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ABSTRACT

These days there are deep concerns over the environmental consequences of the rate of
consumption of energy from non-renewable sources because of the accelerated increase in
greenhouse effect. There is, therefore, increasing interest in research activities on renewable
energy systems (e.g., supercapacitors, batteries, fuel cells and photovoltaic cells) and their
materials. Supercapacitor materials have attracted much attention because of their high
energy storage capacity, large surface area, high specific power density (watts/kg) and low
cost. The development of advanced supercapacitor devices requires active electrode materials
with high storage capacity and dispensability. Graphene oxide-dendritic star copolymer
nanocomposites are fascinating as electrode materials, both scientifically and technologically,
due to their exceptional properties, including light weight and high potential. They are
materials of choice in some applications, such as high-frequency electronics and energy
storage. In this research project, a new graphenated conducting dendritic star copolymer
nanocomposite was successfully synthesized via in-situ polymerization of a dendritic star
copolymer with graphene oxide (GO). Chemical oxidative polymerization of pyrrole and
pyrrole-functionalized poly(propylene imine) dendrimer (PPI1-2Py) with additional pyrrole
monomer (Py) and GO afforded the graphenated-first generation poly(propylene imine)-co-
polypyrrole star copolymer (GO-G1PPI-co-PPy). GO-G1PPI-co-PPy was then characterized
using Fourier transform infrared spectroscopy (FTIR), thermo gravimetric analysis (TGA),
X-ray diffraction analysis (XRD), high-resolution scanning electron microscopy (HR-SEM)
and high-resolution transmission electron microscopy (HR-TEM). FTIR showed that the GO

sheets and aromatic polypyrrole rings form GO-G1PPI-co-PPy, indicating that the carboxyl
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groups from GO acted as efficient dopants in the polymerization. TGA analysis of the
synthesized GO-G1PPI-co-PPy showed that the synthesized nanocomposite had higher
thermal stability than the star copolymer. XRD analysis of GO-G1PPI-co-PPy showed the
complete coating of PPy between the layered GO. HR-SEM images of the GO-G1PPI-co-PPy
nanocomposite films showed densely scattered florets of between 100 nm and 1 pm in
diameter attached to the GO surface. The electrochemical behaviour of GO-G1PPI-co-PPy
was studied by cyclic voltammetry (CV), constant current charge and discharge (CCCD), and
electrochemical impedance spectroscopy (EIS) with a 0.07 cm? glassy carbon disk electrode
(GCE) in 1 M H,S0O,. The results showed that the GO-G1PPI-co-PPy electrode material had
a mass of 3.2 x 10° g and improved capacitance on the GCE. The specific capacitance of the
GO-G1PPI-co-PPy/GC electrode was 350 F/g and the charge-discharge current density was
30 x 10° A within an electrochemical window of -800 to 460 mV. The specific power of the
GO-G1PPI-co-PPy electrodes reached 98 KWh/kg at specific energy values of 40 Wh/kg in a
three-electrode cell. These values were higher than those for G1PPI-co-PPy, which could
only reach 103 F/g, ~48 KWh/kg and 23 Wh/kg. Indications are, therefore, that the
incorporation of GO into the G1PPI-co-PPy matrix had a pronounced effect on the electrical

conductivity and electrochemical capacitance of the GO-G1PPI-co-PPy nanocomposite.
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CHAPTER ONE
INTRODUCTION
1.1- Summary

This chapter covers the research background; supercapacitors and their brief history are
introduced. The objectives of this work are stated. The research framework and investigations

are also outlined in this chapter.
1.2- Background

Advancements in scientific research output, industrialization, commercialization, and access
to good medical facilities and nutrition have contributed significantly to the current high
world population growth and energy demands. By the year 2050 the world population would
have reached 9 billion (World Economic and Social Development, 2013) [1]. The majority of
people will be living in urban settlements with modern facilities. Subsequently, there will be
an increase in energy consumption and, by extension, higher pressure on the already saturated
energy demand. An international energy agency (WEO, 2007) projected that 55% more
energy will be needed by the year 2030 [2]. North America and the Middle East have been
identified as the leaders in energy consumption in the term of burning fossil fuels. There is
increasing generation of carbon dioxide, methane and other greenhouse gases as a resulting of
fossil fuel burning. Currently, 86% of the actual energy demand is met with fossil fuels, while
the remaining is met from other sources. Energy consumption is a very important modern
economics parameter in the determination of a country’s growth and development. Improved
technology leads to efficient management of energy, but when the available energy decreases
it is very difficult to manufacture good materials for sophisticated energy technologies and

1
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hence the efficiency of energy production technologies decreases further. Energy
conservation is an important method of energy management. Research efforts are currently
intensifying on how to improve energy conservation and maximum energy storage
technologies. There has been much interest in energy storage technologies and many efforts
directed at the investigation and development of more efficient batteries, fuel cells and
supercapacitors. The battery is very popular energy storage device; it converts the stored
chemical energy into electrical energy. The battery cell consists of well-arranged electrodes
in an electrolyte, which ensures the exchange of ions while the electrons flow through the
external circuit. Model electrodes for battery application should be inexpensive, nontoxic,
have high energy and power densities, and last long. A battery ensures maximum energy

storage, but its life cycle and shelf life are limiting [3].

Fuel cells can provide stored electrical energy while been recharged continuously. Fuel cells
efficiently convert hydrogen and oxygen to electrical energy, heat and water. A fuel cell is an
energy storage device with near zero emission. The chemical reaction of fuel cell does not
degrade over time, and there is no chemical waste disposal issue, unlike in the case of
batteries [4]. It is the environmental friendliness of fuel cells that attracted researchers and
investors to its development. Despite the opportunities that fuel cells offer, they are currently
very expensive to build; it is costly to maintain the hydrogen infrastructure which supplies
coast to coast hydrogen fuel to the system. However, the development of alternative

technology for fuel storage and a delivery method may take years of scientific research.

Supercapacitors (SCs), also called ultra-capacitors or electrochemical-capacitors are energy
storage devices that employ high surface area electrode materials and thin electrolytic

dielectrics to achieve greater capacitances when compared to other energy storage devices
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such as batteries, fuel cells and conventional capacitors [5]. Supercapacitors have the ability
to maintain a greater shelf-life and longer life cycle with their higher power densities, making
them the perfect alternative to batteries and fuel cells. The electrochemical capacitor is an
electrical energy storage device that has two electrodes immersed in an electrolyte with a
separator between the electrodes much like a battery. The electrodes are known to be
fabricated from high surface area, porous material having pores of diameter in the manometer
range. The surface area of the electrode materials used in these capacitors is large, usually in
the range 500-2000 m?/g [6]. Charge is stored in the micropores at or near the interface
between the solid electrode material and the electrolyte. Capacitance of SCs has proven to be
a complication when calculated because of its dependent on complex phenomena occurring at
the electrolyte/solid interface of the micropores on the electrode. SCs have found application
in many areas that exploit SCs advantages to provide resourceful solutions to a variety of
emerging energy applications, especially applications that require instant power applications.
Such advantages are long lifetime, low impedance, rapid charging and discharging, cost
effective energy storage, high energy density, low voltage, linear discharge etcetera. Their
high power density makes them perfect for the parallel combination with batteries that have
high energy density to push against the hybrid energy storage systems [7-8]. SCs have found
application in computer systems, uninterruptible power source systems, power conditioners,
welders, inverters, automobile regenerative braking systems, power supplies, power back up
in laptops, mobile phones, digital cameras and power generators. The main purpose of this
work is to develop a high charge storage material that synergistically combines both the
characteristics of the electric double layer capacitors (EDLCs) and a pseudocapacitor by
synthesis and characterize the supercapacitor using of graphene stabilized dendritic star

copolymer nanocomposites. A combination of graphene stabilized dendritic star copolymer
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nanocomposites can give higher capacitance and energy storage.
1.3- Problem statement

Presently, as the movement for environmental protection is increasingly dominant and the
rapidly increasing oil price is an undeniable reality, this brings in enormous amount of
research interest in the development of alternative energy and energy storage/conversion
devices with high power and energy densities. New and advanced materials are therefore
essential to cope with these new trends for clean and renewable energy. There are several
technologies available for the reliable energy storage, like pumped hydroelectric, compressed
air, batteries, fuel cell, flow batteries, solar fuels, flywheel, superconducting magnet and
capacitor. Among these technologies, electrochemical systems such as high density batteries

and supercapacitors have several important advances over the others so become more

appealing [9].

Supercapacitors have better reversibility and longer life cycles than batteries, and possess
higher energy density as compared with conventional capacitors. Therefore SCs become
increasingly important in the fields of power source especially in small scale application like
memory protection in several electronic devices. SCs have attracted considerable attention
over the past decades because of their higher power density and longer cycle life than
secondary batteries and their higher energy density compared to conventional electrical
double layer capacitors. To develop an advanced SC device, an active electrode material with
high capacity performance is indispensable. From the materials point of view, porous carbon
materials, conducting polymers, and transition-metal oxides are fundamental candidates used

as SC electrode materials.
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Much research has therefore gone into supercapacitors. This is the main reason why
supercapacitors are the main focus of this thesis. One of the most powerful aspects of
conducting polymers are their ability to be nanostructured through innovative synthetically
manipulated transformations, such as to tailor the prepared polymers for more specialized
applications. In an era where the dependence on nanotechnology is rapidly proliferating in
virtually every aspect of humanity of particular interest is innovative hybrid polymeric-

dendrimer.
1.4-  Aims and objectives of the study

This study is to prepare and characterize novel conducting dendrimeric star copolymers
which have a central poly(propylene imine) (PPI) dendrimer core with conducting
polypyrrole chains extending from the core. Polypyrrole (PPy) exhibits good electrical
conductivity and high air stability and is a potentially useful conductive polymer.
Polypyrrole, one of the most studied conducting polymers has been used in a wide range of
technological applications in several areas such as secondary batteries, electrochromic
display devices, light-emitting diodes, capacitors, sensors, membranes, and enzyme
electrodes therefore we intend exploiting some of its unique features in this study. The
ultimate goal is to develop supercapacitors which will provide a superior alternative to
lithium ion batteries which are known to multifunction and are not so stable as portable
devices. Herein we intend develop a cheap yet stable, portable device capable of storing

energy for lengthy periods of time.

The objective of this work is to use graphene-poly(propylene imine)-co-polypyrrole
nanocomposites materials to develop flexible and high performance supercapacitor electrode

system.
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Specific objectives:

Synthesis of graphene oxide (GO) by modified Hummers method will be using

graphite, H,SO4 and KMnQ,.

e Synthesis of G1PPI-co-PPy star copolymers will be by polymerization PPI-2Py with
Py monomer.

e Synthesis of the graphenated conducting dendrimeric star copolymers nanocomposite
for supercapacitors by polymerization PPI-2Py with Py monomer/GO.

e Preparation of the electrode of GO-G1PPI-co-PPy nanocomposites will be using

electrochemically copolymerize PPI-2Py with Py/GO in H,SO,.

To develop and characterize the novel graphenated conducting dendrimeric star copolymers

GO-G1PPI-co-PPy based nanocomposites for supercapacitors.

The physical characterization of the graphenated conducting dendrimeric star copolymers
GO-G1PPI-co-PPy based nanocomposites by techniques Fourier transform infrared
spectroscopy, thermo gravimetric analysis, X-ray diffraction, high- resolution scanning

electron microscopy, and high-resolution transmission electron microscopy.

Electrochemical characterization will be performed using chronopotentiometry, cyclic
voltammetry and electric conductivity measurements will be done by electrochemical

impedance spectrometry.
1.5- Research framework

The first task was to identify the best methods and conditions to prepare the GO. Two batches
of GO were to be synthesized using the same method and conditions to ensure that the GO

had no impurities and to avoid agglomeration. The GO was then to be functionalized with

6
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dendritic star copolymer have been incorporated on the GO. It also controls the particle size

and avoids agglomeration.

The second task was to characterize the physical properties like size and morphologies of
graphene oxide and the functionalized graphene oxide using analytical methods. This gives
an insight to the electrochemical behavior of the nanostructure and will help to optimize the
preparation conditions and to compare the graphene oxide to the graphene oxide-dendritic

star copolymer.

The third task was to synthesize palladium nanoparticles/nanocomposites using various
synthesis techniques. The prepared nanoparticles and nanocomposites were to be mounted on

the graphene oxide-dendritic star copolymer.

The fourth task was to characterize the composite materials using FTIR, TGA, XRD, HR-

SEM, and HR-TEM.

The last task was to construct and test SCs electrodes and SC cells using potentiostatic
galvanostatic constant current charge-discharge in 3-electrode cell configurations in aqueous

electrolyte.
1.6- Thesis outline

Chapter 2: The literature review involves the introduction of SCs e.g.,, EDLC, pseudo
capacitive and hybrid supercapacitors. It also involves the main materials used in this work;
GO its unique properties and as a material of SCs. Conducting polymers (CPs) also reviewed
in this chapter. SCs have many applications and South Africa just like other countries is
making use of them. Therefore, applications of SCs in South Africa have also been included

in this review chapter.
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Chapter 3: The main components of this chapter are the synthesis methods employed to
obtain the nanomaterials required and the characterization techniques employed to synthesis

the materials. It also outlines the type of materials used.

Chapter 4: This chapter presents and discusses results of the synthesis of graphenated-
poly(propylene imine)-co-polypyrrole nanocomposites by discussions of the morphological
and electrochemical studies of the materials by HR-SEM, HR-TEM, FT-IR, TGA, XRD, CV,

and EIS, characterization of SC cells is discussed.

Chapter 5: Conclusions with a brief discussion of the objectives achieved in relation to the
study of graphenated-first generation poly(propylene imine)-co-polypyrrole nanocomposites

SCs. Recommendations for possible future work are presented and discussed.

http://etd.uwc.ac.za



CHAPTER TWO
LITERATURE REVIEW

Electrochemical in-situ polymerization of graphene oxide/conducting star copolymer

nanocomposites as supercapacitor electrodes
2.1- Summary

In this chapter a literature reviews of supercapacitors, their advantages over batteries, fuel
cells and conventional capacitors. And highlighting the materials used for the fabrication
of the supercapacitor electrodes, their mechanical, electronic, optical, electrical
properties, conductive, etc. This chapter also covers the synthesis methods that have been
used in literature to produce these materials. We also learn the specific capacitance that
these materials give out when they are used in the fabrication of the supercapacitor

electrodes.
2.2- Supercapacitors

Supercapacitors, also called ultra-capacitors or electrochemical capacitors, are energy
storage devices that employ high surface area electrode materials and thin electrolytic
dielectrics to achieve greater capacitances when compared to other energy storage devices
such as batteries, fuel cells and capacitors. Batteries are known to maximize the
efficiency of energy use. Model electrodes for battery application should have high

energy, densities, long life span, and be cost effective and nontoxic [10].

A short life cycle and shelf life are the greatest challenges of battery devices [2, 11].

Conversely, supercapacitors have the ability to maintain a greater shelf life and longer life
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cycle with their higher power densities, making them very good alternates to batteries.

The electrochemical capacitor is an electrical energy storage device that has two
electrodes immersed in [12]. Good electrodes are usually fabricated from high surface
area and porous material with pores diameter in nanometer range. The surface area of the
electrode materials used in the capacitors is large; usually in the range 500-2000 m?/g®.
Charge is stored in the micropores at or near the interface between the solid electrode
material and the electrolyte. Capacitance of SCs have proven to be a complication when
calculated because of its dependent on complex phenomena occurring at the

electrolyte/solid interface of the micropores [13]

—¢

Current Collector

Active Layver .

Separator

+ T
Active Layer

Current Collector |

Figure 2.1 Typical schematic representation of the main elements of a supercapacitor
[12].

In the electrode, the stored capacitance is directly proportional to surface area, A of one
plate and inversely proportional to the distance of separation between the two plates as

presented by the equation (2.1) below.

- (2.1)
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- - (2.2)

The two attributes of SCs are its high energy and power intensity. The energy, stored in a
capacitor is directly proportional to its capacitance, C and is also a factor of potential

difference, V (2.2).

The power, P is the energy expended per unit time. To determine the power of a SC one
must consider the fact that they are represented as circuits in series with external
resistance R in which external components of a SCs current collector, electrodes and
dielectric material, has a high contribution to the resistance and the measured power is

given by the equation (2.3).
e (2.3)

The performance of supercapacitors compared to conventional capacitors, batteries and
fuel cells is demonstrated using a Ragone plot given in Figure 2.2. The Ragone plot
demonstrates that supercapacitors have higher specific energy than conventional
capacitors, but much lower specific power as compared to them. It also demonstrates that
supercapacitors have less specific energy compared to batteries and fuel cells, but attain

higher specific power.

11
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Figure 2.2 Ragone plot [14].

2.3- Types of supercapacitors

Supercapacitors can be divided into three general classes; electrochemical double-layer
capacitors, pseudo capacitors, and hybrid capacitors. Each class is characterized by its
unique mechanism for storing charge. These are respectively, non-Faradaic, Faradaic, and
a combination of the two. Faradaic processes, such as oxidation-reduction reactions
involve the transfer of charge between electrode and electrolyte. A non-Faradaic
mechanism, by contrast, does not use a chemical mechanism [15]. Rather, charges are
distributed on surfaces by physical processes that do not involve the making or breaking
of chemical bonds. SCs have found application in many areas that exploit its advantages
to provide resourceful solutions to a variety of emerging energy applications, especially
applications that require instant power supply. Such advantages are long lifetime, low
impedance, rapid charging and discharging, cost effective energy storage, high energy
density, low voltage, linear discharge, etc. Their high power density makes them perfect

12
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for the parallel combination with batteries that have high energy density to push against
the hybrid energy storage systems. SCs have found application in computer systems,
Universal power supply systems, power conditioners, welders, inverters, automobile
regenerative braking systems, power supplies, power back up in laptops, mobile phones,

digital cameras, iPhone and power generators.
2.3.1- Electric double layer capacitance

Similar to conventional electrostatic capacitors, charge storage in electric double layer
capacitors is largely electrostatic in nature. Instead of charges accumulating on two
conductors separated by a dielectric as in conventional capacitors, forms on the charged
electrode, and the other layer comprised of ions forms in the electrolyte giving rise to the
double layer formation. The thickness of double layer or the separation of charges is very
small, on the order of several Angstroms. An estimate of the specific capacitance of such

a double-layer can be obtained using equation (2.4)
- — (2.4)

where C is the capacitance, A is the surface area, € is the relative dielectric constant of the
medium between the two layers (the electrolyte), and ¢ is the distance between the two

layers N (the distance from the electrode surface to the center of the ion layer)
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Figure 2.3 Schematic representation of electric double layer supercapacitor [16].

In terms of the charges Aq that are accumulating across electrode electrolyte interphase to
extents the potential difference built up across the interphase, AV, the double layer

capacitance can be expressed as

S¢ESTERN- (2.5)

EDLCs are constructed by two electrodes immersed in an electrolyte with an ion
permeable separator placed between the electrodes in order to prevent electrical contact,
but still allow ions from the electrolyte to pass through. The ions in the pores of the active
material create the double layer by diffusion. As a result, at each electrode/electrolyte
interface, there is one double-layer present. In addition to the capacitance that arises from
the separation of charge, sometimes a small Faradaic contribution to the double-layer
capacitance can be made from electrochemical surface reactions (reversible surface
quinonoid-type redox reactions or chemisorption’s processes) that can occur on the

surface of the carbon electrode [17]. Since the thickness of the double layer is very small,
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a fraction of a nm, capacitance values of 15-50 pF/cm? are possible with the EDLCs.
Moreover, by utilizing high surface area of materials (~1000 m?/(g), large capacitances of
150-300 F/g are practically attainable [18]. Since the double layer capacitance does not
involve any phase transition mechanism as in batteries, charging-discharging is highly
reversible, rapid and hundreds of thousands of cycles are typically achievable with a

given element.
2.3.2- Pseudocapacitors

The energy storage mechanism, which involves the effect of the ions flow due to the
change in electrochemical state of the material, is called faradic process e. g, in batteries
the chemical energy is being carried out by flow of ions when the potential is applied
across the two electrodes of battery. The capacitance in pseudocapacitor depends on the
fast and reversible faradic reactions occurring on the electro active materials of electrode
surface at the appropriate potentials which assists in fast charge-discharge rate and high

reversibility.

In pseudocapacitor, the charge transfer occurs across the double layer of the electrode and
electrolyte interphase, the energy storage mechanism in pseudocapacitors is indirect and
to some extent analogous to battery charging and discharging principle. The
pseudocapacitance is then calculated by as described in literature [19]. The cause of
developing pseudocapacitance depends on the four types of electrochemical reactions (a).
It may be developed due to the redox reactions of ions adsorption on the electrode surface
from the electrolyte: (b) redox reactions develop due to changes in the oxidation state of
transition metals, e.g., RuO,, MnO,, and IrO, used as the active electrode material; (c)

doping of the conducting polymer material also gives rise to reversible redox reaction and
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thus build pseudocapacitance; and (d) the self-discharge degradation of the supercapacitor
due to irreversible reactions. The charge movements in the above electrochemical faradic
reactions are voltage dependent, which is the same to charging-discharging in batteries
[19]. Many factors can influence the pseudocapacitance e.g., the porosity of materials,
particle sizes, conductivity of electrode materials, as well as the surface area of the
electrode, packing of electrolyte, design of cell, etc. Generally the pseudocapacitance
shows 10 times more capacitance than the electric double layer capacitance, on the other
hand it has some draw backs e.g., lifecycle and reliability of a device [20-21]. During the
oxidation and reduction of these materials, the insertion and removal of counter ions from
an electrolyte solution to the electrode surface helps in maintaining the charge neutrality.
Another important difference between pseudocapacitors and electrochemical double layer
capacitors is that the entire mass of the material is used to store charge. In the following

sections are the types of capacitor based on pseudocapacitance mechanism are discussed.
2.3.2.1- Types of pseudocapacitors

So far three types of pseudocapacitors are widely known. In the following section these

three types are discussed.

(a) Type |

In type | both super capacitor electrodes are fabricated from identical material. Usually
the capacitor either is comprised of the same p type conducting polymer, or both
electrodes can be made of the same n type conducting polymers and transition metals.
This type of pseudocapacitor is called symmetric capacitor. The capacitance in this type
of supercapacitor depends on the individual capacitance of each electrode, which is given

[22].
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Where is the overall capacitance of the cell, which is calculated by adding the individual
capacitance of two electrodes in series. Since, both electrodes are alike, so C2, this
means that the same amount of charge is utilized by each electrode for doping or non-
doping of the electrode materials. However this type of capacitor is limited in capacitance
and has a narrow potential window [23]. Besides the window than type I. Configuration
of type Il supercapacitor is known as an asymmetric device. This device could have the
hybrid system based on the composite material consisted of transition metals, e.g., RuO»,
IrO,, MnO,, Ce;O3 and even non-redox carbon materials (activated carbon, graphite,
carbon nanotubes, porous carbon, etc.) combined with p or n type conducting polymers

[23].

(b) Type Il

Supercapacitors have greater capacity than type I, using different p, n type polymer
electrodes. In this type the capacitance participation and the amount of charge utilized in
overall capacitance of each electrode is not the same. Type Il is due to higher working
cell voltage and shows the increase in energy density and is the most common type in

practical use today [24].

(c) Type I

Configuration of the type Il is different from type | and type Il capacitors, as it is based
on two of the same or different conducting polymers with one of the electrodes comprised
either of an n type or p type doped polymer. Due to having both electrodes in its doping
states, it provides the less resistance, large voltage window and high specific capacitance

[25].
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2.3.3- Hybrid capacitor

In order to exploit the full advantages of EDLCs and pseudo capacitors improvements in
the overall performance of a device, the third type of capacitor was attempted, which is
called hybrid capacitor. The hybrid system renders higher power and energy density
without sacrificing the cycle stability and life of the device since the energy storage
mechanism in hybrid systems depend on both faradic and non-faradic processes. In a
hybrid system, electrode configurations are based on either composite electrodes (which
are integrated with carbon-based materials, conducting polymer) or metal oxide materials
lead the benefit of physical and chemical charge storage mechanisms together in a single
electrode [26]. The coupling of carbon based material electrodes with pseudo capacitor
electrodes has gained an immense importance due to substantial enhancement in total

capacitance of the device.

2.4- Graphene

Graphene is one of the allotropes of carbon with an indefinite large aromatic molecule. It
has a single atomic layer of carbon atoms in a sp? hexagonal bonding configuration
(typical of group IV family).They predominantly form covalent compound by making use
of their tetravalent property. Graphene is a basic structural element of all the other
allotropes of carbon like charcoal, carbon nanotube, fullerenes, and graphite. The thin
atomic size and sp? hybridization give graphene it peculiar properties of high
conductivity, mechanical strength and heat conduction. The properties and possible
applications of graphene based materials depend greatly on their synthesis procedure
(mechanically or chemically generated) [27]. Both the mechanical exfoliation and the

high-temperature growth techniques can produce high quality graphene with low
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throughput but at an high cost [28]. In contrast, the chemically derived approach yields
high throughput graphene with graphitic defects at a low cost [28]. An electrochemical
performance analysis of mechanically and chemically derived graphene demonstrates that
pristine graphene has a lower catalytic activity than graphene oxide or bulk graphite [29].
GO has emerged as the cost effective and mass production precursor of graphene based
material. GO consists of a single-layer of GO. It is usually produced by the chemical
treatment of graphite through oxidation, with subsequent dispersion and exfoliation in
water or suitable organic solvents [30-31]. With respect to its structure, there have been
several structural models [32] proposed over the years. These assume the presence of
various oxygen containing functional groups in the GO. The oxygen functional groups
have been identified as mostly in the form of hydroxyl and epoxy groups on the basal
plane, with smaller amounts of carboxyl, carbonyl, phenol, lactone, and quinone at the
sheet edges [33]. Currently, the precise atomic structure of GO is still uncertain and
remains to be fully elucidated. This is primarily due to the uncertainty pertaining to both
the nature and distribution of the oxygen containing functional groups, its
nonstoichiometric atomic composition, and the lack of sufficiently sensitive analytical

techniques for characterizing the GO structure [34].

Low agglomeration (high dispersal) of GO in different liquid matrixes compare to
graphite oxide give it an advantage in the modification of its structure by ceramic or
polymer matrix for an enhanced mechanical or electrical property. The intended

application of GO will however determine the medium of modification.
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Graphene Oxide

Figure 2.4- Chemical structure of graphene oxide [35].

2.4.1- Synthesis of graphene oxide

The first synthesis of graphene oxide was prepared by the micromechanical cleavage of
from highly ordered pyrolytic graphite [34]. In this synthesis method, a layer is peeled off
from the graphite using scotch tape and then transferred on to the silicon substrate [36-
37]. The common method used for preparation of graphene oxide is the simple and
modified Hummers method (graphite, H,SO; KMnO,, H,0,) and (KMn,, NaNOj
H,SO,), respectively. The Hummers method [38] uses a combination of potassium
permanganate with sulphuric acid. Permanganate is widely used as an oxidant but the
active site is the dimanganese heptoxide. The formation of dimanganese heptoxide from

potassium permanganate in the presence of a strong acid is as follows:

(2.6)

(2.7)
The simple H,0, Hummers method involves treating graphite with potassium
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permanganate and sulphuric acid, with water added and the whole reaction taking place in
an ice bath. This is then followed by the addition of hydrogen peroxide whose function is
to stop the gas production that comes out of the reaction. The modified Hummers method
involves treating graphite with sodium nitrate and sulphuric acid under constant stirring.
After an hour potassium permanganate is added into the reaction keeping the temperature
less than 20 °C to prevent overheating and the evolution of gases. The mixture is then
stirred at 35 °C for 12 h and the resulting solution is diluted by adding 500 mL of water
under vigorous stirring. To ensure the completion of reaction with KMnOQOy, the
suspension is further treated with 30% solution (5 mL).The resulting mixture is washed
with HCI and H,0O respectively, followed by filtration and drying, graphene oxide sheets
were thus obtained [39]. Researchers are attempting to come up with better synthesis
methods of graphene oxide and Marcano et al. [40] has come up with an improved
synthesis method of GO. In their method instead of using the sodium nitrate, increasing
the amount of KMnQ,, and performing the reaction in a 9:1 mixture of H,SO4/H3PO4
improves the efficiency of the oxidation process. This improved method provides a
greater amount of hydrophilic oxidized graphene material as compared to Hummers’
method or Hummers’ method with additional KMnO4. The improved method is
advantageous over the Hummers method. The protocol for running the reaction does not
involve a large exothermic and produces no toxic gas. Moreover, the improved method

yields a higher fraction of well oxidized hydrophilic carbon material [40-41].
2.5- Conducting polymers

Among the synthetic polymers, conducting polymers have attracted considerable attention

as important polymer materials since the initial discovery of polyacetylene in the late
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1970s [43]. Inherently conducting polymers (ICPs) have the conjugated double-bonded
backbone that provides the electronic conductivity after doping with suitable dopants. In
general, ICPs are semiconductors with versatile properties and various applications.
These peculiar characteristics have an impact on the discovery of vast conducting
polymers by means of different synthetic methods. Numerous research papers have been
published concerning a variety of the synthesis, physical and chemical properties and
application of conducting polymers [44]. On the other hand, this study focused on the
recent achievements of the synthesis and application of CPs as electrode materials for
supercapacitors. Various carbon materials have been considered for supercapacitor
electrodes and a great attention now is also focused on conducting polymers. This can be
attributed to the fact that carbon materials only possess double-layer capacitance, while
metal oxides and conducting polymer also possess Faradaic capacitance. Generally, the

Faradaic capacitance is 10-100 times higher than double layer capacitance [45].

Conducting polymers represent a very interesting family of synthetic metals due to a high
doping level and a fast electrochemical switching. The possible application of CPs in
electrochemical capacitors is dictated by their significant capacitance values [46]. As
opposed to activated carbons where only the surface is used for charge accumulation, in
CPs, the total mass and volume is involved in charge storage. Figure 2.5 among the
electrically CPs, great attention has been given to polyaniline (PANI), polythiophene

(PT), poly-(3,4-ethylenedioxythiophene) (PEDOT), and polypyrrole (PPy).
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Figure 2.5- Chemical structures of some of conducting polymers [47].

2.5.1- Synthesis of conducting polymers

Conducting polymers can be prepared using chemical and/or electrochemical methods of
polymerization. Although the most common method of synthesizing redox conducting
polymers is chemical polymerization, both methods have their comparable advantages

and disadvantages.
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Tables 2.1:

Comparable advantages and disadvantages

electrochemical polymerization of CPs [48]

of chemical and

Polymerization method

Advantages

Disadvantages

Chemical
polymerization

-Possibility of large-scale
production.

-Flexibility of the procedure
i.e.

Postmodification of bulk
CPs or options to modify
CP backbone covalently.
-Simple procedure, does not
require complicated
electrochemical setup
-Agueous solution can be
used as polymerization
medium.

-Thin film fabrication.

-Relatively poor control of
polymer’s morphology
-Required binder materials
in film fabrication

Electrochemical
polymerization

-Possibility of thin film
synthesis.

-No difficulty in the
synthesis procedure.
-Entrapment of molecules in
CPs.

-Doping is simultaneous.

-Difficult to remove film
from electrode surface.
-Post-covalent modification
of bulk CPs is difficult.
-Requires electrochemical
setup.

Various methods are available for the synthesis of conducting polymers [49]. However,

the most widely used technique for the synthesis of conducting polymers is the oxidative

coupling involving the oxidation of monomers to form action radical followed by the

coupling to form di-cations and this repetition finally leads to formation of the polymer.

Electrochemical synthesis is rapidly becoming the preferred general method of

synthesizing conducting polymers because of its simplicity and reproducibility [50].

Other advantages of electrochemical polymerization reactions are that it can be carried

out at room temperature and by varying either potential or current with time, the thickness

of the film can be controlled. Electrochemical synthesis can be used to prepare free

standing, homogenous and self-doped films [49]. The electrochemical synthesis of
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conducting polymer is an electro-organic process rather than an organic electrochemical
one because much emphasis is on the electrochemical process rather than organic
synthesis. Electrochemical techniques employed in the polymerization of conducting
polymers on the electrode surface are; pulse, galvanostatic, potentiostatic or sweeping
techniques [51]. However, potentiodynamic techniques are preferred because of the

homogenous film produced and strong adherence of the film to the electrode surface [50].
2.5.1.1-Electrochemical oxidation polymerization of conducting polymers

The electrochemical preparation of conducting polymers is usually carried out through
oxidative polymerization of their corresponding monomers by constant current, constant
potential, or CV in a potential range. The electropolymerization is performed in an
electrolyte solution which contains solvent, electrolyte salt, and the monomer. There are
many factors influencing the electropolymerization processes, such as solvents,
supporting electrolyte salts, concentration of the monomers, and pH value of the
electrolyte solutions, as well as polymerization potential, current, temperature, etc.
Among these factors, the polymerization potential of the monomers is the most important.
Lists the oxidation polymerization potentials of the most important monomers pyrrole,
aniline, and thiophenes [50-51]. The lower oxidation polymerization potentials of pyrrole
and aniline make the electropolymerization of polypyrrole and polyaniline easier, and it

can be performed in aqueous solutions.
2.5.1.2- Chemical polymerization of conducting polymers

The chemical oxidation preparation of conducting polymers is performed in solution by

using oxidants such as FeCl; and ((NH4)2S20s), etc., and it is easy to enlarge the
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production scale with the chemical polymerization. Chemical polymerization is the most
important method for the preparation of polyaniline, and it can also be used to produce

conducting PPy.

Conducting polymers can store charges not only in the EDLCs but also through the rapid
faradic charge transfer (pseudocapacitance). As a result, the specific capacitance of CP
electrodes is higher than that of EDLCs based on carbon electrodes [53]. However, one of
the drawbacks for CPs as supercapacitor electrodes is their poor cycling stability because
CPs is usually brittle and weak in mechanical strengths. Coupling CPs to a carbon
material has been shown to be an effective approach to improving the cycling stability of

the CPs [54].
2.5.2- Conducting star copolymers

Star copolymers are a class of branched macromolecules that have a central core to which
multiple linear polymer chains are attached. The 3D structure with extended conjugated
linear polymer chains give star copolymers properties that are different from the typical
2D, linear polymers. Conducting star copolymer materials are particularly useful as
coatings because of their spheroidal structure and their ability to pack in three dimensions
[55]. The conducting star copolymers are used in their undoped state for applications in
which the conductivity requirements are not too high, for example static dissipation, or
where the optical property of the polymer coating is of chief importance, for example as a
pigment or reflective layer. Materials with conductivities in the range 10° to 1 S/cm may
be suitable for these purposes. Furthermore, the conducting chains, surprisingly, can
provide sufficient intermolecular overlap to give solid materials with electrical higher

than the corresponding linear, non-star-conducting polymers [56]. For example, nylon-6
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with a star structure has a melt viscosity and crystallization halftimes that are
substantially reduced by the branching [57]. The regular 3D structure of star copolymer
gels combines the properties of hardness and flexibility and is being investigated to make
materials that are hard without being brittle [56]. The combination of star copolymer and
conducting polymer structures open up an approach to making materials that have the
favourable properties of both, i.e., improved process ability and electrical conductivity.
Improved process ability results from the spheroidal structure of hyper branched,
dendrimeric and starburst polymers. A conducting star copolymer may be constructed in
which two or more different conjugated arms radiate from the central core [58]. Doping
of the conducting star copolymers to increase the electrical conductivity may be achieved
using methods of prior art applicable to the conjugated radiating chain moieties. For
conjugated chains based on Py or thiophene units or derivatives there of doping may be
achieved by treatment with oxidizing agents such as iodine, ferric chloride, ferric tosylate,
gold trichloride, antimony chlaride reference. If the polymer side chains are composed of
PANI, doping can be achieved by treatment with acid [58-59]. Doping can also be
achieved electrochemically by confining the polymer to an electrode surface and
subjecting it to an oxidizing or reducing potential in an electrochemical cell. In this way,
doped thin films on conducting substrates are obtained. The electrolyte provides a source
of charge compensating ions flowing in and out of the film accompanying the oxidation
or reduction reaction. Applications of conducting polymers in batteries, supercapacitors
and electro chromic displays frequently entail doping of the polymer by such an

electrochemical process [32].
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2.5.3- Dendritic polymers

Dendritic polymers belong to a new class of synthetic macromolecules possessing a
regular branched tree-like structure whose conduction path is along the n-stack [61]. The
n-stack are formed in contrast to the traditional conducting polymer where the conducting
path is based on alternating the single and double bond p-conjugated organic system [61],
Dendritic polymer conductivity is isotropic rather than anisotropic as usually observed in
other conductive layered systems because the dendritic structure can form the p-stack in
three dimensions. The field of dendrimer has been expanded greatly in recent years due to
their justifiable assurance of being used in variety of applications. One of the progress in
dendrimer based sensor system is the use of hybrid dendrimer containing encapsulated
metal or the preparation of dendritic star copolymer which makes them useful for
application in catalysis and electro catalysis [60-61]. The formation of dendritic star
copolymer with conducting polymers such as polyaniline, polythiophene and polypyrrole
result in lead to the nano structurization of the product due to elongation of the
conjugation chain and unhindered n-stacking of the polymer molecule by the dendrimer
[62]. It also leads to improved processibility and electrical conductivity of the product
[64]. When compared to linear chain polymer, spherical polymers can provide a material
with reduced viscosity and melting point, higher solubility and enhanced substrate
penetration as coating. Dendrimeric star copolymers are novel type of molecular
architectures in which many linear homo or block copolymer chains are attached to a
dendrimer core [64-65]. The preparation of dendrimer-star copolymer involves two
general processes. The first process involves linking a monofunctional linear polymer

onto the dendrimer surface [67], while the other process involves the growth of arm
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polymer chain from the surface of dendrimer by ‘controlled/living’ polymerizations such
as anionic polymerization [66], ring-opening polymerization (ROP) [68] and atom
transfer radical polymerization (ATRP) [69]. Synthesis of hybrid dendrimer-star
copolymer through the reversible star addition-fragmentation transfer (RAFT)
polymerization process has been reported by Zheng and Pan [69-70]. Wang and
coworkers reported a conducting star-shaped copolymer consisting of a regioregular
poly(3-hexylthiopene) arm attached to a polyphenylene dendrimer core [72]. Miller [73]
and Tomalia [74]. Reported the conductivity of polyamidoamine dendrimers modified

with cationically substituted naphthalene diimides
2.5.4- Poly(propylene imine) dendrimers

Poly(propylene imine) dendrimers stand for “poly(propylene imine)” describing the
propylamine spacer moieties which is the oldest known dendrimer type developed
initially by Vogtle [75]. These dendrimers are generally poly-alkyl amines having
primary amines as end groups, the dendrimer interior consists of numerous tertiary tries-
propylene amines. PPI dendrimers are commercially available up to G5. In addition, these
dendrimers are also sometimes denoted “DAB-dendrimers” where DAB refers to the core
structure, which is usually based on daimio butane [76]. As an alternative name to PPI,
POPAM is sometimes used to describe this class of dendrimers. POPAM stands for
poly(propylene amine), which closely resembles the PPI abbreviation. The combination
of hydrophilicity, highly branched structure and chemical functionality makes
poly(propylene imine) dendrimers very interesting building blocks to obtain well-defined
amphiphilic superstructures. Dendrimers have gained a growing scientific interest as

building blocks in new molecular architectures [76-77].
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Figure 2.6- Structure of poly(propylene imine) (PPI1) dendrimer [79].

The physical and chemical properties of dendrimers are determined by the shape and
multiplicity of the core and building blocks and by the size and shape of the end groups,
in addition to their chemical [80], it offer us not only the possibility to change the size and
molecular weight of the molecule by choosing different generations, but they also allow
us to access new molecular structures and self-assembling systems that can be designed to
perform one specific function, however the organized structure of dendrimer, ease of
modification, and strong adsorption behaviour to a variety of substrates, PPI dendrimers
can be used to produce monolayers or stacked film layers, which can be used as sensors

to detect hazardous chemical material [81].

Dendrimers are of interest for their unusual physical properties. An important feature of
dendrimers is that their viscosity in solution and in melt is lower than that of the linear

polymers. Surprisingly, the viscosity decreases with increase in molecular weight, i.e.,
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higher dendrimers are less viscous [81-82]. The glass transition temperature (Tg) depends
on the number of end groups and number of branch points [84]. An increase in the
number of end groups lowers the Tg, while Tg is increased with an increasing number of
branch points and the polarity of the end groups [85], rheological properties [86], an
electrically conducting dendrimer has been reported by Duan et al. [87]. The solubility of
dendrimers in common solvents, compared to their analogous linear polymers, depends
predominantly on the properties of their surface groups [88]. Theoretical studies [89], of
the PPI dendrimers have led to predictions of interesting characteristics for the molecule
depending on the pH and salt concentrations of the aqueous environment. At low pH and
low salt concentration, the interior tertiary amine groups are protonated leading to a
repulsion of charges. This charge repulsion results in what is considered an “extended
conformation” of the PPI dendrimer. At high pH and high salt concentration, the tertiary
amines are no longer protonated, causing a collapse of the dendrimer onto itself [89]. An
important property of dendrimers 'is their tendency to form cationic structures under
physiological conditions (pH 7.4), under these conditions, the primary amines on the
surface of the dendrimer readily protonate. This creates a polycationic dendrimer with
ammonium terminal groups, which leads to a more basic solution [90]. The work
described in this dissertation will show, for the first time, that conducting star copolymer

can be observed with a modified PPI dendrimer.
2.5.5- Polypyrrole

Polypyrrole exhibits good electrical conductivity and high air stability and is a potentially
useful conducting polymer. PPy, one of the most studied conducting polymers and has

been in wide range of technological applications in several areas such as secondary
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batteries [91-92], electrochromic display devices [93], light-emitting diodes [94],
capacitors [95-96], sensors [97], membranes [98], and enzyme electrodes [98-99].
Electrical transport in polymeric materials [68] has become an area of increasing research
interest because these materials have great potential for solid state devices. PPy was first
synthesized in 1916 where it was prepared by the oxidation of pyrrole to a powder known
as "pyrrole black”. In 1968 it was first electrochemically deposited [89]. In addition, PPy
has been prepared by electropolymerization of Py onto a variety of substrates with

promising results [54, 101].

Polypyrrole

Figure 2.7-PPy with counter ions (A-) to balance charge [55].

PPy (structure seen in Figure 2.7) is an electrodeposited polymer that can be doped with
various agents to alter its physical, chemical and electrical properties [102-103].
Additionally, the properties of PPy can be controlled by plating under various conditions
[104-105]. As a result of its electro activity, high electrical conductivity and stability it is
frequently used in commercial applications such as sensors, batteries, molecular devices
and membranes. One of the main advantages of PPy is its stability. Its conductivity
decreases only 20% a year in an unprotected environment. It can also withstand
temperatures of 100-200 °C, depending on dopant, and is stable in acids [55]. The ability

to control the surface properties of PPy, such as wettability and charge density, creates the
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potential for modifying tissue interactions with the polymer [106]. The power to alter the
properties of PPy through its dopants also adds versatility not seen in other conducting
polymers and makes it appealing for biosensor applications. However, PPy itself has
rather poor properties in terms of electrochromic behavior [107]. It is common that
further enhancement by doping and sensitizing with various dyes is required for good
optical properties [108]. Syntheses of conducting star, graft and block copolymers are one
of the effective ways to improve the properties of conducting polymers. In order to make
them as processable as conventional polymers, several approaches have been developed,
one of which is to prepare graft and block copolymers with desired end groups like

pyrrole or thiophene [109].
2.6- Nanocomposites

Nanocomposite material has gained tremendous popularity because of their increasingly
beneficial application over the microcomposites and monolithic based materials. They are
typically nanosized one-dimensional, two-dimensional, three-dimensional or amorphous
substances. Their possession of uniquely enhanced properties is as a result of the
increased/change in surface area morphology when the diameter of at least one of the
substances involved is reduced to nanoscale. The resultant effect of combining suitable
nanoparticles is a compound of desired functionalities and drastic improvement in
properties such as environmental friendliness, mechanical strength, toughness and
electrical or thermal conductivity. Meanwhile, the effectiveness of the nanocomposite is
such that the amount of material added is between 0.5 and 5% by weight [110]. Different
types of nanocomposites are currently being synthesized for used in a number of fields

and applications. Organic/inorganic nanocomposites are very common because of the
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typical accessibility to foreign material in inorganic material. Therefore, polymeric
organic material can be hosted by a desirable inorganic material to form an interesting

hybrid nanocomposite.

Compared with conventional polymer composites, polymer nanocomposites display
improved mechanical and tensile strength, reduced scratch and more resistance, higher
heat distortion temperature and noise dampening. Problems normally associated with high
reinforcement content in composites such as decreased toughness, poor optical clarity and
higher melt viscosity are less of an issue in nanocomposite production because a nan
reinforcement loading of less than 10 wt% is sufficient to produce high performance

polymer nanocomposites.
2.6.1- Nanocomposites of graphene-polymer

Polymer nanocomposites (PNCs) based on carbon nanotubes (CNTSs), carbon black and
layered silicates have been used for improved mechanical, thermal, electrical, and gas
barrier properties of polymers [111]. More recently, the discovery of graphene with its
combination of extraordinary physical properties and ability to be dispersed in various

polymer matrices has created a new class of PNCs.

Graphene is a two-dimensional, one-atom-thick planar sheet of sp® bonded carbon atoms
arranged in a hexagonal manner [112], have drawn the attention of researchers because of
their astonishing electronic, thermal, and mechanical properties [113]. They have high
strength and good conductivity of heat and electricity [114]. It has been viewed as the
building block of all other graphitic carbon allotropes of different dimensionality. For

example, graphite three dimensional (3D) carbons allotrope is made of graphene sheets
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stacked on top of each other and separated by 3.37 A. The zero-dimensional carbon
allotrope, fullerenes (buck balls), can be envisioned to be made by wrapping a section of
graphene sheet. The one dimensional carbon allotropes, CNTs and nanoribbons, can be

made by rolling and slicing graphene sheets, respectively [115].
2.6.2- Synthesis of graphene-polymer nanocomposites

The dispersion of graphene and its derivatives in polymer is the most important factor for
the fabrication of graphene-PNCs [116]. However, functionalize graphene before mixing
it with polymer or use of surfactants during mixing is very important for the achievement
of good dispersion of graphene sheets into polymer matrix. Since GO could be seen as
graphene sheets with functionalized groups, such as carbonyls (=O) or hydroxyl (—OH),
many researchers used GO mixing with the polymer before reducing the GO to graphene
thermally or chemically during processing [7]. Xu et al. reported an efficient method to
prepare nylon -6-(PA6-) graphene (NG) composites with improved drafting between
graphene and polymer chains by in situ polymerization of caprolactam in the presence of
GO. The GO used was thermally reduced to graphene simultaneously during the
polycondensation [7, 117]. Stankovich et al. prepared a graphene nanosheets/polystyrene
(GNS/PS) nanocomposite by solution-phase mixing of the exfoliated phenyl isocyanate-
treated graphite oxide sheets with polystyrene, followed by their chemical reduction,
[116-118]. Weiling Wang et al. [119] obtained GNS by direct sonication using organic
solvent/ surfactants which could assist dispersion during mixing Essentially, graphene-
polymer nanocomposite have been developed using three strategies: (a) Solution mixing,

(b) Melt mixing and (c) In situ polymerization.

Furthermore, graphene is an especially unique conductor with single atomic layer
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thickness and the high electrical conductivity of graphene (~6000 S/cm) [120], so a
significant change in electrical conductivity of polymers can be achieved with little
incorporation of graphene. Graphite/polymer composites are also electrically conductive;
however, the low aspect ratio of graphite makes this material not as desirable as
graphene/polymer nanocomposites. This is because the low ratio of graphite provides a
smaller number of effective particles than graphene for the reinforcement of polymers

[121].
a- Solution mixing (solution intercalation)

Solution mixing method has been widely used as an effective technique for fabrication of
graphene/polymer and graphene or modified graphene layers are allowed to swell [122].
Graphene or modified graphene can be dissolved easily in a suitable solvent, using water
or an organic solvent, e.g., acetone ((CH3),CO), chloroform (CHCI3), tetrahydrofuran
(THF), dimethyl formamide (DMF) or toluene, owing to the weak forces that stack the
layers together. The polymer then adsorbs onto the delaminated sheets and when the
solvent is evaporated, the sheets reassemble, sandwiching the polymer to form the
nanocomposites [123]. This strategy can be used to synthesize epoxy [122, 124],
polyvinyl alcohol (PVA), polyvinyl fluoride (PVF) polyethylene (PE),
polymethylmethacrylate (PMMA), polymethylmethacrylate (PEMA), polyurethane (PU)
[111, 124] of nanocomposites, but solvent removal is a critical issue [122]. Due to the
oxygen functional groups, GO can be directly mixed with water soluble polymers such as
PVA. Zhao et al. [126]. Therefore, a relatively large number of solvent molecules need to
be desorbed from the filler to accommodate the incoming polymer chains [122]. The main

advantage of this method is that it allows the synthesis of intercalated nanocomposites
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based on polymers with low or even no polarity [116]. The solvent is removed completely
by evaporation or distillation and the polymer material containing the fillers is then
molded to give shape to the composite. Although the solution mixing approach generally
leads to better particle dispersion than melt mixing process, slow solvent evaporation
often induces particle reaggregation. In addition, the use of large amounts of solvent and

the associated environmental pollution have prevented.
b- Melt mixing

Melt mixing is a typical method for the preparation of high thermoplastic graphene-PNCs
[116]. It is environmental friendly because the method is free from toxic solvent [127], it
is also economical and suitable for mass production. In this technique, no solvent is
required and graphene or modified graphene is mixed with the polymer matrix in the
molten state. It can also be used in conventional methods, such as extrusion and injection
molding. However, it disadvantages includes inefficient dispersion of graphene in the
polymer matrix especially at higher filler loadings due to increased viscosity of the
composites. The technique may also cause graphene buckling and even rolling or even
shortening of graphene sheets during mixing due to strong shear forces resulting in

reducing its aspect ratios which is not favourable for better dispersion [122, 125-128].
c- In situ polymerization

In this method, homogeneously dispersed graphene or its derivatives in a polymer
nanocomposites is prepared without a prior exfoliation step [116, 127]. The uniformly
dispersed graphene nanosheets in solvent such as epoxy, PMMA, Nylon 6, PU,

poly(butylene terephthalate) (PBT) and PANI, etc. can be mixed with a monomer (and/or
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oligomer) solution with an initiator (e.g., photo initiators and thermal initiators). After the
initiator is dissociated by radiation or thermal energy [130]. The mixing of monomers into
the layered structure of graphite, during in situ polymerization, increases interlayer
spacing and exfoliates graphene platelets producing well-dispersed graphene in polymer
matrix after polymerization [122]. It was found that the in situ polymerization process is
not suitable because makes possible the covalent bonding between the functionalized
sheets and polymer matrix via various chemical reactions During polymerization,
however, the viscosity usually increases, which may reduce the process ability of
nanocomposites [131]. Compared with melt and solvent mixing methods, in situ
polymerization can provide enhanced dispersion properties and also better compatibility
between graphene and the polymer through the introduction of additional functional
groups on the graphene (or its derivatives) surfaces. In situ polymerization should be
performed in the solution state to address the elimination of residual solvents. However,
this method requires monomer unites and lot of reagent for the polymerization procedure,

and thus less applicable in the case of naturally existing polymers [111].
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CHAPTER THREE
EXPERIMENTAL

3.1- Summary

This chapter describes the methods and procedures employed to synthesize the materials used
in the design of the graphenated-first generation poly(propylene imine)-co-polypyrrole
nanocomposites included here are the characterization techniques of the materials (FT-IR,

TGA, XRD, HR-SEM and HR-TEM) and electrochemical (CV, EIS and charge-discharge).
3.2- Reagents

Natural graphite powder (microcrystal grade 9.9995%) (Metal base) UCP-1-M grade, “F”
purity was purchased from Alfa Aesar South Africa and used for the preparation of graphene
oxide (GO) by a modified Hummers method. Graphene-star copolymer, poly(propylene
imine) dendrimer (SyMO-Chem, Eindhoven, Netherlands) 2-pyrrole 2-carboxaldehyde (2-
Py), lithium perchlorate, ammonium persulfate, dichloromethane (DCM), methanol,
chloroform, hydrochloric acid (>32%) and sulphuric (Sigma-Aldrich, South Africa. The
buffer components disodium hydrogen phosphate (Na,HPO,), potassium dihydrogen
phosphate, potassium chloride (Sigma Aldrich, South Africa) all chemicals were of analytical
reagent grade and were used without further purification. The pyrrole monomer (Py) was
distilled prior to use. Ultrapure water (resistivity 18.2 MQ cm), was used as reagent water for
aqueous solution preparation and purified by a Milli-QTM system (Millipore). Analytical
grade argon and nitrogen gases were purchased from Afrox, South Africa. Alumina polishing
pads and powder (0.05, 0.3 and 1.0 um) were obtained from Buehler, Illinois, USA and

Sulfuric acid 95-97%, Fluka.
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3.3- Synthesis of graphene oxide

The GO was prepared by modified Hummers method. Concentration of H,SO, (500 mL) was
added into a 250 mL in dry clean conical flask and stirred filled with graphite (2 g) at room
temperature for 0.5 h. The flask was then cooled to (0 °C) in an ice bath, for half an hour,
followed by slow addition of Potassium permanganate (KMnO,) (7 g) and it was then
allowed to warm to room temperature. The temperature was then raised to 35 °C with a water
bath for 2 h, and the mixture was then stirred with a Teflon-coated magnetic stirring bar
(stirring rate: 800 rpm) for 2 h. The reaction mixture was cooled with an ice bath, followed
by addition of excess purified H,O (17.4 MQ) to the mixture. H,O, (30 wt% in water from
Aldrich) was then added until gas evolution ceased. Filtration afforded brown powder GO
which was washed by purified H,O/HCI mixed solvent (9/1 volume ratio) 3 times, followed

by suction drying for 12 h filtering and then drying in the vacuum at 25 °C 12 h [132].
3.4- Synthesis of generation one pyrrole functionalized (PP1) dendrimer

The generation one PPI-2Py synthesis was carried out by condensation (n reaction of PPI
with 2-pyrrole aldehyde. A reaction mixture of poly(propylene imine) generation one
dendrimer (1 g, 3.15 mmol)/2Py generation (1.2 g, 12.625 mmol) in 500 mL dry methanol
(CH3;0H) was magnetically stirred under a positive pressure of (N, gas) 48 h ina 100 mL
three-necked round-bottom flask. The CH;OH was removed by rotary evaporation and the
residual oil was dissolved in 50 mL DCM; the organic phase was then washed with water (50
mL) 6 times to remove unreacted monomer. The DCM was removed by rotary evaporation
and yielded the desired product as orange oil. The methanol used above is a slight

modification of that reported by Smith et al.[133].

40

http://etd.uwc.ac.za



H, ////NHZ
N + @ //O
N
kL N
2P
HoN NH, y

CH,OH/48h | 25°C

@_\ J_@
O i

N=—CH /7
G1PPI-2Py

Scheme 3.1-Functionalized generation one poly(propylene imine) dendrimer [89].
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3.5- Synthesis of generation one poly(propylene imine-co-polypyrrole)

The generation one poly(propylene imine-co-polypyrrole) G1PPI-co-PPy polymer was
synthesized by reacting Functionalized dendrimer (PPI-2Py) with Py using ((NH,).S.0s) as
an oxidant via chemical oxidative copolymerization, yielding conducting star copolymers
with polypyrrole. PP1-2Py (0.1 g, 0.16 mmol) of PPI-2Py and Py (0.4 mL, 5.065 mmol) were
dissolved in 20 mL of chloroform with stirring. Then the solution of ((NH4).S,0g) (0.265 g,
11.62 mmol) 0.265 g (11.62 mmol) of ((NH,).S,0g) in 20 mL of distilled water was slowly
added to the above solution. The polymerization reaction was carried out at 25 °C for 1 h and
them terminated by pouring CH;OH into the reaction flask. The resultant G1PPI-co-PPy
powder was filtering and drying in a vacuum oven at 45 °C for 12 h. The product yield was
0.154 g (33%) and this method was adapted from literature with slight modification [89]. The
same experimental procedure was used prepare homo-polymer PPy except that PPI-2Py was

not added to the reaction mixture.
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Scheme 3.2- Synthesis of poly(propylene imine)-co-polypyrrole [89].

3.6- Synthesis of graphenated-generation one poly(propylene imine)-co-polypyrrole

(GO-G1PPI-co-PPy)

In atypical synthesis of GO-G1PPI-co-PPy nanocomposite, firstly, the required amount of
graphite oxide was dispersed into Deionized water by ultra-sonication for 2 h to form uniform
exfoliated GO solution. Secondly, G1PPI-co-PPy was synthesized by reacting PPI-2Py with
Py using ((NH,).S,0g) as an oxidant via chemical oxidative copolymerization, yielding
conducting star copolymers with polypyrrole. Approximately (0.1 g, 0.16 mmol) of PPI-2Py
and (0.4 mL, 5.065 mmol) Py were dissolved in 20 mL of chloroform with stirring.
Approximately 0.265 g (11.62 mmol) of ((NH,),S,0g) in 20 mL of distilled water was

slowly added to the above solution into the GO solution under stirring. Thirdly, the
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polymerization reaction was carried out at 25 °C for 1 h and them terminated by pouring
CH3OH into the reaction flask. Finally, the resultant GO-G1PPI-co-Py black powder was

filtering and drying in a vacuum oven at (60 °C) for 12 h.

RS f \ ¥ & o
g W NENP-NIY gy W
A\ T ] GO Sheet [\ N gn

Figure 3.1- Schematic of the synthesis of graphenated-poly(propylene imine)-co-
polypyrrole

3.7- Preparation of the electrode materials
3.7.1- Preparation of the electrode poly(propylene imine)-co-polypyrrole

For the preparation of electrode, 5 pL (5 mg/mole) f PP1-2Py was drop coated on surface of a
GCE (0.017 cm? diameter) and allowed to dry under a blanket of (N, g) for 2 h. Then the
electrode was transferred to an electrochemical cell containing 5 mL of 1 M H,SO, aqueous
solution as supporting electrolyte containing 70 uL of Py. Electrochemical polymerization

was achieved CV (+460 mV to -800 mV).
3.7.2- Preparation of the electrode graphenated-poly(propylene imine)-co-polypyrrole

To prepare GO-G1PPI-co-PPy, 5 mL (5 mg/mole) of G1PPI-2Py was drop coated onto the

surface of GCE electrode and allowed to day under a blanket of N, gas. The GO/Py
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composite was prepared separately by adding the synthesized GO (10 mg) into supporting
electrolyte of 5 mL (1 M H,SO,) aqueous solution and then solicited for 15 min using an
ultrasonic bath to acquire a homogeneous solution. 70 puL of Py was then added to the
solution and mixed to the dispersion. The mixed solution was once again ultrasonic for 15
min. To ensure homogeneous dispersion, the solution was electrochemically deposited on the
electrode coated with G1PPI-2Py. The CV was performed for 60 cycles at an applied

potential of (+460 mV to -800 mV) at a scan rate 50 mV/s to achieve GO-G1PPI-co-PPy.

3.8- Preparation of the electrode for the supercapacitor cells

Supercapacitor cells were built by three-electrode cell configuration. The electrolyte was 1 M
H,SO, solution, platinum plate counter and GCE modified that were after 60 cycle by
polymerized working electrodes respectively and the Ag/AgCI electrode in 3 M NaCl was
used as the reference electrode. However, the shape and size of the cells is less important for

the development of supercapacitors.
3.9- Instrumentation
3.9.1- Proton Nuclear Magnetic Resonance Spectroscopy

Proton nuclear magnetic resonance (*H NMR) (200 MHz) (Varian Gemini XR200
spectrometer) was used to determine the proton signals. For this study, the NMR spectra were

recorded at 25 °C using CDCls as the solvent, and tetramethylsilane as internal standard.
3.9.2- Fourier Transforms-Infrared Spectroscopy

Fourier transform infrared spectroscopy is a powerful tool that determines the functional

groups of materials. The IR portion of the spectrum gives information regarding the
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vibrational and rotational motion of atoms in molecules. This technique is known to excite -
molecules to higher energy by absorbance of infrared radiation and the energy of absorbed IR
radiation increases with amplitude of the vibrational motion of bonds in molecules [134]. The
technique is widely used for qualitative analysis and in this study FT-IR has been used to
investigate the presence of the amide groups on star copolymer once the star copolymer was
functionalized with graphene oxide. The bonding interactions before and after star copolymer
was functionalized with graphene oxide were also investigated. FT-IR spectra were recorded
on a PerkinElmer Spectrum 100 FT-IR spectrometer. The chemically prepared star
copolymer material was analyzed in powder form. The electrochemically prepared star
copolymer material was prepared by electrode position on the surface of a coated GCE and
then gently scraping from the electrode surface. The spectra were directly recorded in the

region 400-4000 cm™, without mixing with KBr.
3.9.3- Thermo gravimetric Analysis

Thermo gravimetric analysis is a technique in which the mass of a substance is monitored as
a function of temperature or time as the sample specimen is subjected to a controlled
temperature program in a controlled atmosphere [135]. This can be very useful to investigate
the thermal stability of a material. TGA was carried out using a PerkinElmer, Model TGA-7
instrument and the weight of each sample was less than 10 mg. The most common method
used in TGA is to continuously weigh a sample on a sensitive balance while heating the
sample in the presence of air or an inert gas. As the temperature increases, mass loss occurs
due to evaporation of water or solvent, decomposition, or reaction of the material. The mass
measurements are collected over a range of temperatures and processed by a computer. A

thermo gram is produced, which is a plot of mass loss versus temperature. Mass loss occurs
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in steps, based on the temperature at which the material leaves the sample pan.
3.9.4- X-ray diffraction

X-ray diffraction is a crystallinity technique for studying the crystal structure of a material
and it is the only method that permits the direct identification of any crystalline material
based on their unique crystal structure. In XRD analysis, X-rays of known Wavelength are
passed through a sample to be identified in order to identify the crystal structure. The wave
nature of the X-rays means that they are diffracted by the lattice of the crystal to give a
unique pattern of peaks, or ‘reflections’, at differing angles and of different intensity (just as

light can be diffracted by a grating of suitably spaced lines).
3.9.5- High-Resolution Scanning Electron Microscopy

High Resolution-Scanning Electron Microscopy (HR-SME) images were taken with a Hitachi
S3000N scanning electron microscope at an acceleration voltage of 20 kV at various
magnifications. Small amounts of the materials (in powder form) were placed on copper
grids. An aliquot of 2 uL of each sample were drop coated on the copper grids and dried for
two days at room temperature. The samples on the grids were coated with gold using a
SC7640 Auto/Manual high resolution super coater (Quorum Technology Ltd., England) at a
voltage of 2 kV and plasma current of 25 mA for one minute. HR-SEM images uses electrons
rather than light to form an image of objects such as fractured metal components, foreign
particles and residues, polymers and biological samples, among others. It uses a focused
beam of high energy electrons to generate a variety of signals at the surface of solid
specimens. The signals derive from electron sample interaction and reveal information about

the sample including external morphology (texture), chemical composition, crystalline
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structure and orientation of materials making up the sample. HR-SEM was used to study the
morphology of graphene oxide, G1PPI-co-PPy and GO-G1PPI-co-PPy nanocomposite. The
morphology of G1PPI-co-PPy as conducting polymer will provide information about where
the graphene oxide can be incorporated into the G1PPI-co-PPy structure to form the GO-
G1PPI-co-PPy nanocomposite. The morphology of graphene oxide will confirm the
successful synthesis of graphene layers and whether they can be entrapped by the expected
clustered structure of the G1PPI-co-PPy. GO-G1PPI-co-PPy morphology will confirm the
formation of a nanocomposite with GO incorporated onto the clustered structure of G1PPI-

co-PPy.
3.9.6- High-resolution transmission electron microscopy

HR-TEM images were taken using Tecnai G2 F20X-Twin MAT 200 kV field emission
transmission microscope from FEI (Eindhoven, Netherlands). HR-TEM image is a technique
used to study the internal structure of a material. Not only is it used to study the internal
structure it is also used to study various characteristics of a material HR-TEM is used to study
the shape, orientation, particle size, size distribution and lattice parameters of a material. HR-
TEM image provides a direct link in the internal structure and its irregularities at the atomic
scale and offers resolution to the Angstrom level as well as enabling the information to be
obtained on the atomic packing rather than just the morphology of the sample. The technique
uses phase contrast resulting from an interference of several beams and determines whether
the particle that makes the specimen are dispersed or agglomerated. However the technique is
limited in high magnification imaging which requires high electron dose where by the
specimen needs to be relatively insensitive. For graphene oxide independent nanosheets are

observed and these should be wider in thickness and also flat. In this study HR-TEM was
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used to confirm the size and shape, distribution and morphology of synthesized materials, i.e.,
GO, functionalized graphene oxide and the functionalized graphene oxide-star copolymer

nanocomposites.
3.10- Electrochemical techniques

Electrochemical techniques are used to interrogate the redox properties of the biosensors and
their prospective platform components at the electrode surface which occur when a potential
is applied. From the redox behaviour of different materials under different conditions, various
parameters such as rate constant, diffusion coefficient, formal potential, film thickness,
sensitivity, detection limits, surface concentration, solution resistance, charge transfer
resistance and process reversibility can be determined. However, the main limitation of
voltammetric techniques is that the species under investigation must be either reducible or
oxidizable in the range where both the electrode and the electrolyte are electrochemically

inert.

3.10.1- Cyclic Voltammetry (CV)

Cyclic voltammograms were recorded with computer interfaced to BASi Epsilon (BASI®
Corporate Headquarters 2701 Kent Avenue West Lafayette, IN 47906 USA) using a 10 mL
electrochemical cell with a three electrodes set up the electrodes used in the study were
sketch of a cell setup.(1) glassy carbon working electrode (A = 0.071 cm?) from, (2) platinum
wire from Sigma Aldrich acted as counter electrode and (3) Ag/AgClI from BAS kept in (3 M
NaCl) was the reference electrode and 1 um, 0.3 um and 0.05 pm fine alumina micro
polishing pads were obtained from Buehler, LL, USA and were used for polishing the glassy

carbon electrode before modification.CV is a simple and direct electro analytical technique
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used to clarify the kinetics of electrochemical reactions taking place at the electrode surface
[136]. CV provides information on the thermodynamics of redox processes and the kinetics
of heterogeneous electron-transfer reactions. It is useful in a comprehensive characterization
of nanophase electro catalysts. CV can also be used in solution to understand reaction
intermediates as well as obtaining the stability of reaction products [89]. It can also be used to
study the electron stoichiometry of the system, the diffusion coefficient of the analyte and the
reduction potential (which can be used as an identification tool). Advantages of this technique
include its broad accessibility due to its low cost and the accessibility to extensive theory for
electrochemist as well as other field of specialists. However this technique has some
drawbacks which includes; difficulties in determining the mechanism of two or more closely
spaced charge transfer reactions. In this study CV was used to determine the electrochemical
activity of GO-G1PPI-co-PPy and G1PPI-co-PPy whereby there was an observed increase in
current with an increase in applied potential and was used for the testing of the biosensor and

determination of the analyze of interest.

3.10.2- Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy measurements of electrochemically prepared of the
modified GC working electrode were performed in a solution containing 1 M H,SO, and the
same three-electrode cell arrangement. The electrolyte for CV was measured with CH
Instruments, Inc. Electrochemical work station, 600 E Potentiostat 3700 Tennison Hill Drive
Austin, TX 78738-5012 USA. The results are then plotted in the form of Nyquist plots at
perturbation amplitude of 10 mV and within the frequency range from 1000 kHz to 100 mHz
at room temperature. EIS is based on applying an alternating current (AC), potential (E) of a

small amplitude (perturbation), and obtaining an AC current signal (1) in which the
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impedance (Z) can be obtained. These analyses allow for the characterization of the double
layer interface of the electrodes and the physicochemical processes at various time constants,
simplifying electron transfer at high frequency and mass transfer at low frequency. Results
obtained from EIS are usually fitted using equivalent circuits of resistors and capacitors such
as the Randles circuit model [137]. EIS data is either represented as the Nyquist plot; which
is the plot of the real impedance (Z°) versus the imaginary impedance (Z’’) or the Bode plot;
where the modulus of the impedance (log /Z/) and the phase angle ¥ between the AC
potential and the AC current as a function of the frequency (log ®) are plotted. The Nyquist
plot provides visual insights into the system dynamics at the electrochemical interface. The
plot consists of a semicircle at high frequency which describes the electron transfer process at
the electrode interface (charge transfer resistance) and a linear region at lower frequencies
known as the Warburg impedance which arises from mass transfer limitations and can be
used to calculate apparent diffusion coefficients. The Bode plot shows frequency independent

plots which represent the behaviour of resistive, capacitive or diffusive processes [133-134].

3.10.3- Galvanostatic charge-discharge technique

Charge-discharge technique is a standard technique used to test the performance and cycle
life of capacitors and batteries. This technique used was a Voltalab PGZ402 instrument
(Radiometer Analytical, France). The system is capable of switching between charge and
discharge automatically according to the cut off potentials set. Normally, charge and
discharge are conducted at constant current until a set voltage is reached. The charge
(capacity) of each cycle is measured and the capacitance. Both are plotted as a function of
cycle number. This curve is called the capacity curve. In practice, charge is commonly called

capacity. The capacitance values were calculated using the equation (2.2).
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Since long cycle life is important to supercapacitors, the charge-discharge technique was
employed to examine the service life of the electrode nanomaterials this study was run at a

current density of a 9.3 x 10°A/g for 100 cycles and at the same potential window of CV.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Summary

The synthesis of GO-G1PPI-co-PPy nanocomposites was done through polymerization using
G1PPI-co-PPy and GO. FTIR, TGA, X-ray, HR-SEM and HR-TEM were used in the
characterization and identification of the resulting nanocomposite. Electrochemical
characterization of bare GCE, G1PPI-co-PPy and GO-G1PPI-co-PPy nanocomposites were
also done using CV, EIS and charge-discharge. The result of this analysis shows that a
GO/Conducting polymers polymer nanocomposite with good electrochemical properties and

cycling performance was synthesized.
4.2- Physical characterization
4.2.1- Fourier Transform-Infrared Spectroscopy

The FTIR was employed to investigate the bonding interactions in pure graphene oxide, of
G1PPI-co-PPy and GO-G1PPI-co-PPy nanocomposites. In the spectrum of GO Figures 4.1
the peaks at 3318, 1724, 1599, 1417 and 1061 cm™ were assigned to the O-H stretching, C=0
(carbonyl) stretching, C—-O stretching and O—H bending vibrations respectively. This supports
the fact that Graphene oxide is a highly absorptive material as verified by its ability to

become a gel like solution [135-137].
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Figure 4.1- FTIR spectrum of GO.
Copolymerization of GO with G1PPI-co-PPy results in change of peaks in FT-IR. The
alteration in the peak of carbonyl groups reveals that the graphene has been oxidized. The
polar groups, especially the surface hydroxyl groups, result in the formation of hydrogen
bonds between graphene and water molecules; this further explains the hydrophilic nature of
graphene oxide. The intensity of these peaks decreased significantly, and some of the peaks

almost disappeared, Figure (4.2).
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Figure 4.2- FTIR spectroscopic analysis of G1PPI-co-PPy and GO-G1PPI-co-PPy

nanocomposites.

In the G1PPI-co-PPy spectra the bands due to PPy at 1522, 1145, 1027 and 845 cm™,
whereas the sharp N=C band in PPI-2Py now appears at 1704 and 1617 cm™. The intense
absorption at 775 cm™, ascribed to the out-of-plane C—H bending at o position of the Py. This
is an evidence of the polymerization from C-H at a position of Py moiety of the
functionalized dendrimers, and conversion to G1PPI-co-PPy via o—a coupling. The sharp
absorption peak at 1043 cm™ corresponds to the N-H deformation [55]. The peaks at 1286
cm™ and 1626 cm™ are related to the C—C stretching vibration and C=C stretching mode of
the Py ring, respectively. However, for GO-G1PPI-co-PPy nanocomposites peak due to the
COOH group has been downshifted 1617 cm™ which is probably due to the n- interactions
and hydrogen bonding between the GO sheet and aromatic polypyrrole rings from G1PPI-co-

PPy, indicating that the carboxyl groups from GO acted as efficient dopants in the
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polymerization.
4.2.2- Thermo gravimetric Analysis

The Thermo gravimetric analysis is a plot of weight loss versus temperature for GO, G1PPI-
co-PPy and GO-G1PPI-co-PPy nanocomposite. The experiment was performed at a heating
rate of 10 °C/min under N, the atmosphere. The results are as shown in Figure 4.3 (c). The
plot of GO weight lost against temperature change shows a 26% lost at 200 °C as a result of
the release of absorbed water, and a further rapid 16% weight loss from 200 to 300 °C which
is attributed to the thermal decomposition of instable oxygen-containing functional groups
that yield CO, CO2 or water. The weight loss of GO at 700 ‘C is about 55%. This result
corresponds with published article on TGA of GO [141]. The TGA result of synthesized GO-
G1PPI-co-PPy nanocomposite as shown Figure 4.3 demonstrated a relative stability compare
to the reactant materials (GO and G1PPI-co-PPy). (a) The weight loss near 169 °C is
probably due to removal of the oxygen- containing functional groups (e.g., COOH, OH).
After 250 "C, major weight loss occurred due to decomposition of the Py from the composite.
Finally at 469 °C, almost 24% weight loss for GO, G1PPIl-co-PP nanocomposite was

observed.
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Figure 4.3- TGA curves obtained at 10 °C/min under N, for GO, G1PPI-co-PPy and GO-

G1PPI-co-PPy nanocomposites.

4.2.3- X-ray Diffraction Analysis

X-ray diffraction spectra of GO, G1PPI-co-PPy and GO-G1PPI-co-PPy nanocomposite are as
presented in Figure 4.4. The GO shows an intense and sharp peak centered near 10° of the
GO sheets. This value is larger than the d-spacing of pristine graphite 20, as a result of the
introduction of oxygenated functional groups. [138-140]. The broad peak centered at 24° is
peculiar to G1PPI-co-PPy and it is corresponded to the scattering from bare polymer chains at
the interplanar spacing [55]. In the case of the GO-G1PPI-co-PPy nanocomposites, the peak
is also situated at 24° almost the same as that of G1PPI-co-PPy which was ascribed to the
diffraction peak of G1PPI-co-PPy [55]. Additionally, the peak ascribed to GO within these
nanocomposites disappeared, illustrating the complete coating of PPy between the layered

GO [142].
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Figure 4.4- X-ray study of GO, G1PPI-co-PPy and GO-G1PPI-co-PPy nanocomposites.

4.2.4- High-resolution scanning electron microscope (HR-SEM)

The HR-SEM images for (a, b) GO, (c, d) G1PPI-co-PPy and (e, f) GO-G1PPI-co-PPy
nanocomposites. In Figures 4.5 (a to f).The GO showed a well exfoliated folding sheets of
GO and closely associated [144-145]. The G1PPI-co-PPy, morphology resembles densely
clustered florets, whereas the chemically prepared exhibits a dense growth of whelk-like
helixes. Figure 4.5 (e, f), revealed G1PPI-co-PPy with diameters ranging 100 nm and 1 pm
resembles densely scattered florets attached to the graphene oxide surface, particularly along
the edges of the stacked nanosheets with a thickness of several nm. This suggests that the
compatibility between G1PPI-co-PPy and GO is sufficient to obtain nanosized dispersion
without an additional surface treatment. The GO-G1PP-co-PPy scattered on the GO surface

might be an indication of good capacitive behaviour.
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Figures 4.5 HR-SEM images: (a, b) GO, (c, d) G1PPI-co-PPy and (e, f) GO-G1PPI-co-

PPy nanocomposites.
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4.2.5- High-resolution transmission electron microscopy

The HRTEM images for GO, G1PPI-co-PPy and GO-G1PPI-co-PPy nanocomposites at
various magnification. in Figure 4.6 (a, b), GO showed a transparent wrinkled surfaces of
silky sheets and an entangled folding edges can also be observed [140-141]. Revealed the
elemental composition of GO acquired from HR-TEM of GO, of oxygen atom of -OH and -
COOH groups on GO layer surface facilitated the further oriented aggregation of action
radical of carbon [146]. Figure 4.6 (c, d), shows the HR-TEM image of G1PPI-co-PPy. The
electron diffraction pattern in Figure 4.6 (c, d), indicates the G1PPI-co-PPy is amorphous
structure. Figure 4.6 (e, f), shows the HR-TEM image of GO-G1PPI-co-PPy nanocomposites.
The GO-G1PPI-co-PPy nanocomposite has pronounced edges, which may be attributed to the
embedment of single-layer and multi-layer GO in composite matrix. The electron diffraction
pattern in Figures 4.6 (e, f), confirms that the composite contains the components with crystal
structure, such as single-layer and multi-layer GO. It also shows the existence of large
amount of oxygen containing functional groups O-H, C=0, C-O CO2 on the surface of GO
sheets on the surface of GO sheets. Also that edge of GO-G1PPI-co-PPy nanocomposites
includes ordered structure, which may be the embedded GO in nanocomposite. An indication
of successful polymerization for prepared GO-G1PPI-co-PPy nanocomposites by GO with

G1PPI-co-PPy composites.
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Figures 4.6 HR-TEM images: (a) GO, (b) G1PPI-co-PPy and (c) GO-G1PPI-co-PPy

nanocomposites.
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4.3- Electrochemical techniques
4.3.1- Electrochemical studies of the platform using cyclic voltammetry (CV)

This section provides the discussion on the electrochemical studies platform which includes;
the electrochemical studies of the GO-G1PPI-co-PPy nanocomposite at different scan rate
and the CV comparison of bare GCE, G1PPI-co-PPy and GO-G1PPI-co-PPy nanocomposite
at the scan rate 50 mV/s. The calculated specific capacitance values for G1PPI-co-PPy and

GO-G1PPI-co-PPy nanocomposite is so shown here.

Figure 4.7 (a) shows CV for the electrochemical polymerization from +460 mV to -800 mV
of Pyrrole (Py) and GO on the functionalized dendrimer (PP1-2Py) modified GC electrode
performed at a scan rate 50 mV/s for 60 cycles in 1 M H,SO, aqueous electrolyte solution.
The current increases as number of cycles increases. The anodic peak at around 300 mV
indicates that the electrochemical polymerization of Py occurs due to nucleation and self-
orientation of PPI-2Py on the electrode surface. The current continues to increase with
increase in cycles. Growth of PPy at this step is believed to take place at the o position of the
PPI-2Py forming the G1PPI-co-PPy [55]. Due to the abundant negative charges on its
surface, GO could serve as a dopant which attracts the Py action radicals during the
polymerization process [147]. As a result, G1PPI-co-PPy is formed on the edge and basal

planes of GO (Figure 3.1).

Figure 4.7 (b), a shows the results of scan rate as studied (5-100 mV/s) for GO-G1PPI-co-
PPy nanocomposite reveals the pseudocapacitance in aqueous 1 M H,SO, electrolyte and the
potential range was within -800 mV and +460 mV vs. It has been noted that with the change

in voltage sweep rate from 5 mV/s to 100 mV/s the catholic peak at +129 mV shifts
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negatively. And the anodic peak shifts towards more positively from +343 to +570 mV The
presence of a distinct peak centered at 50 mV corresponds to the oxidation of the GO-G1PPI-

co-PPy nanocomposite [24, 144].
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Figure 4.7(a)- Electropolymerization of GO-G1PPI-co-PPy nanocomposite in 1 M H,SO,4
electrolyte solution at a scan rate of 50 mV/s using GCE.

Figure 4.7 (c) shows a comparative cyclic voltammetric plot of the bare glassy carbon
electrode (GCE), G1PPI-co-PPy and GO-G1PPI-co-PPy nanocomposite in 1 M H,SO4
electrolyte, at a potential window of +460 mV to -800 mV at 50 mV/s. Compared with
G1PPI-co-PPy, GO-G1PPI-co-PPy nanocomposite presents a slight shift peak potentials both
cathodic and anodic and an enlarged area implying a good rate performance during charge-

discharge process.
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Figures 4.7(b, ¢)- CV in 1 M H,SO, using GCE (b)-at different scan rates of GO-G1PPI-co-
PPy nanocomposites (c) bare GCE, G1PPI-co-PPy and GO-G1PPI-co-PPy
nanocomposites at 50 mV/s.

The CV curves for the G1PPI-co-PPy and GO-G1PPI-co-PPy nanocomposites supercapacitor
at different scan rates are given in Figure 4.7.c. The specific capacitance of the electrode can

be calculated according to the following equation from CV curves.
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— (4.1)

Where I+ and |- are maximum currents in positive and negative voltage scan respectively, Csp
is the specific capacitance based on the mass of electroactive materials (F/g), v is the

potential scan rate (mV/s), and m is the mass of the active electrode materials (g) [149].

The variation in the specific capacitance of G1PPI-co-PPy and GO-G1PPI-co-PPy
nanocomposites as a function of scan rate is shown in Figure 4.7 d. Specific capacitance
values for the GO-G1PPI-co-PPy nanocomposite are 236 and 118 F/g at respective scan rates
of 5 and 100 mV/s; in turn, the specific capacitance values of G1PPI-co-PPy are 40 and 25
F/g, respectively, at respective scan rates of 5 and 100 mV/s. The high value of specific
capacitance of G1PPI-co-PPy and GO-G1PPI-co-PPy nanocomposites at a lower scan rate is
not only due to the oxidation or de oxidation of a—C or p—C atoms, but also the ions get
enough time to migrate freely in the PPy matrix [144, 146-147]. However, as compared to the
specific capacitances of G1PPI-co-PPy and GO-G1PPI-co-PPy nanocomposites are still high
which indicates that the composites have good rate capability. Table 4.1 shows corresponding

values of scan rate to the specific capacitance of the different electrodes used.
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Table 4.1: Specific capacitances against scan rates of G1PPI-co-PPy/GCE and GO-

G1PPI-co-PPy/GCE nanocomposites.

Scan rates (mV/s) Specific capacitance (F/g) Specific capacitance (F/g)
of of
GO-G1PPI-co-PPy/GCE G1PPI-co-PPy/GCE

5 118 40
10 1215 33
20 125 24
30 125 28
40 132.8 28

50 141.3 27.6

60 156 27.2

70 158 26.2

80 170 25.8

90 203 25.3

100 236 25.1
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Figure 4.7(d)- Specific capacitance of G1PPIl-co-PPy and GO-G1PPI-co-PPy

nanocomposites.

4.3.2- Electrochemical impedance spectroscopic studies (EIS)

For the situation of an electrode in contact with electrolyte an equivalent circuit as is

illustrated in Figures 4.8, can be impedance parameters.
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T~ Ra

Figure 4.8- Equivalent circuit for an electrode in contact with an electrolyte and

corresponding Nyquist plot [152].
Figure 4.8 is the circuit model and the parameters; Rs is the electrolyte resistance in the cell,
R¢t is the charge transfer resistance, the EDLg capacitance C4 and the pseudo-capacitive
element C,, from the redox process involving the conductive star copolymer [149-151]. R, R
are easily determined from the Nyquist plot. The EDL capacitance can be calculated from

the frequency at the maximum follower this equation

e 4.2)

The product of R¢ and Cy is often termed the time constant (1) this can be estimated by
equation (t = R¢ x Cq). The surface coverage 0 of 93.61% was obtained for the GO-G1PPI-
co-PPy nanocomposite on the GCE electrode. The value was estimated from the R value

using the equation (4.3) [155].
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0 (4.3)

Furthermore, since the resistors Ry and R are in series in the circuits the combined resistance

becomes (R = Rs + R¢y) [156].

Thus, a typical variation of the specific capacitance with the inverse of the combined
resistance (1/R) as shown in (Table 4.2 below) arises wherein the specific capacitance

increases with the reciprocal of the total resistance.

The maximum power density of the supercapacitor has been calculated from the low

frequency data of the impedance spectra, according to the equation [15, 153]:

= (4.4)
Where V is the initial voltage, R is the equivalent series resistance and m is the total mass of
the system. The ESR has been obtained from the x-intercept of the Nyquist plot. For GO-
G1PPI-co-PPy electrode, with a cell voltage = 0.09 mV and a total mass = 3.2 x 10° g. The
following kinetic parameters (Table 4.2 below) were obtained from fitting the EIS plots of

the bare GCE, G1PPI-co-PPy and GO-G1PPI-co-PPy nanocomposite.
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Table 4.2: Kinetic parameters obtained from the EIS plots of the different electrodes used.

:f;?;:ri]‘;ters Bare/ GCE | G1PPI-co-PPy/GCE | GO-G1PPI-co-PPy/GCE
Rs (Q) 58.9 68.63 9.21
Cq(F) 2.5 x 107 1.2 x10° 2.31x10°
Ret (Q) 5575 1087 356.6
Cr(F) 7.5 x 107 1.7 x 10° 3.7x10°
O max (HZ) 719.4 769.2 1213.9
T (s/rad) 139 x 10° 13 x 10* 82 x 10°
SC, (F/g) ] 86.5 304
Pmax (KW/KQ) - 6.5 25

EIS measurements were carried out in the frequency range 100 kHz to 1 Hz in 1 M H,SO,
electrolyte modified electrodes scanned at 50 mV/s to understand the frequency response of
the bare glassy carbon electrode, G1PPI-co-PPy and GO-G1PPI-co-PPy nanocomposite

electrodes super capacitors at room temperature.
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Figures 4.10- Bode plots of nanocomposites: (a) GO-G1PPI-co-PPy and (b) G1PPI-co-PPy.

For the Nyquist plot, the y-axis represents the negative number of the imaginary part of the
measured impedance (Z’) while the x-axis represents the real part of the measured impedance
(Z2’’). Each data point is at a different frequency with the lower left portion of the curve
corresponding to the higher frequencies. Figure 4 9 shown in both the curves displayed (a, b)
a near vertical line at the low frequency region, suggesting the low ion diffusion resistance
inside the capacitor. The arc shaped parts at the high frequency regions generally represent
the resistance generated from the charge carrier transportation or namely R:. It is notable that
the Bare GCE gave an R value of 5575 (Q), the R value of G1PPI-co-PPy, was 1087 (Q)
and GO-G1PPI-co-PPy nanocomposite gave R¢ 356.6 (). This indicates higher R¢; between
the electrolyte and the ternary nanocomposite due to the poor conductivity of G1PPI-co-PPy.
The binary nanocomposite exhibited the lowest R due to the formation of a conductive

network between G1PPI-co-PPy and GO within the nanocomposite matrix. It also facilitates
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rapid transport of the electrolyte ions in the electrode during charge-discharge processes.
Therefore, the composites can greatly reduce the diffusion length, resulting in the
improvement of electrochemical properties of GO-G1PPI-co-PPy nanocomposite materials.
Figure 4.10 (a) shows the Bode phase angle plot of GO-G1PPI-co-PPy nanocomposite. The
phase angle is very close to -71.9° for frequencies up to 3 kHz suggesting the GO-G1PPI-co-
PPy super capacitor device behaves as a more like an ideal capacitor [145]. A hypothetical
electric circuit consists of parameters with well-defined electrical properties used to describe

the EIS response of the GO-G1PPI-co-PPy based supercapacitor.
4.3.3- Performance of supercapacitor cell

The three electrode cell system was used to evaluate the performance of capacitor cell, using
the GCE modified. The tester working at the constant charge-discharge mode was used to
evaluate the parameters cell specific capacitance, specific energy, specific power and other

parameters like the cell stability.
4.3.3.1- Galvanostatic charge-discharge

The galvanostatic charge-discharge measurements of the Bare GCE, G1PPI-co-PPy and GO-
G1PPI-co-PPy nanocomposite at current = 30 x 10°A. Potential range for all electrodes
within the potential window of CV (-800 to 460 mV) for about 120 s. Figure 4.11 shows that
the GO-G1PPI-co-PPy nanocomposite has a longer and symmetrical charge-discharge curve,
although it has lower potential than the bare GCE. Yet the GO-G1PPI-co-PPy
nanocomposites achieved higher voltage compared to G1PPI-co-PPy. suggesting that GO-
G1PPI-co-PPy has the higher energy storage capability; hence a higher specific capacitance is

associated with GO-G1PPI-co-PPy which is the same as observed in the discharge profile
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[155-157]. However shows the charge-discharge curves the charging time and discharging
times almost constant value between the G1PPl-co-PPy and GO-G1PPI-co-PPy

nanocomposite.
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Figures 4.11- Charge-discharge curves: bare GCE, G1PPI-co-PPy and GO-G1PPI-co-

PPy nanocomposite at 30 x 10°A.

The specific capacitance, power density and energy density are calculated based on the

galvanic charging-discharging curves using the following equations [157-159]:
- (4.5)
- (4.6)

4.7)

where, Cs is the capacitances (F), | is the constant current (A) applied, m is the mass (g) of

the electrode material (3.2 x 10 g) and AV is the change in potential energy density Eg
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(Wh/kg), power density Pg. (W/Kkg).

When the same current is used for charging and discharging, the Coulombic efficiency (n)

can be determined from the following equation (4.8) [163]:
— (4.8)

where tp and tc are the times for galvanostatic discharging and charging, respectively [164].

The Coulombic efficiency has been calculated to be 99.98%.

The above equation (4.5) was used to calculate the specific capacitance using the charging-
discharging curve for G1PPI-co-PPy and GO-G1PPI-co-PPy nanocomposites; values were
estimated to be 350 F/g and 105 F/g, respectively. The comparison of the specific capacitance
of G1PPI-co-PPy and GO-G1PPI-co-PPy was done in 1 M H,SQO,. In order to estimate the
device stability and performance of both electrodes, the cell was run for 100 cycles. Figure
4.12 shows that the capacity was a horizontal line that remained unchanged during the cycle
test, suggesting that GO-G1PPI-co-PPy has the specific capacitance possessed high stability
for storing the capacitive charges [2, 161]. A slight fluctuation in capacitance for initial
cycles was observed, which is attributed to the charge consumption due to some possible

faradic reaction (s) with loosely bound surface groups at the electrode electrolyte interfaces.
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Figure 4.12- The specific capacitance vs. number of cycles for G1PPI-co-PPy and GO-

G1PPI-co-PPy nanocomposites.

Energy density and power density have attracted much attention in evaluation of the
performance of electrochemical capacitors, especially since such devices are perceived as
capable of delivering high power on discharge although intrinsically their energy density is
low. An important basis for relating power density to energy density takes the form of
graphical presentation by a Ragone plot displayed by Figure 2.2. In evaluating the
performance of electrochemical capacitors, as for batteries, characterization of their energy
density and power density is one of the most important aspects of rating such electrochemical
power devices. In Figure 4.13), the manifest ultrahigh energy density is 40 Wh/kg and power
density ~98 KWh/kg for the GO-G1PPI-co-PPy/GCE. The improved of energy and power
densities for the G1PPI-co-PPy/GCE after electro polymerization with GO. In addition that

the results indicate the GO-G1PPI-co-PPy/GCE nanocomposite has electrochemical stability,
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excellent capacitive performance, and the easiness of the preparation method suggests this

unique material system is promising for future high performance energy storage applications.
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Figure 4.13- Energy density and power density for (a) G1PPI-co-PPy and (b) GO-G1PPI-
co-PPy nanocomposites.

The materials are found to be relatively stable over large number of cycle. From the voltage-
time profile for GO-G1PP-co-PPy shown in Figure 4.14 the potential remains stable over a
large number of cycle meaning that the materials dose not degrade when cycled many times.
They have longer cycle life and therefore a high structural integrity under repeated charging
and discharging which is a desirable characteristic of supercapacitor materials. VVoltage-time

profile for the other nanocomposites is given in the appendix.
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Figure 4.14- Voltage-time profile for GO-G1PP-co-PPy nanocomposites.

The specific capacitance of = graphenated-poly  (propylene imine)-co-polypyrrole
nanocomposite electrode is higher than that of reported values of graphene- conducting
polymers composites due to higher electroactivity than other the Conducting polymers. Table
4.3, below shows the specific capacitance for graphene with some conducting polymers

composites for supercapacitors.
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Table 4.3: Graphene-conducting polymer composites and their specific capacitance.

Composite Specific capacitance References
Graphene-poly(3, 4-
ethylenedioxythiophene) 154 Flg [166]
Graphene-polypyrrole 270 F/g [158]
Graphene-polyaniline 261.4 Flg [167]
Graphene-polythiophene 154 Flg [168]

Graphenated-poly
(propylene imine)-co- 350 F/g Our work

polypyrrole
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
5.1- Summary

This chapter gives brief overview of the main findings of this work which are answers to the
questions and the objectives set in this thesis. Some recommendations will also be laid out for

future work regarding this topic.
5.2- Conclusions

A graphenated-poly(propylene imine)-co-polypyrrole nanocomposite was successfully
synthesized for the first time. Synthesis of this nanocomposite was through electrochemical
polymerization reaction between graphene oxide sheet and dendritic conduction star
copolymers. The character identification of the nanocomposite was done through HR-SEM.
The surface morphology from HR-SEM shows that the nanocomposite has densely scattered

florets attached to the

GO surface. This is particularly observed along the edges of the stacked nanosheets with a
thickness of several nanometres. It can therefore be suggested that the compatibility between
G1PPI-co-PPy and GO is sufficient to obtain nanosized dispersion without an additional
surface treatment. The GO-G1PP-co-PPy scattered on the GO surface might be an indication

of good capacitive behaviour.

Fourier Transform-Infrared (FT-IR) Spectroscopy also showed strong peak at 1617 cm™

which is due to the downshifted of the carbonyl peak, probably due to the n—r interactions.
The GO sheet and aromatic polypyrrole rings from G1PPI-co-PPy, indicating that the
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carboxyl groups from GO acted as efficient dopants in the polymerization.

TGA analysis of the synthesized graphenated-poly(propylene imine)-co-polypyrrole shows
that the synthesized nanocomposite is stable and can withstand temperature up to 250 °C. The
observed major weight loss at 250 °C may be as a result of decomposition of the Py from the

composite.

Beside, X-ray diffraction spectra support the complete coating of PPy by the GO. The
characteristic diffraction peak of G1PPI-co-PPy is as seen at 24°.The disappeared of GO peak
is an illustration of the purity and complete of coating of PPy. There is also good
compatibility between G1PPI-co-PPy and GO as confirmed by HR-TEM analysis. An
indication of successful polymerization for prepared GO-G1PPI-co-PPy nanocomposites by

GO with G1PPI-co-PPy composites.

Alternatively, electrode graphenated-poly(propylene imine)-co-polypyrrole nanocomposite
was synthesized electrochemically by copolymerized (7 pL) PPI-2Py with (70 pL) Py
monomer and GO (10 g). The synthesized electrode graphenated-poly(propylene imine)-co-
polypyrrole nanocomposite was successfully studied on the surface of the glassy carbon
microelectrode. The CV analysis shows that peak cathodic at +129 mV and anodic shift +343
to +570 mV and compared with G1PPI-co-PPy, GO-G1PPI-co-PPy nanocomposite presents
slight shift peak potentials foe both cathodic and anodic. The enlarged area is an indication of
a performance rate during charge-discharge process. This result shows that the synthesized
electrode graphenated-poly(propylene imine)-co-polypyrrole nanocomposite has potential
application as a stable super capacitor electrode material which has high energy storage

capacity and time duration.
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Likewise, the Nyquist plots show power behavior of the constructed nanocomposite, GO-
G1PPI-co-PPy/GCE such that the impedance increases on the imaginary part (Z’’) as the
frequency decreases reaching a close to parallel configuration to the imaginary impedance
part, with lower R¢ around 365.6 Q for GO-G1PPI-co-PPy than G1PPI-co-PPy. The Bode
phase angle plot showed that the phase angle is very close to -71.9° for frequencies up to 3
kHz suggesting the GO-G1PPI-co-PPy super capacitor device behaves as a more like an ideal
capacitor. A hypothetical electric circuit consists of parameters with well-defined electrical
properties used to describe the EIS response of the GO-G1PPI-co-PPy based supercapacitor.
Interestingly, GO-G1PPI-co-PPy/GCE showed ideal capacitive behaviour for application in
supercapacitor compared to G1PPI-co-PPy /GCE due to the increased capacitance from 105
F/g of G1PPI-co-PPy /GCE to 350 F/g of the GO-G1PPI-co-PPy /GC electrode. And From
the voltage-time profile for GO-G1PP-co-PPy the potential remained stable over a large
number of cycle meaning that the materials dose not degrade when cycled many times. They
had longer cycle life and therefore a high structural integrity under repeated charging and
discharging which is a desirable characteristic of supercapacitor materials. Voltage-time
profile for the other nanocomposites is given in the appendix. The properties of
nanocomposites show several advantages to be used as the supercapacitor electrode due to
the high surface area, large flexibility, high reactivity and shorter ionic diffusion paths. The
main advantage of the graphene based nanocomposites material is high conductivity which
tailors the electron transport within the electrode material and enhances the cycle life and
high rate capability which tailors the electron transport within the electrode material and
enhances the cycle life and high rate capability. The GO-Conducting Polymer
nanocomposites exhibited good electrochemical properties and cycling performance owing to

their synergistic effects. It was taking higher capacitance, lower cost and shorter processing
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time into consideration. Also the power density and energy density of these electrodes are
compared in Ragone plot with existing commercial supercapacitors and various

supercapacitors electrodes reported by other research groups.
5.3- RECOMMENDATIONS

This GO-G1PP-co-PPy nanocomposite material has advantages as a supercapacitor electrode
relative to the conventional supercapacitor in the commercial sector. The synthesized
nanocomposite is novel and cost effective material. This material is therefore recommended
for commercial production and application. It is therefore imperative that the laboratory
application of the nanocomposite must be reviewed. A review of other methods as well as +
storage and cost. It is also very important to perform the environmental toxicity studies of the

synthesized nanocomposite.
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