Ni-doped MOF
with 1GO. The crystals of MOF distribute over rGO. Nickel in Ni doped metal
organic framework is found to involve in an efficient, reversible, redox reaction
that shuffling from Ni(OH)2 to Ni in KOH electrolyte. Introduction of rGO to
the composite develop synergy which increases the capacitance value dramatically
upto 758 F'/gm in the case of rGO-Ni-doped MOF composites in contrast to parent
MOF which could only store 100 F/gm [76].

Xiehong Cao et al. [2015] described a convenient method for the fabrication of rGO
composites with MoO3. The obtained material of rGO/MoO3 was further used
in the application of supercapacitor and it exhibits outstanding electrochemical
and mechanical stabilities. The wrapping around MoO3 with rGO sheets not only
prevents the accumulation of MoO3 but also provides electrically conductive net-
works for electron transport. Therefore, their synthesized rGO/MoO3 composite
exhibit outstanding rate capability and high cyclic stability in the case of superca-
pacitors. This novel strategy can also be implied on another graphene/metal oxide
composites by a selection of appropriate MOFs [77]. Xiehong Cao et al. [2015]
reported a convenient method for the synthesis of reduced graphene oxide which
wrapped MoO3 composites by using metal-organic framework. The obtained ma-

terial of rGO/MoO3 was further used in the application of supercapacitor and
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it exhibit outstanding electrochemical and mechanical stabilities. The wrapping
around MoO3but also provide electrically conductive networks for electron trans-
port. Therefore, their synthesized rGO/MoO3 composite exhibit outstanding rate
capability and high cyclic stability in case of supercapacitors. This novel strat-
egy can also be implied on other graphene/metal oxide composites by selection of

appropriate MOF's [77].

Dongying Fu et al. [2016] reported successful synthesis of metal organic framework-
graphene oxide hybrids decorated on carbon nanotubes films (CNT) and further-
more to develop flexible porous and conductive electrode, deposition of polymer
was made to develop polymer based hybrid which showed outstanding electro-
chemical activity. It showed a capacitance value of 128 mEem~2 observed by
electrochemical measurements which is higher than that of CNT only in a 3 elec-
trode system which indicates the positive impact of the addition of graphene which
enhances the capacitance. They also perform an asymmetric study and observed
that assembled optimum flexible supercapacitor depicts a capacitance value of
37.8 mFem™2 at 5mV/s and the energy density of this device was observed to
be 0.051 mW hem ™2 and volumetric power density was observed as 2.1 mWem ™3

2

at a current density of 0.4 mAcem™=. The fabricated device shows outstanding

electrochemical and mechanical characteristics [78].

Pattarachai Srimuk et al. [2015] reported a composite of rGO/copper oxide MOF.
The composite of rGO- copper oxide was fabricated by an ultra-sonication mixing
of copper oxide and rGO. A simple spray coating technique was used to fabri-
cate the supercapacitor electrode material of 10 wt% rGO composite exhibits a

capacitance value of 385 F/g at 1A /g [79].

Lan wang et al. [2016] reported porous carbon composites by using graphene
nanosheets and Zn MOF derived porous carbon film. The porous carbon obtained
has a capacitance value of 345 F /g at a scan rate of 2 mV /s and retention of 99%
capacitance over 10,000 cycles.Moreover, it can provide an energy density value of
30.3 Wh/kg and a power density of 137 W /kg [80]. Dennis Sheberla et al. [2016]
reported electrochemical double layer capacitors (EDLCs) with high performance
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as compared to batteries. MOF based device showed capacitance retention of 90%

after 10,000 cycles [81].

Raul Diaz et.al [2011] reported various MOF's which show better electrical conduc-
tivities at 200 mVs! in an electrolyte which is composed of 0.1 M basic solution.
Electrostatic forces are acting as dominant charge storage mechanism in case of

this electrolyte while electrochemical efficiency is determined by different types of

MOF [82].

Yan Yan et al. [2016] reported the successful synthesis of nickel oxide/ carbon
based materials for supercapacitor applications. Nickel oxide/ carbon composite
showed a capacitance value of 988 and 823 Fg~! meanwhile with capacitance
retention of 96.5% over 5000 cycles. This nickel oxide and activated carbons
based material for supercapacitor showed capacitance of 230 230 mFem™2. with
capacitance retention value of 92.8% after 5000 cycles. Energy density achieved
is 4.18 mWhem ™ and maximum power density is reported to a value of 231.2

mWem ™2 for the supercapacitor device [83].

2.2 Gap Analysis and Problem Statement

Table 2.1 gives a summarized analysis of the literature discussed in the previous
section. This literature analysis leads to the areas where there is still room for
improvement. Like better electronic conductivity [84][85[87][90], stretched cyclic
lifetime, mechanical and chemical stability. The electrode materials in EDLC (as
discussed earlier) are typically carbon-based materials due to their astonishing

electrical conductivity, high surface area, low density, and high storage capacity.

It is observed that the supercapacitor’s capacitance and charge storage depend
on materials that are applied for electrodes. Therefore, the best method to solve
the problem is to develop new materials with better capability in contrast to the
existing electrode materials. The supercapacitor capacitance is greatly affected by

the surface area of electrode materials.



TABLE 2.1: Comparison of Literature Reported Materials for Supercapacitor

Sr.No Authors Materials Capacitance (F/g)

1. Yan et al. Porous carbon derived from MOF-5 232 [54]
2. Hau et al. NiO based materials 116 [55]
3. Purkaitet al. reduced graphene oxide (rGO) networks on copper 81 [56]
4. Liu et al. SnOs/FesOs nanoparticles on graphene 165 [84]
5. Hamid et al. nickel sulfide wrapped with graphene 1000 [60]
6. Liu et al. (Co,Fe) transition metal sulfides 310 [63]
7. Ramachandran et al.  ZnS/Graphene 197 [65]
8. Cai et al. GF/NiC02S,/Graphene 388 [66]
9. Wang et al. (NiS/GO) nanocomposites 800 [68]
10. Wang et al. Nickel Cobalt Sulphide/Graphene 1021 [69]
11. Wu et al. Sulphur/Graphene thin film 582 [70]
12. Xie et al. MoS5/Graphene 245 [71]
13. Xing et al. nickel sulfides/rGO 761 [72]
14. Yang et al. Nickel/Cobalt Sulphide/Graphene 1492 [73]
15. Yu et al. N/P doped Graphene 438 [74]
16. Zhang et al. reduced graphene oxide/Ni3Ss 406 [75]
17. Banerjee et al. rGO-Ni-doped MOF 758 [76]
18. Fu et al. FeMOF/GO/Carbon nanotube 128 [78]
19. Srimuk et al. Cu oxide/rGO 385 [79]
20. Wang et al. Zn MOF derived porous carbon film 345 [80]
21. Yan et al. Ni Oxide/Carbon 988 [83]
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In various metal composites and carbon electrode materials, the effects of crystal
structure, morphology, doping and microstructure on their electrochemical perfor-
mance in different electrolytes are still poorly investigated and understood. This
research aims to study composites of reduced graphene oxide with MOF material
to fulfill this research gap by enhancing electrochemical performance. The major
problems of supercapacitor are high cost, low energy density, upgrading of current
technologies is desired to develop graphene based electrode material that delivers
improved morphology at low cost, electrode preparation method which can hold

the porous structure and electrical properties of the electrode.

2.3 Proposed Research Methodology

To develop high performing and stable graphene based electrode materials, three
different metals namely nickel, copper and cobalt were proposed. These metals are
incorporated in graphene in the form of their metal organic framework which also
has a highly active surface area. The three metals selected are low-cost transition
metals. To begin with, the proposed plan was to oxidize graphite powered to
graphene oxide(GO). In a further step, the GO is converted into its reduced form
rGO. Further composites of 5wt% rGO with MOF's of nickel, copper and cobalt are
proposed. The layout of the proposed plan for the synthesis of electrode material

is given in figure 2.1

Graphite Powder

l' Oxidation

Graphene Oxide

l Reduction

Reduced graphene Oxide

Mickel I ,., Copper \:D balt

Reduced Graphenea Reduced Graphene Reduced Graphene
Oxide/MNickel Oxide/copper Oxide/cobalt

FIGURE 2.1: Proposed Synthesis Methodology of Graphene Based Electrode
Materials with three Different Metals.
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In the next step, three different techniques are proposed to study the physical and
chemical characteristics of prepared materials. In which X-Rays Diffraction (XRD)
was aimed to study the structural properties of composites, whereas Scanning
Electron Microscopy (SEM) is employed to study the morphology of the graphene
based composite materials. Fourier Transform Infrared Spectroscopy (FTIR) is
proposed to investigate the different types of bonds present in graphene and its

composites. The outline of characterization techniques is given in figure 2.2.

Reduced Graphene XRD [ ] To study crystal
Oxide/Nickel structure
Reduced Graphene FTIR ‘ To study type of bond
Oxide/copper
Reduced Graphene SEM To 5"15[\"':“9“-";515'03\"
- shape

Oxide/fcobalt

FIGURE 2.2: Proposed characterization technique to explore the physical and
chemical properties of materials

To investigate the electrochemical performance for supercapacitor applications the
materials are proposed to be tested using Potentiostat. Three major parameters
focused to investigate are cyclic voltammetry (CV) to determine capacitance, Gal-
vanostatic Charge/Discharge Cycle (GCD) to measure charge/discharge properties
and Eelectrochemical Impedance Spectroscopy (EIS) to measure resistance. The
outline of electrochemical performance study is given in figure 2.3.

Cyelie Valtammetry — To measure the

{CW) capacitance

) To measure
GEII'-'-_EIHGSEEIUC charge/discharge
Charge/Discharge Cycle — cycle
(GCD)

Eelectrochemical T
Impeadance o measure

Spectroscopy - resistance

(EIS)

FIGURE 2.3: Outline of Proposed Plan to Investigate the Electrochemical Per-
formance of Supercapacitor Electrode Materials
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2.4 Research Contribution

The present research work is focused to develop the graphene base electrode ma-
terials and studying their performance for supercapacitors applications. Reduced
graphene oxide is modified by making its composites with three different transi-
tion metals namely nickel, copper and cobalt in the form of their metal organic
framework. The materials are characterized by SEM, XRD, EDX and FTIR to
investigate different physical and chemical properties. The conductive nature of
graphene oxide decorated with metals shows enhancement in the electrochemical
properties and provides a promising candidate for supercapacitors base on low-cost

transition metals incorporation.



Chapter 3

Synthesis of Graphene Based
Electrode Materials

The third chapter focuses on the synthetic approach used to synthesize graphene
based materials. The first section 3.1 gives details about graphene oxide synthesis
by using reported Hummer’s method. In the second section 3.2, the fabrication
of rGO from GO by reduction method is elaborated. In the third section 3.3
preparation of rGO based composites with copper is outlined, section 3.4represents
rGO/ nickel composite synthesis 3.5 presents rGO/cobalt composite synthesis by

solvothermal approach.

3.1 Synthesis of GO

Synthesis of graphene oxide (GO) was executed according to well-known Hum-
mer’s method. The whole method was alienated into three segments to follow
temperature requirements. In the first phase graphite (4g) and NaNOj (4g) were
dissolved in 100 ml sulphuric acid and stirred for about 2 hours at 5°C' in an ice
bath to get a homogenous mixture. In the second phase, the ice bath was removed,

the temperature was maintained at 35 + 3°C' and potassium permanganate (12g)

38
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was gradually mixed to the above mixture and stirred for 48 hours to ensure com-
plete oxidation. A thick green paste was attained after 2 days of stirring. In third
phase, in order to dilute green paste, deionized water (200 ml) was slowly added to
avoid rise in temperature and splashing. Furthermore, hydrogen peroxide (10ml)
was added to complete oxidation and stirred for the next 30 minutes. Finally,
the product was yellowish brown. The product was repeatedly washed through
centrifugation at 8000 rpm for 30 minutes with dilute HCl and water till pH 6-7

pH was achieved followed by vacuum drying at 50°C' overnight [86, 87].

=_E
herDhhtn

|
L /

F1GURE 3.1: Synthesis of Graphene Oxide by Hummer’s Method.

3.2 Synthesis of rGO

Reduced graphene oxide was fabricated from graphene oxide by the reflux method.
Graphene oxide (100 mg) was sonicated in deionized water (100ml) for one hour

to obtain a brown aqueous suspension.

Above suspension along with hydrazine hydrate (1ml) was poured into the round
bottom flask and refluxed for 24 hours at 100°C' an oil bath. Black, porous and

hydrophobic material was gradually collected on the surface of an aqueous solution.
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Product was collected through filtration membrane under vacuum, washed with

ethanol and water with subsequent vacuum drying 60°C' [88].

20008
QGO%C@OU

HOOC

GO+ D.I + Hydrazine
Hydrate, Reflux for 24 hours
PRI

—_—

FIGURE 3.2: Synthesis of Reduced Graphene Oxide by Reflux Method

3.3 Synthesis of Reduced Graphene

Oxide/Copper

In the synthesis of Cu BTC/ 5wt % rGO composite, BTC (1.5 g) was dissolved
in DMF/CyH;0H solvent mixture (45 ml) while on the other hand metal salt
solution was prepared by dissolving copper nitrate (3.114g) in deionized water.
Both solutions were mixed together by stirring followed by the addition of 23 mg
graphene oxide. After stirring the final mixture was shifted to the high-pressure
autoclave with Teflon cavity and put in the oven for reaction at 100°C for 12 hours.
The product was thoroughly washed with ethanol and methanol with subsequent

vacuum drying at 60°C' for 10 hours [89].
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Copper nitrate solution +
linker solution + GO +
stirring + sonication

Reaction in autoclave
for 12 hours at 100 °C

Product obtained after
filtration and washing was
vacuum dried at 60 °C for

10 hours

FIGURE 3.3: Solvothermal Synthesis of Reduced Graphene Oxide/Copper

3.4 Synthesis of Reduced Graphene
Oxide/Nickel

In the synthesis of Ni BTC/ 5 wt % rGO composite, the first linker solution was
prepared by dissolving BTC (1 g) in DM F/CyHsOH solvent mixture 34 ml. Metal
salt solution prepared by mixing nickel nitrate (2 g) in 17 ml deionized water was
poured into linker solution followed by stirring to get a homogenous mixture. An
appropriate amount of rGO (15 mg) was thoroughly dispersed into above solution
via sonication. After 2 hours the sonication reaction mixture was shifted in an
autoclave for reaction in the oven at 120°C' for 24 hours. After filtration and
washing of product with ethanol/ water repeatedly was vacuum dried at 50°C' for

24 hours [90].

Nickel nitrate solution +
linker solution + rGO +
stirring + sonication

Reaction in autoclave
for 24 hours at 120 °C

Product obtained after
filtration and washing was
wvacuum dried at 50 °C for

24 hours

FIGURE 3.4: Solvothermal Synthesis of Reduced Graphene Oxide/Nickel
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3.5 Synthesis of Reduced Graphene
Oxide/Cobalt

Co BTC/ 5 wt % rGO composite was synthesized by the reported method. (1g)
Benzene tricarboxylic acid (BTC) was dissolved in DM F/CyH;O H mixture (1:1)
while cobalt nitrate solution was prepared by stirring (2 g) nickel nitrate in deion-
ized water (17 ml). After triethylene amine addition into inker solution it was
slowly poured into metal salt solution with 30 minutes stirring to acquire homoge-
nous mixture. A suitable amount of rGO (0.15g) was carefully dispersed into
above mentioned solution by sonication. After two hours of sonication resultant
mixture was moved to the autoclave for 24 hours reaction in an oven at 100°C’
hours overnight. The product achieved after reaction finalization was repeatedly
washed with ethanol and then with water followed by vacuum drying at 50°C'
overnight to get dried product [91].

Cobalt nitrate solution +
linker solution + rGO +
stirring + sonication

Reaction in autoclave
for 24 hours at 100 °C

Product obtained after
filtration and washing was
vacuum dried at 50 °C for

overnight

FIGURE 3.5: Solvothermal Synthesis of Reduced Graphene Oxide/Cobalt



Chapter 4

Characterization of Prepared

Materials

In this chapter, the first Section 4.1 discusses the general overview of various char-
acterization techniques used to explore the physical and chemical properties of
electrode materials. In the second section 4.2, the details about the determination
of crystal structure of prepared material via XRD technique are discussed. The
next section of this chapter 4.3 presents a detailed FTIR spectrophotometer anal-
ysis of functional groups present in synthesized electrode materials. In the last
section 4.4, characterization of prepared material with respect to surface structure

and morphology is presented by using scanning electron microscopy.

4.1 Characterization

To determine crystal structure, X-ray Diffraction (XRD) measurements are carried
out by X-ray powder diffractometer (Bruker D8, Germany) coupled with Cu Ko
at A = 1.5418 A° within 2 theta range of 5 — 80° was at step size 4 s~ . Surface
structure and morphology are analyzed by scanning electron microscopy (VEGA3
TESCAN) at voltage 20 KV. Agilent FTIR spectrophotometer is used to check

the occurrence of functional groups in synthesized compounds.
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4.2 X-Ray Diffraction

The crystal structure of the prepared materials shown by powdered XRD (Figure
4.1.

4.2.1 Nickel-Based Composite

The sharp peaks show the crystallinity of prepared composites. Peaks at 23°(004)
and 17°(002) are attributed to the rGO and incomplete reduction of the GO peak,
this peak is increased by 5 wt%. These peaks are not substantial in other prepared
samples. This may be due to the coinciding of substantial peaks due to metal’s
crystalline nature. Also, this indicates that rGO did not affect the metal and
ligand interactions. Peaks at 24.5°(600) are due to formation of metal oxides
and hydroxide. Peaks at 26 values of 35°(022), 42°(512), and 51°(226) show the

occurrence of Ni.

4.2.2 Cobalt-Based Composite

For Co based composite material, sharp peaks in XRD show the crystalline nature
of the prepared composites. The occurrence of rGO in samples was established by
a peak at 23° but sharp peaks of metal in same region overlap the rGO peak and
give a hint about the noninterference nature of rGO. Metal oxides and hydro-oxide
formation is shown by peaks at 26 value 18°,31°,32°, 38°,45°,51°, 56°, 60°, 68°, 78°
while the Co occurrence was shown by peaks at 28°,34°, and 53°. The peak at 26
value 43° relates to metallic cobalt (JCPDS cards #15-0806).

4.2.3 Copper-Based Composite

The presence of distinctive peaks at 26 values of 6.56, 9.32, 11.2, 13.28, and 18.92
are (200), (220), (222), (400), and (440) correspondingly signify the crystalline na-

ture of MOF. The particularly strong peak at (222) points out that the preference
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of crystals alignment is out of the plane (222).
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FIGURE 4.1: XRD Analysis of Reduced Graphene Oxide/Nickel, Reduced
Graphene Oxide/Cobalt and Reduced Graphene Oxide/Copper

4.3 Fourier Transform Infrared Spectroscopy

FTIR is an expedient method to conclude the functional group’s existence in the

1is an evidence

synthesized compound. The broad peak amid 3500 and 3200 cm™
of OH on the exterior side as well as hydrogen bonded water molecule between
metal-BTC units while 1626 ¢m ™! peak manifests the C=C of aromatic cycle.
The peak due to C-O-C of epoxide group of GO give at 1224 em~!. The peak at
1373 em ™! peak indicates C-O while C=0 peak appears at 1644 cm~'. The peak
at position 1477 em™! further verify the OH group existence [92]. The peak at

1

position 730 em™" is a clear indication of linking of Copper with oxygen of COOH

group.

The existence of functional groups was confirmed through FTIR Figure 4.2. The

presence of surface adsorbed water was indicated by a wide-range adsorption band
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of 3600-3000 cm'to OH group stretching vibrations [93, 94]. The shift in C=0
peak from 1715 to 1608 as well as no peak in the region of 1800-1600 ensure COOH
group deprotonation, further approved by Ni-O peak at 726 cm™! [95, 96]. The
symmetric and asymmetric vibration peaks of carboxylic group are visible at 1350-
1450 and 1550 — 1640 cm ! along with peaks due to C=C stretching mode between
1600 — 1400 em~!. These bands also authenticate metal-ligand coordination and

successful composite fabrication [97, 98].

The FTIR spectrum of Co BTC/5 wt % rGO composite is presented in Figure

Lis due to

4.2. The appearance of wide absorption in the range of 2900 — 3600 cm ™
physically adsorbed HyO [93, 94]. Deprotonation of COOH group in presence of
TEA and linker interaction with cobalt was portrayed by the band at 1608 cm ™!
in place of 1715 em™! [96, 99]. Moreover, (C=C) aromatic and C-O stretching
vibration band arise between1400-1600 and at 1373 em ™! respectively. Co-O co-
herence and hybrid synthesis were certified by band present to 700 cm~1. [97, 100,

101].
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FIGURE 4.2: IR Analysis of Reduced Graphene Oxide/Nickel, Reduced
Graphene Oxide/Cobalt and Reduced Graphene Oxide/Copper
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4.4 Scanning Electron Microscopy and

Electron Dispersive Spectroscopy

SEM images of prepared materials are shown below. Cobalt looks spherical, and
the morphology of the prepared material is similar to the reported literature. Fur-
thermore, particle accumulation decreases the crystallinity of the sample. Wrin-

kled structures of rGO in the material are noticeable.
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FIGURE 4.4: (c-d) SEM Analysis of rGO/Cobalt
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FIGURE 4.5: (e-f) SEM Analysis of rGo/Copper

For the case of copper-based samples, the morphology is wrinkled that is the
typical characteristic of rGO. Many Cu based particles are evenly distributed on
rGO. In addition, rGO/nickel SEM images confirm the synthesis of Ni-based BTC
samples has almost plate shape and rGO flakes are observable in each composite.
The relative wt % of metals, carbon and oxygen is validated via EDX analysis
that is illustrated in Table 4.1. Following analysis confirms there is no other
element presence except cobalt, nickel, copper, carbon and oxygen, thus confirms

the absence of any other impurity present in prepared samples.

TABLE 4.1: Energy Dispersive X-rays (EDX) Analysis of Reduced Graphene
oxide/nickel, Reduced Graphene Oxide/Cobalt and Reduced Graphene Oxide/-

Copper
Samples Element  Wt% At%
Reduced Graphene C 45.55 55.39
Oxide/Cobalt 0 46.80 4272
Co 7.65 1.90
Reduced Graphene C 57.01 71.75
Oxide/Copper O 25.21 23.82
Cu 17.74 4.44
C 40.31 51.22
Reduced Graphene 0 1758 15,29

Oxide/Nickel Ni 12.11 3.4




Chapter 5

Electrochemical Analysis

In this chapter the electrochemical analysis of the prepared materials is discussed.
The electrochemical properties are investigated by using various electrochemical
methods such as cyclic voltammetry (CV), galvanostatic charge-discharge (GCD)
and electrochemical impedance spectroscopy (EIS). In the first section 5.1, the CV
studies of prepared material at varying scan rates are presented and subsequently,

the capacitance and energy density of prepared materials are determined.

The second section 5.2 highlights result from chronopotentiometry method which is
utilized to determine the charge-discharge performance during the electrochemical
activity. The specific capacitance and energy are also calculated via GCD curves.
In the third section 5.3, Electrochemical impedance spectroscopy (EIS) results are
presented with respect to material Ret (charge transfer resistance), Rs (solution

resistance) Cy (double layer capacitance) and W, (Warburg diffusion element).

5.1 Cyclic Voltammetry

The electrochemical performance of the prepared materials is accomplished on
an electrochemical Workstation CHI 760E (CH Instrument, Texas, USA) with 3
electrode setup. Counter electrode of a platinum wire and Ag/AgCl (SC) reference
electrode are employed.
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To make the homogeneous ink for the working electrode (GC); 2mg of material
was dispersed in 0.08 mL of ethanol solution and 0.02 mL of Nafion solution (5 wt.
%) ultrasonically for 2-3 hours. The polished GCE (3 mm diameter) was coated
by the suspension (1.5 uL).

The investigation of the electrochemical behavior of synthesized samples was per-
formed via cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and
electrochemical impedance spectroscopy (EIS) in an electrolyte of 2M KOH solu-

tion.
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FIGURE 5.1: (a) Comparative CV curves at scan rate of 50mV /s
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FIGURE 5.2: (b) CV curves of rGO/ cobalt
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FIGURE 5.3: (c¢) CV curves of rGO/ nickel
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FIGURE 5.4: (d) CV curves of rGO/copper

Figure 5.1 (a) illustrated the comparative CV study of prepared materials, among
all composites, reduced graphene oxide/cobalt show specific capacitance up to
562.12 F/g in contrast to other two samples like rGO/nickel and rGO/copper

specific capacitance due to high total surface area and high current density values.
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The CV curve high area exposes the ability of electrode for charge storage which
is associated with the real active surface area [102]. The electrochemical demon-
stration of rGO/cobalt, rGO /nickel and rGO/copper by cyclic voltammetry was
premeditated by applying scan rates variable from 10-100 mV/s as illustrated in
Figure 5.2(b)-5.4 (d).

It was detected that via increasing the scan rates capacitance of prepared sample
increases due to redox reaction of nanoporous material, at low scan rate outer and
inner both parts exhibited these reactions while at high scan rate material outer

part participate in redox reaction.

In CV curves two peaks appear i.e. anodic and cathodic peaks are interrelated
to positive and negative current, correspondingly. In case of reduced graphene
oxide/cobalt /nickel and copper capacitance characteristics are mainly directed via

Faradaic redox reaction of cobalt, nickel and copper cation[103] and attributed to

the redox reactions of Co?**/Co®T/Co*" Cu?t/Cut and Ni*T/Ni3+[104].

The values of specific capacitance and energy density for reduced graphene/cobalt,
reduced graphene/nickel and reduced graphene/copper is calculated by using the
following expressions (given in Table 5.1). From cyclic voltammetry, the specific

capacitance is calculated via the following [103].

C' = A/2AVmk (5.1)

C = specific capacitance (F/g), A = average integral area under the curve, AV
potential window (V), k = scan rate and m = mass loading of the active material
in the working electrode (g). In addition, energy density is calculated via following

equation [103].
1

Where E, is energy density (Wh/Kg), C, = specific capacitance (F/g) and AV =
potential window (V).
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TABLE 5.1: The Specific Capacitance and FEnergy Density of Reduced
Graphene/ Cobalt/Nickel and Copper

Sr.No Catalyst KOH Specific Energy
Conc Density
(M) Capacitance (Wh/Kg)
(F/g)
1 Reduced  graphene 2 60.92 4.87
oxide/copper
2 Reduced  graphene 2 542.34 43.38
oxide/nickel
3 Reduced  graphene 2 562.12 44.96
oxide/cobalt

5.2 Galvanostatic Charge and Discharge Curves

The chronopotentiometry method is used to perform the charge-discharge curve in
the potential window of 0.4 V at 0.01-0.05 mA cathodic current to get the discharge
time. The galvanostatic charge and discharge (GCD) curves of the rGO/cobalt,
rGO/nickel and rGO/copper at a range of different current densities having 0.0
to 0.4 V potential window are illustrated in Figure. 5.2. (a-d). The prepared
rGO based composites exhibit hat-like shapes that also confirm the Faradic redox

reactions happening[105, 106].
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FIGURE 5.5: Comparative GCD curves at (0.01 mA)
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The capacitance and energy density can be determined from GCD curves using

the given relations (given in table 5.2).

Cp=1xAt/AV xm (5.3)

Cp = specific capacitance, I = current, AV = potential window, At = time interval
for voltage and m = mass of active material used. In addition, energy density is
calculated via following equation. In addition, energy density is calculated via

Equation 5.2.

In cyclic voltammetry, the time of the experiment is well distinct via the scan
rate and potential window. In Galvanostatic studies, the charging-discharging
currents and potential window are quantified with respect to the total time of the

experiment in accordance with the cell capacitance.
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Secondly, the average current is considered for calculating specific capacitance
in the cyclic voltammogram method, while in the charge-discharge method, the
charge-discharge current is constant and the difference in specific capacitance is
measured.

TABLE 5.2: The Specific Capacitance and Energy Density Values Calculated
From GCD Curves

Sr.No Catalyst KOH Specific Energy
Conc Density
(M) Capacitance (Wh/Kg)
(F/g)
1 Reduced  graphene 2 29 2.19
oxide/copper
2 Reduced  graphene 2 94 7.47
oxide/nickel
3 Reduced  graphene 2 204 16.26
oxide/cobalt

5.3 Electrochemical Impedance Spectroscopy

(EIS)

Electrochemical impedance spectroscopy (EIS) was accomplished to comprehend
the kinetic behavior of ionic diffusion liable for electrode charge storage capability,
employing a frequency range of 1 to 100 kHz in 2 M KOH electrolyte solution,
conductivity and charge transfer resistance (R) illustrated in Figure 5.9. In EIS
spectrum it is observed that a small diameter arc exhibited by the prepared sample
corresponds to lower resistance values, among all prepared composites rGO/ cobalt
illustrated a lower value of (R.) (as given in Table 5.3) in contrast to the other
two samples such as rGO/nickel and rGO/copper which is because of fast transfer
of electron [104]. In addition, Nyquist plot matched well with an equivalent circuit
as shown in figure 5.9, (to calculate the resistance values the following circuit for
the simulation used as reported in the literature) and fitted data are given in Table
5.3. ESR is the equivalent series resistance representing the resistance for current

collectors, electrode materials, electrolytes as well as contact resistance; whereas
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the; (R ) is represents the resistance with respect to charge transfer. In addition

to this double layer, capacitance is represented as W, is the Warburg diffusion

element.
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FIGURE 5.9: Comparison study of EIS for reduced graphene oxide/cobalt, re-
duced graphene oxide/nickel and reduced graphene oxide/copper in 2M KOH
at 1-100kHz

TABLE 5.3: Rs, Ry and Cy of Reduced Graphene Oxide/Cobalt, Reduced
Graphene Oxide/Nickel and Reduced Graphene Oxide/Copper

Electrode Material R (2) R.(Q) Cgu(F/g) W(QS1/?2)
Reduced Graphene o o0\ o0 g a007 () 0006164

Oxide/Copper
Reduced Graphene _
Oside,/Nickel 7.83 102 9.459e 0.000315
Reduced Graphene _6
Oxide,/Cobalt 8.121 20.35 1.513e 0.0000537

Table 5.4 shows an overall comparative analysis of different electrode materials
for their electrochemical properties in supercapacitor with the prepared materials
(reduced graphene oxide/ cobalt/ nickel/ copper. The incorporation of rGO in
copper, cobalt and nickel based MOF enhances the overall surface area of electrode

material and improves the conductivity.



TABLE 5.4: Comparative analysis of electrochemical properties of prepared electrocatalysts with already reported materials for the

supercapacitor

Specific Capacitance Energy Density

Sr.No Material Ref.
(F/g) (Wh/Kg) (et
1 Polyamide /rGO 187 6.5 [107]
2 Sulphurized graphene 76 7.4 [108]
Nanoporous Carbon/
3 Cobalt Sulfide 159 55 [102]
n Activated carbon 145 47 1109)
nanotube
Porous 3D
5. interconnected carbon 65 12.0 [110]
framework
Ultrafine
6. C'o30,4 nanocrystal 172 3.0 [111]
electrode
7. N-doped carbon 195 6.0 [112]
nanofiber
8. Graphene/MnO2/CNTs 61 8.9 [113]
N,S-doped activated
9. carbon from Elm 62 12.4 [114]
Flower
10. Redu@d Graphene 29 2.19 [Current study]
oxide/copper
Reduced Graphene
11. oxide,/nickel 94 7.47 [Current study]
Reduced Graphene
12. oxide /cobalt 204 16.25 [Current study]

S1SAIDUY 1PIUUIYI04709]5]
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Chapter 6

Conclusions and Future

Prospects

This chapter covers the summary of overall research work vis-a-vis synthesis, char-
acterization and electrochemical analysis of prepared electrode material in Section
6.1. The second Section 6.2, highlights future prospects regarding supercapacitor
research that may further improve the performance of these energy storage devices

in the near future.

6.1 Conclusions

Reduced graphene oxide composites with cobalt, nickel and copper have been syn-
thesized by using metal precursors and benzene tricarboxylic acid (BTC) as linkers
reported via solvothermal method. It was observed that the incorporation of rGO
increases the surface area and enhances the conductive properties of prepared cat-
alysts. The surface morphology of prepared samples and the presence of specific
elements and functional groups were confirmed by various techniques such as SEM.
The electrochemical analysis was performed via cyclic voltammetry, electrochem-
ical impedance spectroscopy and chronopotentiometry. Among all synthesized

composites electrode materials rGO/cobalt exhibits high specific capacitance up

59



Conclusions and Future Prospects 60

to 204 F /g and an energy density of 16.25 Wh/kg in 2M KOH. Reduced graphene
oxide /nickel (show 94 F/g specific capacitance and 7.47 Wh/kg of energy density)
and reduced graphene oxide/ copper (show 29 F /g of specific capacitance and 2.19
Wh/kg of energy density) illustrated low activity in contrast to reduced graphene
oxide/cobalt. Graphene oxide/cobalt/nickel and copper capacitance characteris-
tics are mainly directed via Faradaic redox reaction of cobalt, nickel and copper
cation and attributed to the redox reactions of Co*T/Co®"/Co*t Cu?*/Cu®*t

and Ni** /Ni** over electrochemical development. Moreover, the impedance study
of prepared samples shows correspondence with specific capacitance results. Re-
duced graphene oxide/copper show charge transfer resistance that is up to 46.97
and other two samples, reduced graphene oxide/nickel and reduced graphene ox-

ide/cobalt shows charge transfer resistance upto 10202 and 20.35 €2 respectively.

6.2 Future Prospects

Though this synthesis method for electrode material is very efficient in terms of
cost and easiness, improvement in the quality of graphene based substances still
needs further research. To accomplish this, novel preparation techniques can be
investigated like treatment with plasma, irradiation, thermal treatment processes
and chemical activation methods to name a few. Certain carbon based organic
materials which are derived from bio-based origin ought to have been considered
due to their regular and intrinsic porosity found in their structure and easy avail-
ability in nature. It is also essential to accomplish the stability factor in the
electrochemical process along with the economical aspect and high performance
of the electrode materials in supercapacitors. In the research area of the superca-
pacitor, replacements, as well as advancements concerning fabrication of device,
its electrode material devising, variety in electrolyte medium and packaging tech-
nique is the focus of the future investigation. In the proximate future, it is pretty
achievable that a supercapacitor device having as good as energy density can be
presented in the market which is comparable to the presently available lithium-ion

battery systems.
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