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Abstract

To meet a fast-growing market demand for next generation portable electronic devices
with higher performance and increased device functionalities, efficient electrical energy
devices with substantially higher energy, power densities and faster recharge times such
as supercapacitors are needed. The overall aim of this thesis was to synthesize
nanostructured sulphonated polyaniline and transition metal single, binary and ternary
mixed oxide doped nanocomposites with electro-conductive properties. These
nanocomposites were anchored on activated graphitic carbon and used in design of
asymmetric supercapacitors. Tantalum(IV)oxide, tantalum(lV)oxide-nickel(Il)oxide,
tantalum(l1)oxide-manganese(ll1)oxide, tantalum(l1)oxide-nickel(Il)oxide-
manganese(l1,I11)oxide nanoparticles were synthesised using modified sol-gel methods.
These were then dispersed, individually, in acidic media through sonication and
incorporated in-situ into the polymeric matrix during the oxidative chemical
polymerization of aniline doped with poly(4-styrene sulphonic acid). These novel
polymeric nanocomposites were characterised with FTIR, UV-visible, TEM, SEM, EDS,
XRD to ascertain successful polymerization, doping, morphology and entrapment of the
metal oxide nanoparticles. SECM approach curves and interrogation of CV revealed that
these nanocomposites are conductive and electro-active. The cells showed good
supercapacitor characteristics with high specific capacitances of 170.5 Fg™’ in TaO,-
PANi-PSSA, 166.1 Fg™t in TaO,-NiO-PANi-PSSA, 248.4 Fg™ in TaO-Mn,0s-PANi-

PSSA and 119.6 Fg’ in TaO-NiO-Mn3;04-PANi-PSSA. Their corresponding energy



densities were calculated as 245.5 Whg™, 179.4 Whg™, 357.7 Whg* and 172.3 Whg™
respectively. They also gave respective power densities of 0.50 Whg™, 0.61 Whg™, 0.57
Whg™ and 0.65 Whg™ and showed good coulombic efficiencies ranging between 77.97%
and 83.19%. These materials are found to have a long cycle life and therefore good

electrode materials for constructing supercapacitor cells.
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Chapter 1

General Introduction

1.1 Background information
As global demand for energy rises inexorably with growth in human population and in

step with industrial growth and technological advancement, a progressive swing towards
renewable energy and energy storage becomes inevitable as concern grows over usage of
fossil fuel and as the world focuses its attention on global warming and resource
depletion. Renewable energy is intermittent by its nature. This then necessitates the
development of improved methods for storing electrical energy when it is available and
retrieving it when it is needed. Without advances in electrical energy storage, important
alternative forms of energy cannot be fully realized. Electrical energy can be stored using
two fundamentally different methods; (i) Directly, in an electrostatic way as negative and
positive electric charges on the plates of a capacitor by a non-Faradaic process and (ii)
Indirectly, in batteries as potentially available chemical energy requiring Faradaic
oxidation and reduction of the electro-active reagents. The advantages of such storage
and eventual retrieval are two-fold: reduced greenhouse gas emissions (notably CO;) and

improved energy sustainability.

Electrostatic capacitors, unlike storage batteries, are high power but substantially low
energy-density storage devices which can only store a very small amount of electric
charge unless they are large. Though they have been used as energy storage elements for
nearly a century, their low capacitance values have traditionally limited them to low

power applications as components in analogue circuits, or at most as short-term memory



backup supplies. Recent developments in manufacturing techniques have changed this
and with the ability to construct materials of high surface-area and electrodes of low
resistance, combined with an understanding of the charge transfer processes that occur in
the electric double-layer has made high-power electrochemical capacitors possible. We
can characterize the four decades history of capacitors technology perhaps best as one of
continual breakthrough development in which initial cost and power-energy density
challenges have consistently led to innovations that not only meet cost concerns but open
up new avenues of discovery [1-2] The practical realization of this possibility led to a
new paradigm viz; the development of supercapacitors. Supercapacitors are devices able
to store charges in an electrode/electrolyte interface. Also referred to as electrochemical
capacitors, electrical double-layer capacitors, ultracapacitors, power capacitors, etc,
supercapacitors store energy electrostatically between a solid electrode and oppositely
charged electrolyte ions that migrate towards the electrode when a potential is applied.
They therefore represent a new breed of technology that occupies a niche amongst other
energy storage devices that was previously vacant. They have the ability to store greater
amounts of energy than conventional capacitors, and are able to deliver more power than
batteries.

Development of supercapacitors occupies a pivotal role in the context of electrochemical
energy storage and conversion devices. Their unique combination of high power
capability and good specific energy make them occupy a functional position between
batteries and conventional capacitors [3-7]. This position of supercapacitors is easily
visualised by means of a Ragone plot (Figure 1), a graphical representation of a device’s

energy and power capabilities.
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Figure 1. Sketch of Ragone plot for various energy storage and conversion devices
[8].

The charge and discharge processes in a storage battery often involve irreversibility in
chemical inter-conversions of the electrode materials. This limits the cycle life of storage
batteries. By contrast, only an excess and a deficiency of charges on the capacitor plates
have to be established on charge and the reverse on discharge without chemical changes
involved. These highly reversible charge-storage processes of the supercapacitors make
them to have longer cycle-lives and can rapidly be charged and discharged making
capacitors to have an unlimited recyclability. This unique capacitor characteristic has
generated interest in their application and has attracted worldwide research interest. They
have found use in a wide, potential and growing range of applications that include mobile
devices, consumer electronic devices, hybrid electric vehicles, aerospace and industrial
power management and in particular in those applications where size is paramount [9-
13]. According to energy storage mechanisms, supercapacitors can be divided into two

types [13]; (i) electrochemical double layer capacitors (EDLC) and, (ii) the



pseudocapacitors (also referred to as redox supercapacitors). In the electrochemical
double layer, energy storage is principally electrostatic in nature. It arises mainly from
the separation of electronic and ionic charges at the interface between electrode materials
and the electrolyte solution. Electric charges are stored directly across the double layer of
the electrode. There is no charge transfer across the interface. The effect is true
capacitance. The mechanism of surface charge generation can be enumerated as; surface
dissociation, ion adsorption from solution, and crystal lattice defect. As an excess or
deficiency of charge builds up on the electrode surface, ions of opposite charge build up
in the electrolyte near the electrode/electrolyte interface in order to provide electro-
neutrality. The thickness of the double layer depends on the concentration of the
electrolyte and the size of ions. Figure 2 shows the mechanism of charge storage in an

EDLC cell [14-15].
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In the redox supercapacitors, fast Faradaic reactions take place to an extent limited by a
finite amount of active material or available surface [16]. This occurs at the electrode
when the application of a potential induces Faradaic current from reactions such as (i)
electrosorption which occurs when chemisorption of electron donating anion such as CI’,
Br’, or CNS™ takes place in a process such as M + A~ — MA®¥" + 8¢ (ii) redox reactions
of electroactive materials when an exchange of charge across the double layer occurs
rather than a static separation of charge across a finite distance resulting in oxidation-
reduction indicated as O,y + nNe” < Reg [11]. The two different storage mechanisms,
EDLC and pseudocapacitance, can exist for a supercapacitor system giving what is
rightly referred to as Electrochemical capacitor. Normally one of the storage mechanisms

dominates with the other being relatively weak.

1.2 Justification

Power demand and demand for the storage of energy in form of batteries for both
portable and static electronic applications have greatly increased. The present storage
systems are too costly to penetrate major new markets. Demand for higher performance
and increased device functionality in electronic devices such as radio tuners, notebooks,
cordless tools, cameras, mobile phones, laptops, etc. coupled with environmentally
acceptable materials have raised interest in search for efficient electrochemical energy
storage devices, and hence new materials whose constituents must be available in large
quantities in nature, to bring the cost of device production low [17]. Next generation
portable devices will require stable solid state supercapacitors with high power density,

flexible and transparent to meet the various design and power needs [18-19]. In a world



expressing growing concerns for the environment and conservation of natural resources, a
focus on development of vehicles with supercapacitor-battery power coupled systems
(hybrid electric vehicles (HEVS)) has taken an accelerated pace, with the design of an
automobile propulsion system currently going through a major evolution, perhaps the
biggest since its invention. The center of this change focuses on electrifying the power
system of the automobile. Contributing to the acceleration of HEVs is the factor of
energy supplies. As the economies of developed nations are sustained and as those of
developing countries mature, the automotive population is expected to be five times
larger by mid-century, growing from 700 million to 2.5 billion [20-21]. With petroleum
being a finite resource, two questions begs for answer. Where will the oil come from?
Where will the emissions be dispersed? The automobile companies have reduced the
emission of greenhouse gases, but due to the growth in the automotive population, air
pollution continues to increase. The answers to these gloomy questions compel us to
make every effort to build sustainable renewable energy systems. The rapid development
of stand-alone renewable energy systems such as wind and solar is limited by high life
cycle costs. One main contributor to the high life cycle cost is the battery which is used to
store electricity generated from these intermittent systems. Energy storage is an integral
part of renewable energy systems such as wind and solar due to their intermittent nature.
However this very intermittent nature of their output causes the battery to operate at
conditions of deep-discharged and overcharged states. Continuous exposure to rapid
charge/discharge profiles degrades the battery performance and reduces its lifetime [22-
24]. The reduced battery lifetimes lead to frequent replacement thereby increasing the

overall life cycle costs. Also as the power demand increases the battery energy capacity



decreases and the batteries then need to be oversized for high power applications. This
can be a problem for space constrained applications [22]. It can be seen from Figure 2
that supercapacitors have much higher power densities than traditional battery systems
[25] making a hybrid electric model worth consideration. This configuration is mainly
being considered by industry for hybrid electric and HEV applications because of the
potential reduction in the size/volume of the overall energy storage system. The usage of
sucapacitors also decreases the current loads on battery systems thereby potentially
improving battery lifetimes. Studies have shown that a simple parallel combination of
battery and supercapacitor leads to improved energy storage system performance as peak
power of the energy storage system can be enhanced, internal losses reduced and
discharge life of the battery be extended with the usage of supercapacitors [20-21]. It is
these advantages that make it worth investigating the supercapacitor configurations in the

context of building sustainable energy systems.

1.3 Aims and objectives of study

This research work aimed at developing cheap, environmentally friendly sulphonated and
transition metal oxide doped polymeric nanocomposite electrode materials that can be
applied in the design of high specific capacitance, high power and high supercapacitor
devices. Different binary, ternary and quartenary nanocomposite systems were developed
using different combinations of aniline, synthesized metal oxides; nickel oxide, tantalum
oxide and manganese oxide with the organic dopant poly(4-styrene sulphonic acid). The
specific objectives of this study were:

1 Synthesis of nanostructured transition metal oxides; nickel oxide, tantalum oxide,

manganese oxide, and the mixed metal oxides; nickel oxide-tantalum oxide, tantalum



oxide-manganese oxide, and the ternary tantalum oxide-nickel oxide-manganese
oxides.

2 Synthesis of nanostructured poly(4-styrene sulphonic acid) doped-polyaniline
nanocomposites with in-situ incorporation of the tantalum oxide and the mixed metal
oxides; nickel oxide-tantalum oxide, tantalum oxide-manganese oxide, and the
ternary tantalum oxide-nickel oxide-manganese oxides.

3 Electrochemical and spectroscopic characterization of the sulphonated and transition
metal oxide doped polyaniline nanocomposites.

4 Design of supercapacitor cells using the polymeric sulphonated and transition metal
oxide doped polyaniline anchored on activated graphitic carbon.

5 Characterization of the supercapacitor cells using two electrode electrochemical cell

configurations.

1.4 Thesis layout

Chapter 2 reviews the historical perspective of the concept of electrical energy storage at
the interface between an electrolytic solution and a solid since the 1800s. It looks at the
contemporary competing commercial interests of supercapacitors. An account of
development of the basic theory of double layer and double layer models is reviewed.
Storage of energy in a double layer is discussed. A review of suitable materials for
construction of supercapacitors including carbon based, polymer based and metal oxide
based plus a review of suitability of polyaniline as electrode polymer material for
supercapacitors is reviewed. Chapter 3 summarizes the basic description of all the

characterization techniques employed in the study while chapter 4 summarizes all the



procedures employed in the synthesis of metal oxide nanostructures, doping of
polyaniline and in-situ incorporation of the metal oxides into the polymer matrix to form
the desired polymeric nanocomposites. Methods of integration of nanocomposites with
activated graphite, preparation of electrodes, construction and testing of asymmetric
supercapacitor cells are discussed. Chapter 5 gives detailed summary of the results of
synthesis of nanostructures, characterization, construction and testing of supercapacitor
cells while Chapter 6 concludes the studies by arguing a strong case for supercapacitors
as part of the new wave of advanced energy storage devices that will further the push

towards greater energy efficiency and more sustainable alternatives.



Chapter 2

Literature review

2.1 Double-layer electrical energy storage: A historical perspective
The concept of storing electrical energy in the electric double layer that is formed at the

interface between an electrolytic solution and a solid has been known since the late
1800s. This concept of the double layer has been studied by chemists since the 19"
century when von Helmholtz first developed and modeled [26] the double layer concept
in investigations on colloidal suspensions. His work was subsequently extended to the
surface of metal electrodes in the late 19" and early mid-20" centuries [27-29]. A brief

historical review of the double layer is given later in the chapter.

The practical use of a double-layer capacitor, for the storage of electrical charge, was
demonstrated when in 1957 General Electric patented [27] an electrolytic capacitor
(Figure 3). This early patent utilized crude porous carbon electrodes in an aqueous
electrolyte and admits that “it is not positively known exactly what takes place when the
devices are used as energy storing devices,” it was believed that energy was being stored
in the pores of the carbon, and it was noted that the capacitor exhibited an exceptionally

high capacitance.
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Figure 3. The capacitor patented by General Electric [27].

From the Standard Oil Company of Cleveland, Ohio (SOHIO) patent granted in 1966
[30], it was acknowledged that electrolytic capacitors actually store energy in the
electrical double-layer, at the inter-phase between electrode and solution (Figure 4) with
the ‘double-layer’ at the interface behaving like a capacitor of relatively high specific

capacity.”
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Figure 4. An electrolytic energy storage device patented by SOHIO [30].

SOHIO also originated the first commercial double-layer supercapacitors in 1970. In the
year, they patented [29] [4] a disc-shaped device that consisted of carbon paste
electrodes, formed by soaking porous carbon in an a non-aqueous electrolyte separated
by an ion-permeable separator (Figure 5). SOHIO then licensed their technology to
Nippon Electric Company (NEC) of Japan in 1971 [31], who further developed and
successfully marketed double-layer supercapacitors, primarily for memory backup
applications becoming the first company to produce the first commercially successful

double-layer capacitors under the name “supercapacitor.”
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Figure 5. A capacitor patented by SOHIO [29].

By the 1980’s a number of companies such as Matsushita Electric Industrial Company,
simply known as Panasonic in the Western world, had developed their “Gold capacitor”
intended also for use in memory backup applications [32]. By 1987 Elna corporation had
begun producing their own double-layer capacitor under the name “Dynacap” [33].
Pinnacle Research Institute (PRI) developed the first high-power double-layer capacitors
(PRI Ultracapacitor) incorporating metal-oxide electrodes for military applications such
as laser weaponry and missile guidance systems [34]. Challenged by the PRI
ultracapacitor, the United States Department of Energy (DoE) started an aggressive
double-layer capacitor initiative as part of their hybrid electric vehicles program, and by
1992 the DoE Ultracapacitor Development Program was started at Maxwell Laboratories
[35]. A number of commercial companies around the world currently manufacture
EDLCs in a commercial capacity. NEC and Panasonic in Japan have been producing
electric double layer capacitor (EDLC) components since the 1980’s. In the U.S.A Epcos,
Elna, AVX, and Cooper companies produce components, while Evans and Maxwell

produce integrated modules that include voltage balancing circuitry. Kold Ban
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International markets a supercapacitor module designed specifically for starting internal
combustion engines in cold weather. Cap-XX in Australia offers a range of components,
as does Ness Capacitor Co. in Korea. In Canada, Tavrima manufactures a range of
modules. ESMA in Russia sells a wide variety of EDLC modules for applications in
power quality, electric vehicles, and for starting internal combustion engines. Research is
currently being conducted in many institutions in the interests of improving both the
energy and power densities of EDLC technology.

2.2 Electrochemical techniques

Electrochemical (Electroanalytical) techniques rely on electrochemistry which is an
interfacial science concerned with the interactions between chemical species and
interfaces. It is the use of electricity to effect chemical processes. It deals with the
measurements and understanding of electric quantities such as current, potential, and
charge, and their relationship to chemical parameters [36-37]. Electrochemical processes
occur at all kinds of interfaces ranging from those involving two phases such as solid-
liquid, liquid-liquid, liquid-gas and solid-gas interfaces through those involving three
phases such as solid-liquid-gas interfaces to those that take place at more complex
interfaces such as biological membranes. All these interfaces can be harnessed for
analytical measurements [37]. The reactions concerned in electrochemical processes are
redox reactions which involve the oxidized and reduced forms of a species be it an ion, a
molecule or a biological entity. Most of these cases correspond to the conversion of one
form into another and therefore involve the transfer of electrons across the interface. The
interface may be inert and thus only provide a suitable site for the reaction and a source

or sink for the electrons but more often than not the interface participates in the reaction.
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Electroanalytical techniques therefore harness the electrochemical relationship at the
interface to establish a link between an electrical signal (current or voltage) and the
presence of a chemical species in the vicinity of the electrode. Depending on the
technique used the output signal reflects any of the following quantities: the potential
difference between a working electrode and a reference electrode, the current flowing
between two electrodes or its integral over time (the charge passed) or the electrical
impedance of an electrochemical cell. The species of interest may be neutral or ionic
while the electrode may be bare or modified with a film. This film may range from a
single molecular layer to several mm thick [38]. Examples of materials used to modify
electrodes include mercury for the polarographic determination of trace metals [39],
conducting polymers [40], gels [41-42], polymers loaded with enzymes and redox
mediators [43-46], doped polymers [45], molecular constructions tethered to the electrode
surface and nanostructured materials [47-48] The electrodes may be passive as in
potentiometry or active as in amperometry and impedimetry. In potentiometry the
indicator electrode is in equilibrium with the analyte while in amperometry or
impedimetry the working electrode drives a reduction or an oxidation. In this case the
reaction at the electrode consumes species from the analyte and produces new species in
the analyte; the electron involved in the electrode reaction may therefore be viewed as a
reagent that can be supplied (reduction) or taken away (oxidation). In amperometry and
impedimetry the other electrode, often called the counter or secondary electrode,
undergoes a reverse reaction to that on the working electrode (e.g. an oxidation if the
working electrode runs a reduction) and therefore also alters the composition of the

analyte. A supercapacitor is an electrochemical device that operates on principles similar
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to those of conventional electrostatic capacitors in the sense that it uses an electrode-
solution interface that behaves similar to a capacitor. A brief review of supercapacitor

interface models is undertaken.

2.3 The double layer

2.3.1Conventional capacitor
Conventional capacitor stores energy in the form of electrical charge. A typical device

(Figure 6) consists of two conducting material plates separated by a dielectric.

———.. Connecting
wire

Dielectric

Metal plates

Dielectric capacitor

Figure 6. A conventional dielectric capacitor [49].

When an electric potential is applied across the conductors electrons begin to flow and
charge accumulates on each conductor. When the potential is removed the conducting

plates remain charged until they are brought into contact again, in which case the energy
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is discharged. The amount of charge that can be stored in relation to the strength of the
applied potential is known as the capacitance, and is a measure of a capacitor’s energy
storage capability. The charge, Q, for this capacitor is proportional to the applied voltage,
V, and known capacitance, C. Thus,

Q=CV 2.1

The capacitance is dependent on the physical characteristics of the capacitor. In parallel
plate capacitors, capacitance is proportional to the surface area of each plate, S,
permittivity of the dielectric material, ¢, and indirectly to the dielectric thickness, d [31].

Thus,

C=— 2.2
d

From equation 2.2, three inferences [50] can be made; (i) the larger the surface area on
the plates, the larger the capacitance, (ii) The smaller the distance separating the plates,
the greater the capacitance, (iii) the higher the permittivity, the higher the capacitance.
Despite the substantial differences in construction and structure of parallel plate

capacitors and supercapacitors, the three general inferences always apply.

Supercapacitors use an electrode-solution interface that behaves similar to a conventional

capacitor shown in figure 7.
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Figure 7. Schematic of a conventional capacitor

For an applied potential voltage, a charge on the electrode, ge, and in the solution, gs will
exist. Depending on the excess or deficiency of electrons, the charge on the electrode will
either be positive or negative. These electrons reside in a very thin layer on the solid
surface. The solution charge is determined by the cations or anions in the vicinity of the

electrode surface [51]. At all times,

d. =0, 2.3
applies to one electrode surface; in actual experiments, both metal electrodes would have
to be considered. However, due to coulombic interaction between the electrode and
electrolyte, the situation is more complicated [51].

As stated earlier, EDLCs store electrical charge in a manner similar to a capacitor but

charge does not accumulate on two conductors separated by a dielectric. Instead charge
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accumulates at the interface between the surface of a conductor and an electrolytic

solution (Figure 8).
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Figure 8. EDLC charge storage mechanism [52]

The accumulated charge hence forms an electric double-layer, the separation of each
layer being of the order of a few Angstroms. An estimate of the capacitance can be

obtained from the double-layer model.

2.3.2 Double layer interface models
The understanding of the electrical processes that occur at the boundary between a solid

conductor and an electrolyte has developed gradually. Various models have been
developed over the years to explain the phenomena observed by chemical scientists. The
double-layer model was first proposed by Helmholtz in 1853 [26]. His double-layer idea
consisted of two array monolayers of opposite charge separated by a distance of

molecular order. One layer forms on the charged electrode, and the other layer is
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comprised of ions in the electrolyte. In this model, the interface consisted of a layer of
electrons at the surface of the electrode, and a monolayer of ions in the electrolyte (figure
9). According to the Helmholtz model the differential capacitance is given by;

g

- 2.4
° Ans

Where, C;, the differential capacitance predicted by the Helmholtz model, is a constant

value dependent only on dielectric constant, ¢, and charge layer separation, o. The model
does not consider the adsorption of water molecules and counter ions.

Two flaws were found to be inherent with the Helmholtz model. First, it became apparent
that the ions on the solution side of the double layer would not remain in a static compact
array but be subject to the effects of thermal fluctuation according to the Boltzmann
principle [2]. Second, the structure is equivalent to a parallel-plate capacitor. The

relationship between the charge density, o, and voltage drop, V, between the plates is

\Y 2.5

¢’ is the dielectric constant of the medium, ¢, is the permittivity of free space and Jis the

interplate spacing. If differential capacitance is defined as,

c, =% 26
B,
Then, 9%-c, %% 2.7
B, B

This equation predicts the differential capacitance to be constant. However, variations in

the differential capacitance with potential and electrolyte concentration suggest that either
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the dielectric constant of the medium or the inter-plate spacing depends on these

variables [51]. Hence, a model was needed that addressed the two flaws.
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Figure 9. Models of the double layer as historically developed: a) Helmholtz model
b) Gouy-Chapman model of the diffuse layer c) Stern's model, combining (a) and
(b) d) Grahame's later model and e) Model of Bockris, Devanathan and Muller

showing presence and orientation of solvent dipoles [53].
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With the charge of the electrode confined to the surface, the same is not totally true on
the solution side. At low concentrations of electrolyte, it may require a significant
thickness of solution to accumulate the excess charge needed to counterbalance charge
density on the metal [51]. In the early 1900’s, Gouy considered observations that
capacitance was not a constant and that it depended on the applied potential and the ionic
concentration. To account for this behaviour Gouy proposed that thermal motion kept the
ions from accumulating on the surface of the electrode, instead forming a diffuse space
charge. To explain the theory, Gouy and Chapman introduced a mathematical model
based on combined application of the Boltzmann’s energy distribution equation and
Poisson’s equation. The Poisson equation was used to relate potential to charge density,
and the Boltzmann equation was used to determine the distribution of ions. lons were

considered as point charges with no volume [54-55].

The model introduces a diffuse layer of charge in the solution. The greatest
concentration of excess charge would be adjacent to the electrode, while lesser
concentrations would be found at greater distances. In the Gouy-Chapman theory, the
ions are not restricted with respect to the location of the solution phase. The theory
considers ions as point charges that can approach the surface boundary arbitrarily close,
thereby at high polarization, the effective separation distance between the solid and
solution phase can decrease to zero. Thus, the model assumes the charges decay rapidly
and continuously from conductive material to electrolyte without distinct layer
separation, a case which is not realistic [51]. This model successfully predicts the

temperature and potential effects on the capacitance and is accurate for low electrolyte
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concentrations, i.e. low surface charge density. The serious problem with Gouy-Chapman
theory is the overestimation of the double-layer capacitance. Also the model does not
take into account the distorted structure by steric effect and hydration force or
overlapping problem occurring in the nanopores. In 1924 Stern developed modifications
to overcome the serious problems in the Gouy-Chapman model by including a compact
layer as well as Gouy’s diffuse layer. The compact Stern layer consisted of a layer of
specifically adsorbed ions [56]. Grahame divided the Stern layer into two regions. He
denoted the closest approach of the diffuse ions to the electrode surface as the outer
Helmholtz plane (sometimes referred to as the Gouy plane). The layer of adsorbed ions at
the electrode surface was designated as being the inner Helmholtz plane (sometimes

referred to as the Gouy plane).

The theory argues that ions have a finite size and cannot approach the surface any closer
than the ionic radius. The solution side of the double layer is thought to be made up of
several "layers”. The layer closest to the electrode, the inner layer, contains solvent
molecules and other species which are said to be specifically absorbed. The loci for these
electrical centers reside in the inner Helmholtz plane, IHP, at a distance x;. The total
charge density for this inner layer is ¢'. If the ions remained solvated, the thickness of the
primary solution sheath would have to be added to the ionic radius. For solvated ions, the
loci of centers reside at a distance, x,. This layer is called the outer Helmholtz plane,
OHP. The interaction of the solvated ions with the solid surface involves long range
electrostatic forces and therefore, their interaction is independent of the chemical

properties of the ions. These are said to be nonspecifically adsorbed. Due to thermal
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agitation in the solution, the nonspecifically adsorbed ions are distributed throughout a
three dimensional region called the diffuse layer. The diffuse layer extends from the OHP
into the bulk of the solution. The charge density in the diffuse layer is o". The total
charge density on the solution side of the double layer is ¢°, which is equal to and
opposite the total charge on the solid side. Thus,

c'=c+o =-c" 2.8

Figure 10 depicts the proposed model where anions are specifically adsorbed.

In 1924, Stern modified the Gouy-Chapman model by including a compact layer as well
as Gouy’s diffuse layer. The compact Stern layer consisted of a layer of specifically
adsorbed ions [56]. Grahame divided the Stern layer into two regions. He denoted the
closest approach of the diffuse ions to the electrode surface as the outer Helmholtz plane
(this is sometimes referred to as the Gouy plane). The layer of adsorbed ions at the

electrode surface was designated as being the inner Helmholtz plane
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Figure 10. Stern-Grahame model [56]

The capacitance associated with the charge held at the OHP and independent of potential
is Cy. The diffuse layer charge, Cp, will vary with electrolyte concentration and potential.
Grahame combined the capacitance resulting from the Stern layer, Cy, and that resulting

from the diffuse layer, Cp. The total capacitance, C, is then described by Equation 2.9;

2.9

1 1 1
_— = —
c C, C,
In systems near the point of zero charge and low electrolyte concentration, one can
expect Cp to vary in a V-shape fashion. At large electrolyte concentrations or large

polarizations in dilute media, Cp becomes so large that the contribution to the overall
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capacitance is negligible meaning that the diffuse layer effect can be ignored. Equation
2.9 becomes invalid if specific adsorption of ions occurs, however, and if this is the case,

the capacitance is equated by Equation 3.0 [26].

) 3.0

o is charge density on the electrode, and oa is the surface charge of the adsorbed
ions. However, this model does not take into account the adsorption of water molecules

and other adsorbed ions.

In 1963 Bockris, Devanathan and Muller proposed a model (Figure 11) that included the
action of the solvent [56]. They suggested that a layer of water was present within the
inner Helmholtz plane at the surface of the electrode. The dipoles of these molecules
would have a fixed alignment because of the charge in the electrode. Some of the water
molecules would be displaced by specifically adsorbed ions. Other layers of water would
follow the first, but the dipoles in these layers would not be as fixed as those in the first
layer. However, this modern model still cannot be used to elucidate the situation inside
the nanopores and to predict the complications associated with nanopores such as ion
pairing and limited mobility. More accurate models are needed to better understand the
double layer structure. Despite the theoretical difference between EDLC and
pseudocapacitance, often both contribute to the actual capacitance of a supercapacitor.
Calculation of the capacitance of the supercapacitor is more difficult due to the complex

phenomena occurring near the pores and the pseudocapacitance involved [57].
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Figure 11. A double layer model including layers of solvent [56]

2.3.3 Construction of a conventional supercapacitor

In the construction of a conventional supercapacitor, two electrodes are immersed in an

electrolyte, with an ion permeable separator located between the electrodes (figure 12).
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Figure 12. Representation of an electrochemical double layer capacitor, in its charged state
[58].

Each electrode—electrolyte interface represents a capacitor so that the complete cell can
be considered as two capacitors in series. For a symmetrical capacitor i.e. one with

similar electrodes, the overall cell capacitance is determined by the series equivalent

circuit. Thus,
L = i + i 3.1
CceII Cl CZ
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2.4 Electrode materials for supercapacitors

The development of supercapacitors seeks to develop optimal electrode materials able to
provide a high and efficient accumulation of electrical energy with a simultaneous long
durability. There are three main categories for supercapacitor electrode materials. These
are; (i) carbon based, (ii) transition metal oxides and (iii) conductive polymer materials.
The salient features of these different classes of materials are discussed in this brief
review.

2.2.1 Carbon based electrode materials

The main factors that dictate the selection of carbon for many electrochemical
applications are its accessibility, low cost, easy processability, as well as different forms
that are attainable (powder, fibers, foams, fabrics, composites, foils, mats, monoliths)
and adaptable porosity with various surface functionality [59]. Carbon electrodes are well
polarizable, chemically stable in different solutions (acidic, basic, aprotic) and in a wide
range of temperatures. The amphoteric character of carbons, both electron
donor/acceptor, and with the possibility of simultaneous presence of acidic/basic surface
groups, allows the electrochemical properties of materials based on carbon to be
extensively used. The properties of carbon materials are strongly affected by the
preparation method. Hence, the selection of the synthesis route, type of precursor,
heating, atmosphere and temperature of pyrolysis allows to control the final product but
also to design carbons for a demanded practical target. Different carbon materials
including active carbons, aerogels, xerogels, nanotubes, etc, have been already tested for
supercapacitors. Generally, highly developed surface area, which is characteristic for

microporous carbons, is necessary for formation of electrical double layer but presence of
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mesopores are crucial if a high propagation of charge is demanded [6, 58]. Of the forms
of carbon, applications of carbon nanotubes as electrode materials for supercapacitors
have ignited significant worldwide investigation on their microscopic and macroscopic

porous structures and electrochemical behavior.

CNTs are remarkable nanostructure tubes of carbon that resemble rolled up graphene
sheets. The tubes may be single tubes, known as single walled carbon nanotubes
(SWCNT), or comprised of two or more nested concentric tubes, known as multi-walled
carbon nanotubes (MWCNT). The diameter of a SWCNT is typically on the order of 1
nm, whereas that of a MWCNT depends on the number of concentric tubes, and ranges
from several nanometers up to approximately 100 nm. The specific surface area of a
MWCNT is inversely proportional to its diameter, and varies from <100 m? g* for
relatively thick MWCNT to >1000 m? g * for SWCNT. The unique properties of high
surface area, high electrical conductivity, good chemical stability and significant
mechanical strength have promoted major research efforts aimed at finding practical
applications for these materials. They have been evaluated as electrodes for
supercapacitors, batteries and sensors [60-63]. Composites of carbon nanotubes and
polyaniline (PANI) have been found to exhibit superior characteristics than pure PANi or
pure CNTs. They show much higher specific capacitance, specific energy and specific
power and excellent long cyclic stability [64-65]. The uniform dispersion of CNTs
adheres strongly to the PANi matrix by the formation of a charge transfer complex rather
than the weak van der Waals interactions between them. This maybe due to the fact that
CNTs are a good electron acceptor and aniline is a fairly good electron donor. This

complex with strong interactions leads to charge stabilization and effectively promote the
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protonation of PANIi. This may then serve as condensation nuclei to increase the
propensity for the polymer to coat on the tubes to form the composite. This improves
dispersion of SWCTs into the PANI matrix and results in enhanced electric conductivity
[66-67]. In their investigation of capacitance of CNT/polymer composite and their
configurations, Frackowiak et al [68] showed that a 20 wt % of CNTs in a PANI/CNT
electrodes is sufficient to ensure a good permeability for the electrolyte and hence a high
electrochemical performance. They also showed that capacitance values of
polymer/CNTs are strongly dependent on cell configuration. This has been shown to be
the case by other workers [69]. In their study of the influence of microstructure on the
supercapacitive behaviour of PANI/SWCT composites, Gupta et al [64] has shown that
the specific capacitance of PANI/CNT composite is strongly influenced by their
microstructure with the microstructure itself depending on the wt % of PANI deposited.
They found that morphologies of the PANiI/SWCNT composites were found to vary with

the diameter of PANI.

Of a comparable mechanical strength to that of carbon nanotubes is graphene, the
perfectly flat monolayer of sp-carbon-atom tightly packed into a two dimensional
honeycomb lattice (Fig. 13) [70-71]. When individual graphene sheets where isolated
from mechanically cleaved graphite, they were found to exhibit unusual electronic
properties arising from the confinement of electrons in two dimensions [71]. Graphene is
a giant macromolecule that conducts both electricity and heat well in two dimensions
with individual graphene sheets having a theoretical specific surface area more than

double that of the finely divided activated carbon and a mechanical strength comparable
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only to that of carbon nanotubes which can be considered as graphene with a twist. It is a
two-dimensional (2D) building material for carbon materials of all other dimensionalities
(Fig 13) [71-72]. It can be wrapped up into zero dimensional fullerene, rolled into one-
dimensional carbon nanotubes (CNTSs) or stacked into three-dimensional graphite [70],
meaning that the sheets can thus be modified by engineering their shape, size, and

chemical structure.

4

Figure 13. Graphene: Mother of all graphitic forms [70-71]

The single-layer graphene is a zero band gap semiconductor or semimetal and exhibits
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fascinating properties such as a perfect ballistic effect, a room-temperature fractional
quantum Hall effect and an ambipolar electric field effect [73]. Based on these excellent
performances coupled with its low production cost in large quantities, makes graphene
commercially attractive and a promisingly useful material as atomically thin yet robust
components for nano-electronic and nano-electromechanical device applications in the
fields of energy storage, biomedicine, information transmission and in nanocomposite
materials as well as in nanoscale building blocks for new materials. The production cost
of graphene sheets in large quantities is much lower than that of carbon nanotubes
making it commercially attractive as atomically thin yet robust components for
nanoelectronic and nanoelectromechanical devices and as nanoscale building blocks for
new materials [74].

2.2.2 Conducting Polymers

Conducting polymers are organic polymers that conduct electricity. For many years, all
carbon based polymers were rigidly regarded as insulators, extensively utilized by the
electronics industry as inactive packaging and insulating materials because of their
insulating property. The idea that plastics could be made to conduct electricity would
have been considered to be absurd. This narrow perspective rapidly changed with the
discovery in 1960 of intrinsically conducting polymers (ICPs), commonly known as
synthetic metals. These are organic polymers that possess the electrical, electronic,
magnetic and optical properties of a metal while retaining the mechanical properties,
commonly associated with a conventional polymer. This class of polymers is inherently
conducting in nature due to the presence of a conjugated m-electron system in their

structure. ICPs have a low energy optical transition, low ionization potential and a high
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electron affinity [75]. The unique electronic properties of the conjugated polymers are
derived from the presence of w-electrons, the wave functions of which are delocalized
over a long portion of the polymer chain when the molecular structure of the backbone is
planar. It is therefore necessary that there are no large torsion angles at the bonds, which
would decrease the delocalization of the m-electrons system. The essential properties of
the delocalized n-electrons system, which differentiate a typical conjugated polymer from
a conventional polymer with o-bonds are: (a) the electronic (x) band gap (EgQ) is
relatively small at between 1 to 3.5 eV with corresponding low excitation and semi-
conducting behaviour; (b) the polymer molecules can be easily oxidized or reduced,
usually through charge transfer with atomic or molecular dopant species, to produce
conducting polymers; (c) net charge mobility in the conducting state are large enough so
that high electrical conductivities are realized, and (d) presence of quasi — particles,

which, under certain conditions, may move relatively freely through the material [76]

A high level of conductivity (near metallic) can be achieved in ICPs through oxidation—
reduction as well as doping with a suitable dopant [75]. The first ICP to be discovered
was polyacetylene, synthesized by Shirakawa et al [77]. They found that the conductivity
of polyacetylene could be increased by several orders of magnitude through chemical
doping and in reality it can be converted from an insulator to a metal like conductor. This
discovery heralded the dawn of a new era of conducting polymers. Following the study
other, polymers such as polypyrrole, polythiophene, polyaniline, poly(phenylene
vinylene), and poly(p-phenylene), as well as their derivatives, have been synthesized and

reported. Since Shirakawa, interest in ICPs has developed through three stages:
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(1) An initial interest motivated by their unique properties and practical possibilities;

(i) A decline in interest owing to difficulties in processing and poor mechanical
properties;

(ii1) Renewed interest following the discovery of solution and melt processibility of Pani

in the early 1990s [78].

ICPs can generally be divided into four primary types of electrically active polymer
systems based on their degrees of conductivity [79]. First, composites in which an
insulating polymer matrix is filled with a particulate or fibrous conductive fillers such as
a carbon or a metal to impart high conductivity are the most widely used conducting
polymeric systems with wide applications in interconnections, printed circuit boards,
encapsulations, heat sinks, conducting adhesives, electromagnetic interference (EMI)
shielding, electrostatic discharge (ESD), and aerospace engineering. Second, ionically
conducting polymers which have their application in the battery industry, the origin of
their electrical conductivity is a result of the movement of ions present in the system. An
example of such a polymer is polyethylene oxide, in which lithium ions are mobile. The
third group is the redox polymers in which the system contains immobilized redox
centers (electroactive centers) which are not necessarily in contact with one another, but
can conduct charge by electron transfer from one center to another through “hopping”
mechanism. During conduction, electrons tunnel from one redox center to another
through an insulating barrier. The systems need to have a large number of redox centers
to increase the probability of such tunneling. The last group is the conjugated polymers.

These polymers consist of alternating single and double bonds, creating an extended =-
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network. The movement of electrons within this n-framework is the source of
conductivity. A dopant is required to increase the level of conductivity for this type of

polymers.

Valence electrons in traditional polymers such as polyethylene are bound in sp®
hybridized covalent bonds. Such sigma-bonding electrons have low mobility and do not
contribute to the electrical conductivity of the material. The situation is completely
different in conjugated materials. The extended m -systems of conjugated polymer are
highly susceptible to chemical or electrochemical oxidation or reduction. These alter the
electrical and optical properties of the polymer, and by controlling this oxidation and
reduction, it is possible to precisely control these properties. Since these reactions are
often reversible, it is possible to systematically control the electrical and optical
properties with a great deal of precision. It is even possible to switch from a conducting
state to an insulating state. Conducting polymers have backbones of continous sp?
hybridized carbon centers. One valence electron on each center resides in a p, orbital,
which is orthogonal to the other three sigma-bonds. The electrons in these delocalized
orbitals have high mobility, when the material is doped by oxidation, which removes
some of these delocalized electrons. Thus the p-orbitals form a band, and the electrons
within this band become mobile when it is partially emptied. In principle, these same
materials can be doped by reduction, which adds electrons to an otherwise unfilled band.

Conductive organic polymers associated with protic solvents may also be "self-doped™ as

the solvent abstract electrons from the polymer.

36



The field of conducting polymers has witnessed an explosive growth in recent years with
electrically conducting conjugated polymers such as polyaniline, polythiophene,
polypyrrole and polyacetylene as well as their derivatives receiving considerable
attention because of their remarkable properties and numerous application potentials in
such multidisciplinary areas as electrical, electronics, thermoelectric, electrochemical,
electromagnetic, electromechanical, electro-luminescence, electro-rheological, chemical,

membrane, and sensors [80-84].

However, applications of such polymers still remain limited because most of them show
lower level of conductivity compared to metals. Also one of the main difficulties in the
control of the structure-properties relationship is their infusibility and poor solubility in
available solvents such that most of them cannot be characterized in solution. This has
been improved through doping. Also the presence of various substituent groups on the
monomer unit increases solubility but can decrease the conductivity [85]. Methods of
preparation, chemical constitution and doping can influence the physical and chemical

properties of polyaniline.

Polyaniline (PANI) is a typical phenylene based polymer having a chemically flexible -
NH- group in the polymer chain flanked by phenyl ring on either side with its
physicochemical properties being strongly related to the proportion of aryl amine and
guinone imine units present. PANI represents a class of macromolecules whose electrical

conductivity can be varied from an insulator to a conductor by the redox process. This
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polymer can achieve its highly conductive state either through the protonation of the
imine nitrogens or through the oxidation of amine nitrogens. For example the conducting
state of PANI can be obtained in its 50% oxidized emeraldine state in aqueous acids like
HCI and the resulting material is a p-type semiconductor. PANi possesses two
voltammetric redox pairs including three stable oxidation states, with the half-oxidized
state (emeraldine) being highly conductive in its protonated state. With the extent of
doping, polyaniline can have four different oxidation states [80]; Leucomeraldine base
(LEB), Emeraldine (EB), Emeraldine salt (ES) and Pernigraniline (PNB). Oxidative
doping of the leucomeraldine base or protonic acid doping of the emeraldine base
material produces the conducting emeraldine salt. Existence of different oxidation states
of PANI makes it useful as an electrode material in electrochemical capacitors [86-89].

A partial oxidation of PANi usually leads to the reorganization of bonds, resulting in an
increase in electronic conductivity. In the conducting state, there are regions that are
three-dimensionally ordered in which the conducting electrons are three-dimensionally
delocalized and regions where the polymer is strongly disordered, in which conduction
electrons diffuse through one-dimensional polymer chains that are nearly
electrochemically isolated. One dimensional localization in these nearly isolated chains

lead to decrease in conductivity with decrease in temperature.
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Chapter 3

Experimental: Analytical Techniques

3.1 Scanning Electrochemical Microscopy

3.1.1 Operational Principles
Scanning electrochemical microscopy (SECM) is a technique capable of probing surface

reactivity of materials at microscopic scales. In SECM current flows through a very small
mobile electrode tip called an ultramicroelectrode (UME) near a conductive,
semiconductive, or insulating substrate immersed in a solution containing an
electroactive species, the redox mediator. The current is used either amperometrically (or
potentiometrically) to interrogate the activity and/or topography of an interface on a
localized scale at a substrate as the tip is moved near the substrate surface [90-95]. The
UME is fabricated as a conductive disk of metal or carbon in an insulating sheath of glass
or polymer. Many different types of UMEs have been fabricated, e.g., microband
electrodes, cylindrical electrodes, microrings, disk-shaped, and hemispherical electrodes.
The disk geometry is preferred for SECM tips. UMEs offer important advantages for
electroanalytical applications including greatly diminished ohmic potential drop in
solution and double-layer charging current, the ability to reach a steady state in seconds
or milliseconds, and a small size allowing one to do experiments in microscopic domains.
The precise positioning capabilities, which make high spatial resolution possible, give the
SECM an important edge over other electrochemical techniques employing UMEs. A
basic operation of SECM involves means of moving the tip with a resolution down to the

Angstrom unit region by means of piezoelectric elements or stepping motors driving
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differential springs. A bipotentiostat controls the potentials of the tip and/or the substrate
versus the reference electrode and measures the tip and substrate currents. The SECM
instrument is often mounted on a vibration-free optical table to isolate it from
environmental vibrations. This is especially important for high resolution and low-current
measurements. The tip can be moved normal to the surface (the z- direction) to probe the
diffusion layer, or the tip can be scanned at constant z across the surface (the x and y
directions). The tip and substrate are part of an electrochemical cell that usually also
contains other (e.g., auxiliary and reference) electrodes. The substrate may also be biased

and serve as the second working electrode.
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Figure 14. Block diagram of the SECM apparatus [1].
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The electrode reaction at the tip gives rise to a tip current that is affected by the substrate.
This tip current is controlled by electrochemical reactions at the tip electrode and sample
substrate and is a function of the tip/substrate distance and the conductivity and chemical
nature of the sample substrate. The measurement of tip current can thus provide the
information about sample topography and its electrical and chemical properties. Several
SECM modes of operation can be realized. These include feedback mode [90-91],
generation/collection (G/C) mode [93], penetration mode [95] and ion transfer feedback
mode [96-97]. In this work, the feedback mode was used. This mode offers a simple
technique of characterizing the surface conductivity of the polymeric nanocomposite
substrate.

3.1.2 Construction of carbon paste electrode (CPE)

The increasing application of chemically modified carbon paste electrodes [98-99] for
electroanalytical measurements has received considerable attention for electroanalytical
measurements. The operation mechanism of such chemically modified carbon paste
electrodes depends on the properties of the modifier materials used to promote selectivity
and sensitivity towards the target species. In this work, carbon paste electrodes were
fabricated for use as SECM sample substrate. The modified carbon paste electrode were
prepared by mixing already prepared metal oxides or their sulphonated polymer
nanocomposites anchored on activated graphitic carbon powder with paraffin binder in
the ratio of 2 gm to 1 mL. This mixture was mixed in a mortar for at least 20 min to
produce the final semi-dry/wet paste. The carbon paste was packed into an electrode body

consisting of fabricated Teflon holes of 3 mm deep by 3 mm diameter fitted with copper

41



rod which serves as an external electric contact. Appropriate packing was achieved by
pressing and polishing the electrode surface against a perfectly polished smooth Teflon
sheet to produce a very smooth electrode surface. The electrode was then fitted into a p-
Tricell.

3.1.3 p-Tricell cell unit configuration.

The 15 uM diameter UME is cleaned by first polishing it on wet 1 pM alumina-oxide
(Al,05) size particle polishing powder followed by 0.5 and lastly 0.03 uM Al,O3 powder
all placed on alumina pads Buehler (Illinois, USA) aligned on a glass substrate. It was
then rinsed with ultra-pure distilled de-ionised water and sonicated in ethanol and ultra-
pure water for 10 minutes each. The modified CPE was fitted into the tricell making sure
that it was water tight. The cell was then mounted onto the leveled black base of the
SECM making sure that its window faces the direction of the VCAM camera. It is then
leveled using the bubble-leveling device and Allen-key screw and after the UME is held
in position using the SECM probe clamp, the four electrodes (counter electrode, reference
electrode, UME as working electrode and CPE the sample substrate) then connected in
place. The cell was then filled with 0.1M potassium chloride containing 0.005M
potassium ferricyanide mediator solution. The feedback approach curve and potential

area map experiments were then performed using the SECM model 370 in SECM mode.

3.2 Fourier Transform Infra-red spectroscopy (FTIR)

3.2.1 Basic principles
Fourier Transform-Infrared Spectroscopy (FTIR) [100-104] is a mechanically simple, fast

non-destructive analytical technique used to determine qualitative and quantitative
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features of IR-active molecules in organic or inorganic solid, liquid or gas samples. It’s a
precise measurement method which requires no external calibration and can be used to
identify an unknown material, to determine the quality or consistency of a sample and the
amount of components in a mixture when a material is irradiated with infrared radiation.
Absorbed IR radiation usually excites molecules into a higher vibrational state and the
wavelength of light absorbed by a particular molecule is a function of the energy
difference between the at-rest and excited vibrational states. The wavelengths that are
absorbed by the sample are characteristic of its molecular structure [101]. Fourier
Transform Infrared (FT-IR) spectrometry was developed in order to overcome the
limitations encountered with analytical dispersive instruments. The main difficulty with
dispersive instruments was the slow scanning process. A method for measuring all of the
infrared frequencies simultaneously, rather than individually, was needed. A solution was
developed which employed a very simple optical device called an interferometer. The
interferometer produces a unique type of signal which has all of the infrared frequencies
“encoded” into it. The signal can be measured very quickly, usually on the order of one
second or so. Thus, the time element per sample is reduced to a matter of a few seconds
rather than several minutes. Most interferometers employ a beamsplitter which takes the
incoming infrared beam and divides it into two optical beams. One beam reflects off of a
flat mirror which is fixed in place. The other beam reflects off of a flat mirror which is on
a mechanism which allows this mirror to move a very short distance (typically a few
millimeters) away from the beamsplitter. The two beams reflect off of their respective
mirrors and are recombined when they meet back at the beamsplitter. Because the path

that one beam travels is a fixed length and the other is constantly changing as its mirror
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moves, the signal which exits the interferometer is the result of these two beams
interfering with each other. The resulting signal is called an interferogram which has the
unique property that every data point (a function of the moving mirror position) which
makes up the signal has information about every infrared frequency which comes from
the source. This means that as the interferogram is measured, all frequencies are being
measured simultaneously. Thus, the use of the interferometer results in extremely fast
measurements. Because the analyst requires a frequency spectrum (a plot of the intensity
at each individual frequency) in order to make identification, the measured interferogram
signal can not be interpreted directly. A means of “decoding” the individual frequencies
is required. This can be accomplished via a well-known mathematical technique called
the Fourier transformation. This transformation is performed by the computer which then
presents the user with the desired spectral information for analysis [102]. The normal
instrumental process [100-104] includes the IR source which emits infrared energy from

a glowing black-body source.
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Figure 15. A simple FTIR spectrometer layout [104]

The IR beam passes through an aperture which controls the amount of energy presented
to the sample (and, ultimately, to the detector). It enters the interferometer where the
“spectral encoding” takes place and the resulting interferogram signal then exits the
interferometer. A laser beam is superimposed to provide a reference for the instrument
operation. The beam enters the sample compartment where it is transmitted through or
reflected off of the surface of the sample, depending on the type of analysis being
accomplished. This is where specific frequencies of energy, which are uniquely
characteristic of the sample, are absorbed. The beam finally passes to the detector for
final measurement. The detectors used are specially designed to measure the special
interferogram signal. The measured signal is digitized and sent to the computer where the
Fourier transformation takes place. The final FTIR spectrum is then presented to the user

45



as plots of intensity versus wavenumber for interpretation and any further manipulation.
Because there needs to be a relative scale for the absorption intensity, a background
spectrum must also be measured. This is normally a measurement with no sample in the
beam. This can be compared to the measurement with the sample in the beam to
determine the percent transmittance resulting in a spectrum which has all of the
instrumental characteristics removed. Thus, all spectral features which are present are
strictly due to the sample. A single background measurement can be used for many
sample measurements because this spectrum is characteristic of the instrument itself. To
identify the material being analyzed, the unknown IR absorption spectrum is compared
with standard spectra in computer databases or with a spectrum obtained from a known
material. Spectrum matches identify the polymer or other constituent(s) in the sample.
Absorption bands in the range of 4000 - 1500 wavenumbers are typically due to
functional groups (e.g., -OH, C=0, N-H, CH3, etc.). The region from 1500 - 400
wavenumbers is referred to as the fingerprint region. Absorption bands in this region are
generally due to intramolecular phenomena and are highly specific to each material. The
specificity of these bands allows computerized data searches within reference libraries to

identify a material.

3.3 Scanning Electron Microscopy (SEM)

3.3.1 Basic operational principle
SEM is a microscopic technique that uses a focused beam of high-energy electrons to

systematically scan across the surface of a solid specimen generating a variety of signals
at the surface through the electron-sample interactions revealing information about the

sample including external morphology (texture), chemical composition, and crystalline
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structure and orientation of materials making up the sample. A 2-dimensional image is
generated that displays spatial variations in these properties.

An electron gun generates the beam which is accelerated by a high voltage and formed
into a fine probe by electromagnetic lenses. The electron-optical column, through which
the beam passes, is held under high vacuum to allow a free path for the electrons to pass
through as well as to prevent high voltage discharge. The first lens, the condenser lens,
causes the beam to converge and pass through a focal point just above a condenser
aperture. The intensity of the electron beam when it strikes the specimen, and hence the
brightness of the image signal is primarily determined by the condenser lens, in
conjunction with the chosen accelerating voltage. The beam diverges again below the
condenser aperture and is brought into focus at the specimen through the demagnification
of a final lens, the objective lens which determines the diameter of the spot size of the
electron beam at the specimen, which in turn determines the specimen resolution [105-
106]. All SEM instruments are built around an electron column (see figure 16), which

produces a stable electron beam, controls beam current, beam size and beam shape.
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Figure 16. Schematic of a SEM [107]

The degree to which a specimen can be magnified is not the only consideration in
microscopy. A far more important factor to consider is its resolution. The limit of
resolution is the smallest separation at which two points can be seen as distinct entities.
As the resolution improves, the images of the objects tend to separate until they can be
independently visualized. This ability of the instrument to resolve fine structure is limited
by the diameter of the probe, and the number of electrons contained within the beam. The
image is effectively made up of lines of image points, each point being the size of the
beam probe. If a structure is smaller than the probe, it is not resolved. If however, the

probe is too small in relation to the area being imaged, it misses out on several smaller
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regions on the specimen thereby forming a poor quality image. There is a finite
relationship between magnification and the optimum probe size to obtain the derived
signal level, and it varies from specimen to specimen. The relationship between
resolution and wavelength is given by Abbe’s equation;

0.6124
d= - 3.1
nsin @

where d is the resolution, 1 the wavelength of the energy source, n the refractive index of
the medium through which the energy source travels, and 6 the aperture angle. Abbe’s

equation signifies the mathematical limit of resolution for an optical system.

Accelerated electrons in a SEM carry significant amounts of kinetic energy which is
dissipated as a variety of signals produced by electron-sample interactions when the
incident electrons are decelerated in the solid sample [107]. These signals include
secondary electrons (that produce SEM images), diffracted backscattered electrons (that
are used to determine crystal structures and orientations of minerals), photons
(characteristic X-rays that are used for elemental analysis and continuum X-rays), visible
light, and heat. Secondary electrons and backscattered electrons are commonly used for
imaging samples: secondary electrons are most valuable for showing morphology and
topography on samples and backscattered electrons are most valuable for illustrating
contrasts in composition in multiphase samples (i.e. for rapid phase discrimination). X-
ray generation is produced by inelastic collisions of the incident electrons with electrons
in discrete orbitals (shells) of atoms in the sample. As the excited electrons return to
lower energy states, they yield X-rays that are of a fixed wavelength (that is related to the

difference in energy levels of electrons in different shells for a given element). This is
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especially useful in qualitative determination of chemical compositions using Energy-
Dispersive X-Ray Spectroscopy (EDS).

3.3.2 Energy-Dispersive X-Ray Spectroscopy (EDS)

Energy Dispersive X-ray Spectroscopy (EDX or EDS), is a technique based on the
collection and energy dispersion of X-rays created when high energy electrons bombard a
sample. EDS systems [108-110] are typically integrated into either a TEM or SEM.
Either way, the two techniques are often used together. Interaction of an electron beam in
the TEM/SEM with a sample target produces a variety of emissions, including X-rays.
An energy-dispersive (EDS) detector is used to separate the characteristic X-rays of
different elements into an energy spectrum in order to determine the abundance of
specific elements. EDS can be used to find the chemical composition of materials down
to a spot size of a few microns, and to create element composition maps over a much
broader raster area. Together, these capabilities provide fundamental compositional

information for a wide variety of materials.

3.4 X-ray diffraction (XRD) Spectroscopy

3.4.1 Basic theory
A crystal lattice is a regular three-dimensional distribution (cubic, rhombic, etc.) of

atoms in space. These are arranged so that they form a series of parallel planes
separated from one another by a distance d, which varies according to the nature of the
material. For any crystal, planes exist in a number of different orientations - each with
its own specific d-spacing. Detailed information about the crystal nature of a material

can be revealed using X-ray diffraction (XRD) technique. This is a versatile, non-
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destructive technique used to reveal detailed information about the chemical

composition and crystallographic structure of natural and manufactured materials.

The basic instrumental measurement geometry is depicted in figures 17 and 18 [111].

The sample should preferably exhibit a plane or flattened surface. The angle of both the
incoming and the exiting beam is 6 with respect to the specimen surface. The diffraction
pattern is collected by varying the incidence angle of the incoming x-ray beam by 6 and
the scattering angle by 20 while measuring the scattered intensity | as a function of 26.
Two angles have thus to be varied during a 6/26 scan. Various types of powder
diffractometers are in use. For one set of instruments the x-ray source remains fixed
while the sample is rotated around 6 and the detector moves by 26. For other systems the
sample is fixed while both the x-ray source and the detector rotate by 6 simultaneously,
but clockwise and anticlockwise, respectively. The rotations are performed by a so-called
goniometer, which is the central part of a diffractometer. A goniometer of a powder
diffractometer (Fig. 17 and 18) comprises at least two circles or — equally — two axes of

rotation.
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Figure 18. Scattering of x-rays by a Crystallite of simple cubic structure [111].
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The high degree of order and periodicity in a crystal can be envisioned by selecting
sets of crystallographic lattice planes that are occupied by the atoms comprising the
crystal. The planes are all parallel to each other and intersect the axes of the
crystallographic unit cell. Any set of lattice planes is indexed by an integer triple
indicated by the Miller indices. The distance between two adjacent planes is given by
the interplanar spacing dng with the indices specifying the Miller indices of the
appropriate lattice planes. To observe maximum intensity in the diffraction pattern,
Bragg’s equation has to be obeyed. The equation is called Bragg equation and was
applied by W.H. Bragg and W.L. Bragg [112] in 1913 to describe the position of x-ray

scattering peaks in angular space.
Bragg’s equation, 2d,,, SING; = 14 (3.2)

By varying the angle theta, the Bragg's Law conditions are satisfied by different d-
spacings in polycrystalline materials. Plotting the angular positions and intensities of
the resultant diffracted peaks of radiation produces an emission spectrum characteristic
of the sample comprising a continuous part, called Bremsstrahlung, and some discrete
lines indicative of the chemical elements of the target material. Where a mixture of
different phases is present, the resultant diffractogram is formed by addition of the
individual patterns. Based on the principle of X-ray diffraction, a wealth of structural,
physical and chemical information about the material investigated can be obtained. A
host of application techniques for various material classes is available, each revealing

its own specific details of the sample studied.
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3.5 Electrochemical impedance spectroscopy

3.5.1 Basic operational principle

EIS is a technique which involves the application of a sinusoidal electrochemical
pertubation (potential or current) to a sample that covers a wide range of frequencies.
This multi-frequency excitation allows the measurement of several electrochemical
reactions that take place at different rates and the measurement of the capacitance of an
electrode.

Electrochemical impedance spectroscopy has been utilized to characterize impedance
parameters of supercapacitor electrode materials. Important among these parameters are
charge transfer resistance, electrical double layer capacitance, and diffusion resistances.
Resistances to transport can be thought of in terms of an electrical circuit, where flow is
inhibited by impedances. The definition of impedance, as used in EIS, is given by;

V, sin(at) _z sin(at)

_ Ve ~7,— 33
I, sin(at + @) sin(awt + ¢)

The Current (lo) and f (phase shift) can be measured as a function of an applied
pertubation AC signal (Vo), allowing the determination of impedance, Z [113]. By
applying this signal over a spectrum of frequency, the magnitudes of various resistances
and capacitances can be determined via an equivalent circuit model.

The two primary regions of resistance in most supercapacitor electrode are at the
electrode-electrolyte interfaces and in the bulk electrolyte. The resistances in these
regions are typically termed charge transfer resistance and solution resistance,
respectively. Another common name for the solution resistance can be ohmic resistance.
This resistance can be used to determine conductivity and diffusion of a charged species
through the electrolyte. Charge transfer resistance yields important information about
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exchange current and electrode polarization [51]. In addition to the resistances in these
regions, Electrochemical Double Layers (EDL) form between a charged electrode and
surrounding electrolyte. Accumulation of counter-ions near the electrodes gives rise to an
electrochemical capacitance at the solid-liquid interface. However, the capacitive
behavior is usually not ideal and this non-ideality is attributed to such factors as non-
uniform reaction rates on the electrode surface and electrode surface roughness [114].
EDL capacitance is exhibited by phase shift of the signal when performing EIS. EIS
measurements allow the study of phenomena happening at the electrodes and within the
solid-solution region. Specific parameters related to mass transfer, charge transfer and
reaction kinetics can be evaluated using the technique and EIS has been demonstrated to

provide insight regarding the total internal resistance of an electrode material.

Bode plots and Nyquist plots are both popular forms of displaying EIS results. The Bode
plot simply displays impedance and phase shift as functions of frequency. Such
information is useful for estimating electrode parameters, considering that behavior in the
Bode plots can be associated with either resistive or capacitive elements. In general,
impedance at very low phase shift (near 0) is associated with resistances such as charge
transfer and ohmic resistances. These low phase shift regions often occur at very high and
very low frequencies. In the mid-frequency range (1000 Hz to 1 Hz, for example),
impedance responses are often dominated by high phase shift. This generally indicates

capacitive behavior [113].
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Chapter 4

Experimental: Synthesis of nanostructured materials
4.1 Synthesis of metal oxide nanoparticles

4.1.1 Introduction
Nanoparticles are defined as particulate dispersions or solid particles with a size in the range

of 10-100 nm [115]. They are larger than individual atoms and molecules but are smaller
than bulk solid. Hence, they obey neither absolute quantum chemistry nor laws of classical
physics and have properties that differ markedly from those expected of atoms and molecules
or those of bulk solid. Two major phenomenon are responsible for these differences; first
the high dispersity of nanocrystalline systems. As the size of a crystal is reduced, the
number of atoms at the surface of the crystal compared to the number of atoms in the crystal
itself increases. Also, the spacing of the electronic levels and the band gap increases with
decreasing particle size. As such, properties which are usually determined by the molecular
structure of the bulk lattice become increasingly dominated by the defect structure of the
surface resulting in a state of matter representing a transition state between bulk solids and
individual atoms. The second phenomenon occurs noticeably only in metals and
semiconductors. It is called size quantisation and arises because the size of a nanoparticle is
comparable to the de Broglie wavelength of its charge carriers (i.e. electrons and holes).
Due to the spatial confinement of the charge carriers, the edge of the valence and
conduction bands split into discrete, quantized, electronic levels. These electronic levels
are similar to those in atoms and molecules. Because of these phenomenon differences,
nanoparticles display unique mechanical, optical, electrical, and magnetic properties that

differ radically from the corresponding bulk material.
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Synthesis methods for nanoparticles are typically grouped into two categories: “top-down”
and “bottom-up”. The first involves division of a massive solid into smaller portions. This
approach may involve milling or attrition, chemical methods, and volatilization of a solid
followed by condensation of the volatilized components. This is also referred to as the
physical method, a process in which coarse particles are ground to nanoscale particles. Ball-
milling requires high mechanical energy which results in straining the particles and in

contamination by the material of which the ball mill is made.

The second, “bottom-up”, method of nanoparticle fabrication involves condensation of atoms
or molecular entities in a gas phase or in solution. The latter approach is far more popular in
the synthesis of nanoparticles [116]. Chemical techniques provide for the mixing at the
atomic or molecular level, allowing for the production of highly homogeneous materials.
Nanoparticles can be synthesized chemically through electrochemical methods [117],
hydrothermal techniques [118], chemical vapor deposition [119], sol-gel methods, etc. This
work explores the use of sol-gel techniques in the synthesis of binary and ternary mixed
metal oxide systems containing tantalum, manganese and nickel. The aim is to obtain a very
fine inter-dispersion of the metal oxides and possibly the formation of mixed oxide phases
and study the synergetic effects between different pure or mixed oxide phases, which can
contribute to the pseudocapacitor activity and even more when they are incorporated to a
sulphonated polyaniline nanocomposite.
4.1.2 The sol-gel synthesis
To obtain metal oxides as nanoscale materials with well defined shape, size, and

composition, soft-chemistry routes, and in particular sol-gel procedures, offer advantages
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such as the possibility of obtaining metastable materials, achieving superior purity and
compositional homogeneity of the products at moderate temperatures with simple laboratory
equipment, and influencing the particle morphology during the chemical transformation of
the molecular precursor to the final oxidic network [120]. Sol-gel processes have been
extensively investigated by solid-state chemists for the preparations of metal oxides for
decades [121-126]. The process is convenient for its simple procedures, requiring little more
than standard solution chemistry. The initial aim in the sol-gel technique is to produce a sol,
which is a suspension of solid colloidal particles in a liquid. The colloidal particles may or
may not have the chemical composition of the desired end-product. The particles, through
van der Waals attraction, eventually connect to form a gel, a 3-dimensional solid network
having high porosity and high specific surface area. The gel can simply be dried and ground
If a nanoscale powder is the aim. The wet sol may be deposited onto a substrate and then
allowed to gel if a thin film is desired. The gel may be heated to induce chemical phase
changes, or to densify a thin film or ceramic structure. Sol-gel chemistry is used mainly to
produce metal oxides through reactive metal precursors which includes metallic salts MnX,
and alkoxides M(OR),, (M is a metal, X is an anion, R is an alkyl group). Metal oxides can
be synthesized directly in the initial chemical reaction, or a metal hydroxide may form which
can be heated to yield the oxide.
4.1.3 Apparatus and reagents
Analytical grades nickel acetate tetrahydrate [Ni(OAc)2.4H,0], polyvinyl pyrrolidone
(PVP), potassium hydroxide (KOH), citric acid, hydrochloric acid (HCI, 98%), ammonium
persulphate (APS, (NH,4),S,0s, 98%), nickel nitrate hexahydrate, sulphuric acid, tantalum

ethoxide, absolute ethanol, glacial acetic acid. All chemicals were purchased from Sigma-
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Aldrich (Cape Town, South Africa). They were used as received without further
purification except aniline. Aniline was purified by distillation. The distilled aniline was
purged with argon gas and then stored in a freezer at a temperature of below 0 °C. Falcon
tubes, centrifuging machine, vacuum furnace, box furnace.  Cyclic voltammetric
experiments were carried using a BAS100W integrated and automated electrochemical work
station from Bio Analytical Systems, Lafayette, USA. The voltammograms were recorded
with a computer interfaced to the BAS 100W electrochemical workstation.
Chronopotentiometric measurements were carried out using VoltaLab PGZ 402 from
Radiometer Analytical (Lyon, France) and recorded on a computer interfaced with the
VoltaLab PGZ 402 work station. A 10 mL electrochemical cell with a conventional three
electrode set up was used. The electrodes were: (i) glassy carbon working electrode from
BAS either bare or modified with nickel oxide (ii) platinum wire, from Sigma Aldrich, acted
as a counter electrode and (iii) Ag/AgCl (3 M KCI) from BAS was the reference electrode.
Transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopic
analysis of the nickel oxide mounted on a carbon membrane supported on a copper coated or
grid was done using a Tecnai G2 F20X-Twin MAT 200 kV Field Emission Transmission
Electron Microscope from FEI (Eindhoven, Netherlands. The TEM and EDX specimens
were prepared by dispersing an arbitrary amount of solid in ethanol by ultrasonic treatment.
A few drops were poured onto a porous carbon membrane or on a copper grid, and then

dried in ambient temperature.
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4.2 Synthesis of nickel oxide, manganese oxide and tantalum oxide nanostructures

4.2.1 Introduction
Nickel oxide (NiO) has been investigated as a promising material that can be used as battery

cathodes, catalysts, gas sensors, supercapacitors electrode materials, electrochromic films,
and in magnetic materials [127-131]. Because of the volume effect, the quantum size effect,
and the surface effect, nanocrystalline NiO may possess many improved properties than
those of bulk NiO particles. The particle nanostructural properties (particle size, distribution,
and morphology) are closely related to the preparation techniques. Various methods on the
preparation of NiO nanostructures have been reported. Wu et al [132] synthesized NiO
nanoparticles of different shapes by four different methods using different amines and
surfactants. His study showed that by altering the concentration and composition of solvents,
different morphologies having variant diameters, shape, and distribution can be achieved.
Tiwari and Rajeev [133] prepared NiO nanoparticles of different sizes by sol-gel method
using nickel nitrate as precursor. Microemulsion route has been employed to prepare NiO
nanoparticles by using cationic surfactant by Han et al [134]. Li et al [135] obtained NiO
nanoparticles via thermal decomposition using ethanol as solvent. Wu and Hsieh [136]
prepared NiO nanoparticles by a chemical precipitation method. Dharmaraj et al [137]
obtained NiO nanoparticles using nickel acetate as precursor. An et al [138] synthesized

NiO nanocrystals using nickel chloride hydrate as nickel source.

The low cost, environmentally friendly and potentially useful manganese (IV) oxide for
pseudocapacitor applications have been prepared by various synthetic methods starting from

such precursor materials as carbonyls [139], manganese acetylacetonate [140], acetate [141],
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or formate [142] in trioctylamine, with oleic acid as a stabilizing agent and manganese

cupferronate complexes or fatty acid salts in high boiling solvents [143-144].

Tantalum oxide nanoparticles are of considerable interest in optical and optoelectronic
technology [145] especially as an ion conductor for applications in electro-optical devices
such as chromogenic glazing in windows and large scale information displays [146-147]. It
has been used commercially by Donnelly Corp (Holland, MI) in electrochromic mirror
devices for vehicle applications [145]. Because of its high protonic conductivity, tantalum
oxide is a candidate for inorganic type solid electrolyte in electrochromic devices [148].
Tantalum oxide has been used commercially by Donnelly Corp. (Holland, MI) in
electrochromic mirror devices for vehicle applications [149]. Tantalum oxide films have
been prepared by conventional techniques, such as reactive evaporation [150], reactive
sputtering [151], pulsed-laser assisted deposition [129], and chemical vapor deposition

[152]. In this work, sol-gel method was used to synthesis tantalum oxide nanoparticles

The fabrication of nanomaterials emphasis not only size, the geometry, and chemical
homogeneity, but also the simplicity and practicability of synthesis techniques. When
developing a synthesis method for generation of nanostructures, the most important issue
that one needs to consider is the simultaneous control over composition, dimensions,
morphology, and monodispersivity. In this work, two simple surfactant assisted sol-gel
approaches to the synthesis of NiO and MnO; nanostructures, and a non-aqueous alkoxide

based sol-gel for the synthesis of tantalum oxide nanostructures were adopted.

61



4.2.2 Experimental

4.2.2.1 Synthesis and characterization of nickel oxide nanoparticles

Two surfactant assisted synthetic routes were followed to synthesize nickel oxide
nanostructures; an aqueous and a non-aqueous route. In the aqueous synthesis, 1.0 gm of
nickel acetate tetrahydrate, Ni(OAc),.4H,0, and 2.0 gm of polyvinyl pyrrolidone (PVP) was
dissolved in 100.0 mL distilled de-ionised water at room temperature. The solution was
stirred thoroughly for one hour using a magnetic stirrer. A solution of 1M potassium
hydroxide (KOH) was prepared in distilled de-ionised water. The KOH solution was added
dropwise slowly to the solution of Ni(OAc),.4H,0 and PVP till the pH reaches 12.0. This
was stirred for one hour using a magnetic stirrer. The resultant light green fine suspension
was centrifuged for 20 minutes at 6000 rpm. After the supernatant was discarded, the
resulting precipitate was washed three times with a lot of water and 3 times with ethanol. It
was dried at 50 °C for 12 hours under vacuum. The drying temperature was increased to
80°C and dried for a further 6 hours. The dried solid was calcined for 3 hours in a box
furnace at 350 °C. In the non-agqueous synthesis, 2.5 gm of nickel nitrate hexahydrate and
3.8 gm citric acid were dissolved in 50 mL of ethanol with thorough stirring with a magnetic
stirrer until a clear mixed solution was formed. The solution was kept at 120 °C in an oven
until the alcohol entirely evaporates and a green barmy paste formed. The paste was placed

in a large crucible and calcined at 750 °C for 8 hours in air.
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4.2.2.2 Synthesis of manganese oxide nanoparticles
The synthetic route for the synthesis of manganese oxide nanoparticles was adopted from
the route for the aqueous surfactant assisted synthesis of nickel oxide. In the method,

manganese acetate tetrahydrate was used instead of nickel acetate tetrahydrate.

4.2.2.3 Synthesis of tantalum oxide nanoparticles

508 pL of tantalum ethoxide was mixed with 2.532 mL of absolute ethanol in a 50 mL bottle
and stirred for 30 minutes. 191 pL of glacial acetic acid was slowly added with slow stirring.
The content was stirred for 2 hours to form a white gel. The gel was transferred to 50 mL
falcon tubes and centrifuged for 15 minutes at 6000 rpm. It was washed with absolute
ethanol by adding the ethanol to the residual, mechanically shaking and centrifuging again
and discarding the supernatant. The residual is dried in vacuum furnace at 45 °C for 12
hours then 120 °C for 4 hours. They are then annealed at 350 °C in a box furnace for 3
hours.

4.2.2.4 Synthesis of the binary and ternary mixed metal oxides nanoparticles.

To synthesize tantalum and nickel mixed oxides nanoparticles, 508 pL of tantalum ethoxide
was mixed with 2.532 mL of absolute ethanol in a 50 mL bottle and stirred for 30 minutes.
Simultaneously 1.0 gm of nickel acetate tetrahydrate, Ni(OAc),.4H,0, and 2.0 gm of
polyvinyl pyrrolidone (PVP) were dissolved in 50.0 mL of absolute ethanol and the mixture
stirred for 30 minutes at room temperature. The tantalum ethoxide and nickel acetate
tetrahydrate solutions were mixed together in a 200 mL bottle with thorough stirring for one
hour using a magnetic stirrer. A solution of 1M potassium hydroxide (KOH) was prepared in

distilled de-ionised water. The KOH solution was added dropwise slowly to the reaction
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mixture of tantalum ethoxide, Ni(OAc),.4H,0 and PV/P till the pH reached 11. Stirring was
continued for one hour. The resultant product was filtered using sunction pump and the
residual washed three times with a lot of water and 3 times with ethanol. It was dried at 50
°C for 12 hours under vacuum. The drying temperature was increased to 80°C and dried for
a further 6 hours. The dried solid was calcined for 3 hours in a box furnace at 350 °C. For
the synthesis of tantalum and manganese mixed metal oxide oxides, the experiment was
repeated using manganese acetate tetrahydrate instead of nickel acetate tetrahydrate.
Similarly for the ternary tantalum, nickel and manganese mixed oxides, the experiment was
repeated by dissolving equal masses of nickel and manganese acetate tetrahydrate in 100 mL

of absolute ethanol.

4.2.2.5 Synthesis of polyaniline and poly(4-styrene sulphonic acid) doped polyaniline

PANi and PSSA-doped PANi were synthesized by chemical oxidation of their respective
monomers. In a 200 mL bottle, 2 mL aniline was dissolved in a 100 mL solution of 2 M HCI
in distilled water. The solution was stirred for 30 minutes at room temperature using a
magnetic stirrer (500 rpm). The mixture was then transferred in ice-bath kept at 0-5 °C and
stirred for a further 30 minutes. Thereafter, 1.165 g of ammonium per sulphate (APS) was
added to the solution to initiate polymerization. The resultant mixture was stirred for another
3 hours. The product was left standing for 4 hours in ice-bath. 25 mL of absolute ethanol
(99.9%) was added. The mixture was left standing for 48 hours at room temperature. Two
distinct layers of a solid that settled at the bottom and a supernatant liquid formed. The
upper liquid layer was slowly decanted and discarded. The residual was washed thoroughly

with large amount of ultra-pure distilled de-ionized water by mechanical shaking,
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centrifuging the mixture for 15 minutes at 6000 rpm and discarding the upper solution layer.
The washing was done three times and lastly repeated with ethanol. The product was dried
at 45 °C for four hours under vacuum then at 78 °C for 12 hours. To dope polyaniline with
poly-(4-styrene sulphonic acid), the experiment was repeated by adding 4.5 mL of the

dopant (PSSA) and 2 mL of aniline to the 100 mL of 2M HCI solution.

4.2.2.6 Synthesis of sulphonated polyaniline and metal oxide polymeric nanocomposites
The synthesis of the polymeric nanocomposites was done by ultrasonic dispersion and
polymerization of aniline. 0.225 g of tantalum oxide was weighed and added to 100 mL of
2M HCI in a 200 mL bottle to which 4.5 mL of poly-(4-styrene sulphonic acid) was added.
The mixture was sonicated for 30 minutes and then transferred to an ice-bath maintained at
between 0-5 °C. 2 mL of aniline and 1.165 g of ammonium persulphate were added to the
mixture and stirred for 1 hour using a magnetic stirrer. The mixture was left standing for 4
hours in ice-bath and then out of the bath for 48 hours. Two distinct layers of a solid that
settled at the bottom and a supernatant liquid formed. The upper liquid layer was slowly
decanted and discarded. The residual was washed thoroughly by adding a large amount of
ultra-pure distilled de-ionized water, mechanically shaking, centrifuging the mixture for 15
minutes at 6000 rpm and discarding the upper solution layer. The washing was done three
times and lastly repeated with ethanol. The product was dried at 45 °C for four hours under
vacuum then at 78 °C for 12 hours. For the PANi-tantalum oxide-nickel oxide-PSSA, PANi-
tantalum oxide-manganese oxide-PSSA and PANi-tantalum oxide-nickel oxide-manganese
oxide-PSSA nanocomposites, experiments was repeated by using 0.225 g of the respective

metal oxide mixture.
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4.3 Preparation of supercapacitor electrode materials and fabrication of electrodes

A unit cell experimental setup was used to test the performance of electrochemical
materials, i.e. an electrochemical unit cell with two electrodes and a separator
sandwiched between the two. A single electrode can also be used. A unit cell is used to
simulate a real supercapacitor and can give information of practical performance. It is
structurally similar to a supercapacitor product while a single electrode can provide
detailed electrochemical information about electrode materials excluding effects of cell
structure. Normally, a single electrode is tested in a “three-electrode cell” in which the
electrode material acts as the “working” electrode and the potential of the electrode is

measured relative to a reference electrode. The cell is completed by a counter electrode.

4.3.1 Preparation of electrode materials

The electrode materials used in the experiments for fabrication of electrodes consisted of
90% wt active material and 10% wt PTFE bidder. The active material consisted of
chemically synthesized; (i) TaO,-PANi-PSSA, (ii) TaO,-NiO-PANI-PSSA (iii) TaO-
Mn,03-PANI-PSSA and (iv) TaO-NiO-Mn3;04-PANi-PSSA. All of these materials were
integrated with activated graphite. The bidder used in each material was 10% wt
polytetrafluoroethylene (PTFE) (Aldrich, solution form of 60% PTFE in H,O). Samples
were made on a 0.3 g basis.

4.3.2 Oxidative pre-treatment of graphitic carbon

Oxidative pre-treatment [40] of graphitic carbon was undertaken to functionalise the
graphite. The following protocol was observed. 5.0 g of graphitic carbon was weighed

and sonicated for 7 hours in a mixture of 150 mL conc. HNO3; and 50 mL conc. H,SOq
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(acid ratio = 3:1). The mixture was left standing overnight. Two layers were formed with
the solid settling at the bottom and a supernatant liquid forming at the top. The
supernatant liquid was decanted slowly. The oxidized graphite residual was extensively
washed with de-ionised water by adding 50 mL of water in a plastic bottle, mechanically
shaking the mixture and centrifuging at 6000 revolutions per minute (rpm) for 15 minutes
using a centrifuging machine model EBA 21 Hettich ZENTRIFUGEN. This washing was
repeated until the washings ran neutral at pH 7. The sample was dried under vacuum
overnight at a temperature of 55 °C prior to use.

4.3.3 Integration of the nanocomposites with activated graphite.

0.5 g of the composite, 0.5 g of activated graphitic carbon and 1.0 g of the surfactant
hexadecylcetyltrimethylammonium bromide (CTAB) were weighed and added to a glass
bottle to give a 1:1:2 mass/mass/mass ratio respectively. 100 mL of water was added and
the content was placed in a silicone oil bath and the temperature was adjusted to 80 °C.
The content was stirred for 48 hours in a closed system using magnetic stirring. The
mixture was vacuum filtered and repeatedly washed with distilled de-ionised water five
times to get rid of the surfactant. The solid was dried under vacuum overnight at 45 °C.
4.3.4 Preparation of electrode

For each of the active materials, 0.225 g of the material was measured and 42 uL of
PTFE were measured and dispersed in 3 mL isopropyl alcohol in a 30 mL beaker by
ultrasonic shaking for 30 minutes to form homogeneous mixed slurry. The beaker and its
content is placed on top of a hot plate at the lowest setting and constantly stirred with a
cellulose rod to evaporate the solvent and further mix the components to form dough.

Once the isopropyl alcohol has almost completely evaporated, the dough is transferred to
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a flat glass plate and using a Teflon rod, rolled into a thin mm thick film. The prepared
film was put into an oven and baked at 100 °C in a vacuum oven for 24 hours during
which time the remaining isopropyl alcohol and/or moisture in the film completely
evaporated. The large piece of film was cut into small pieces of about 1 cm?. The mass of

each piece to be used is weighed and recorded for specific capacitance calculations.

4.3.5 Construction of a single electrode
A single electrode was assembled with three parts; electrode material, nickel mesh

current collector and copper wire. The electrode was assembled by cutting the nickel
mesh current collector into a 1 cm x 4 cm rectangular shape. It was then cleaned
mechanically shaking it in 1 M H,SO,4 and washed with deionised water. Dried in oven
and weighed. The piece of material wafer was placed on the nickel mesh and the two
folded in between an aluminium foil and then sandwiched between two stainless steel
blocks whose surface is well polished for pressing the wafer onto the nickel mesh. A
pressure of 20 MPa was applied and kept for 5 min to enhance the contact between the
electrode material wafer and the current collector. The electrode was then weighed and
the difference in mass was used as the active mass of the electrode. The copper wire was
tightly held onto the current collector using seal tape for external circuit connection. This
acted as the cathode in the cell construction. The anode electrode was made similarly
save for the active material. The active material for anode electrode was activated carbon.
The two were used to make asymmetric supercapacitor cell. The procedure was repeated

for each nanocomposite.
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4.3.6 Fabrication of two-electrode supercapacitor cell and testing its performance.
The cell was fabricated and tested using the BST8-3 eight-channel battery testing

machine in a two-electrode cell system. A supercapacitor cell was made by holding
together the two single electrodes (cathode and anode) with a porous and electronically
non-conductive separator (polypropylene film) placed between them to form the cell
configuration. This two-electrode cell was then tested using the BST8-3 eight-channel
battery testing machine in a two-electrode cell system for cycling and potentiostatic-

galvanostatic charge/discharge.
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Chapter 5

Results and discussion

5.1 Introduction
This chapter presents the characterization results of the chemically synthesized

poly(styrene sulphonic acid (PSSA) and transition metal oxide doped polyaniline
nanocomposites. This includes the use of the techniques TEM, HRTEM, SEM, XRD,
UV-Visible, FTIR, SNIFTIR, CV, EIS and SECM. These techniques are used to basically
interrogate the morphological and spectroscopic properties, elemental composition,
electrochemical and kinetic parameters of the composites. Results of design and
characterization of supercapacitor cells are finally discussed.

5.2 Synthesis of nickel oxide nanoparticles

Figure 19 shows a TEM image of nickel oxide nanoparticles. These were identified as
nickel oxide by EDX (fig 20) analysis. The image reveals a large number of dispersed

nanoparticles with a uniform average particle size of 7 nm.
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Figure 19. TEM picture of nickel oxide nanoparticles.

The EDX spectrum of the nanoparticles illustrated in figure 20 shows pronounced peaks
of nickel and oxygen and confirms the identity of the nanoparticles. The carbon peaks in
the EDX spectrum originated from the carbon membrane used to support the samples for

TEM observations.
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Figure 20. EDX spectrum of nickel oxide nanoparticles

The synthesis of nickel oxide nanoparticles used a surfactant (polyvinyl pyrrolidone)
assisted protocol. The use of the surfactant played a role in the formation of well
dispersed nanoparticles. Particle formation is a complex process and a surfactant not only
provides a favourable site for the growth of the particulate assemblies, but it also
influences the formation process including nucleation, growth, coagulation and
flocculation [153-154]. Polyvinyl pyrrolidone nucleates by forming co-ordinate bonds
with nickel ion in the composite mixture. This controls particle aggregation and led to the
formation of size homogeneous and well dispersed nickel oxide during calcinations in the

air.
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The XRD pattern of NiO nanoparticles is given in figure 21. The nature, position and
existence of strong and sharp diffraction peaks at 2-Theta values corresponding to (111)
(200) and (220) crystal planes indicate the formation of phase pure cubic nickel oxide
(the bunsenite structure). The nickel oxide formed in this synthesis was black in colour.
The characteristics of nickel oxide formed in sol gel synthesis depend largely on the
crystallite nanosize and distribution besides the synthesis route and prevailing
experimental conditions, e.g. nickel oxide can be pale apple green or jet black depending
up on the stoichiometry. While the green corresponds to the composition NiO and is an
insulator, the black material has a deficiency of Ni?* ions represented as Nig.gsO1.00 and

behaves as a p-type conductor [155].
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Figure 21. XRD of NiO nanoparticles
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From the XRD spectra, all the detectable peaks are consistent with those of NiO phase.
The XRD pattern of the PVP precursor residues is a broad peak from 10° to 30° [156].
However, there is no broad peak that is observed within this 2-Theta range. This means
that the PVVP decomposes completely on heating the precursor at 350 °C for 3 hours. This

fact is supported by an analysis of the FTIR spectra of the calcinations product (see figure

22).
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Figure 22. FTIR of precursors and calcined nickel oxide
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The precursor materials for synthesis of the nanoparticles were thermally decomposed
and got eliminated as gases during calcination. The spectrum of nickel acetate/PVA
precursor showed strong absorption peaks in the region below 1800 cm™ which are
absent in the calcination product confirming complete removal. A peak around 450 cm™
for calcined powder arising from Ni-O stretching has been reported by other researchers
[137]. Figure 23 is a characteristic cyclic voltammetric (CV) curve profile for the NiO
nanostructure sample showing a pair of redox peak which can be attributed to transitions
in the oxidation states of nickel. The presence of a redox pair means that the material can
contribute to pseudocapacitance when used in a composite form to construct

supercapacitors.
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Figure 23. Cyclic voltammetry of nickel oxide nanoparticles
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5.3 Synthesis of manganese oxide nanoparticles
The protocol for the synthesis of manganese oxide nanoparticles was similar to that of the

synthesis of nickel oxide nanoparticles save for the source of manganese ion and some
citric acid that was added.

The growth of the nanorods may follow a vapour-solid phase mechanism [157]. Acting as
a ligand, citric acid, (3-carboxy-3-hydroxypentanedioic acid), hold Mn?* particles in a
chelate. Mn particles are formed first during the sol-gel derived products according to
equation 5.1,

9Mn(NO3)2.6H20(|) + 2C6H807.H20(5) — 9M1’1(g) + 12C02(g) + 18N02(g) + 64H20(|) (51)

These Mn particles were formed in different sizes. The small-sized particles were first
evaporated into the atmosphere. These then reacted with oxygen to form a complex
network of Mn3;O, nanowires of varied lateral sizes via the vapour-solid mechanism with

longitudinal lengths that ranges from nanoscale to microscale.

From the EDX spectra in figure 24, the elemental composition of the nanorods is found

to be Mn and O.
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Figure 24. EDX spectrum of Mn3O,

The entire XRD diffraction pattern of the sample is shown in figure 25. All the strong and
sharp diffraction peaks are consistent with the Joint Committee on Powder Diffraction
Standards (JCPDS) card file no. 24-0734 which are indexed to the tetragonal phase of

hausmanite, Mn3QO4, confirming that the bright brown materials of the samples formed as
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the calcination product in the present study and consistent with those of other workers,

were basically permanganese trioxide, Mn3;O,4 [158-159].
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Figure 25. XRD of Mn3O,

Mn304, manganese (11, I11) oxide, has a spinel structure, also known by the mineral name
Hausmanite. In the compound, Mn?" occupies tetrahedral positions and Mn** occupies
the corresponding octahedral sites. The general formula of the compound is

(Mn?)(Mn®*"),0,4. These manganese oxides present several oxidation states (+2, +3, +4
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and +7). As such it is redox active and presents several redox peacks as is shown in figure

26.
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Figure 26. CV of Mn3O4in 1 M H,SO4

From its redox characteristics, Mn3O, would thus offer strong contribution to
pseudocapacitance. Also, hausmanite (Mn3O,4) is of interest in many industrial and
technological applications. It is widely used as reactive catalysts, raw material of
humidity sensors, the cathode oxides of Li-ion secondary batteries and soft magnetic
materials. The Bulk Mn;O,4 materials have also been well studied from a theoretical point
of view due to its special electronic configuration and distorted spinel structure. Mn3Oy is
known to have the normal spinel structure with tetragonal distortion elongated along the

c-axis due to Jahn-Teller effect on the Mn®" ion [160]. In this work, Mnz;O, was used to
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form binary and ternary composites with tantalum oxides. These oxides were then used to
form polymeric nanocomposites with sulphonated polyaniline. The materials were then
used to fabricate electrodes for supercapacitor applications. It is expected that Mn3zO,4 will
contribute to an enhanced pseudocapacitance since it displays multiple redox activities as

the multi-scan cyclic voltammetric characterization shown in figure 26 shows.

5.5 Synthesis of tantalum oxide
Figure 27 is a TEM micrograph of the product formed through the alkoxide-based sol-gel

synthetic route. Its corresponding EDX spectra shown in figure 28 verified Ta and O as

the elemental constituents of the calcination product.

200 nm

Figure 27. TEM of tantalum dioxide nanoparticles
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Fig. 28 is the XRD pattern of the sample. The diffraction signals, matched with signals
from the database, confirm the formation of agglomerated and amorphous tantalum (1V)
oxide (TaO;) phase. The sol-gel chemistry in the synthesis of nanoparticles is quite
complex due to the large number of reaction parameters that have to be strictly controlled
such as hydrolysis and condensation, nature of the metal oxide precursors, pH,
temperature, method of mixing, rate of oxidation, the nature and concentration of anions,
etc, in order to provide good reproducibility of the synthesis protocol. A fundamental
problem of sol-gel chemistry is that the as-synthesized precipitates are generally
amorphous and the required control of their post-synthetic annealing step to induce
crystallization process is a challenge that prevents any subtle control over crystal size and
shape. This constitutes a major challenge in case of nanoparticle synthesis and could
explain the aggregation and the amorphous nature of the TaO, nanoparticles observed in

this work.
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Figure 28. XRD of TaO,

5.6 Synthesis of transition metal mixed oxides

The synthesis of the mixed binary and ternary oxides was performed using tantalum
alkoxide, nickel and manganese acetates as the inorganic precursors at a pH of 11
adjusted using sodium hydroxide solution. All the organics were removed during
calcination at temperatures of 350 °C as was observed during the synthesis of NiO
nanoparticles. The HRTEM and STEM images of the binary tantalum oxide-nickel oxide

are shown in Fig. 29 (a) and (b) respectively. The HRTEM image shows a dispersed
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material spread on holy carbon support whose elemental chemical composition as derived
from the corresponding EDX analysis shown in figure 30 is Ta and Ni and O. The sample
was also scanned using STEM and a spot EDX analysis done (see figures 31 (a), (b), (c))
at three randomly spotted regions to confirm the elemental composition and distribution
of the dispersed nanoparticles. The XRD spectra (shown in figure 32) analysis identified

the TaO,-NiO to be the polycrystallite phases present.
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Figure 29. HRTEM (a) and STEM (b) of TaO,-NiO
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Figure 30. EDX of TaO,-NiO on HRTEM sample
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Figure 32. XRD spectrum of TaO,-NiO
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HRTEM was performed to analyze the surface structure of the sample obtained in the
synthesis of the binary tantalum oxide-manganese oxide nanoparticles. Figure 33 (a) and
(b) shows the micrographs recorded at different resolutions for the sample, coupled with
the EDX analysis whose results are shown in figure 34. The micrographs show clumps of
agglomerated nanocystalline structures with weakly defined atomic fridges. The chemical
constituents of the samples are found to be Ta, Mn and O. These are shown to be of the

TaO-Mn,03 crystal phase by the XRD in figure 35.

(a)
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(b)

Figure 33. HRTEM of TaO-Mn,0O; at a magnification of (a) x 64K and (b) x 530K
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Figure 34. EDX of TaO-Mn,0;
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Figure 35. XRD of TaO-Mn,0;

A TEM image of the surfactant assisted synthetic product of a novel ternary tantalum

oxide-nickel oxide-manganese oxide mixed oxide is shown in Figure 36 (a) with its high

resolution TEM micrograph (figure 36 (b)) showing clearly defined atomic fringes, a

sign that the material is polycrystalline. The images clearly show that TEM can only

provide a rough estimate of the particle size and that the oxides aggregate into poly-

dispersed clusters. The elemental composition of the material done by EDX whose

spectra is shown in figure 37, shows that the material is made up of Ta, Ni, Mn and O,

with the XRD (see figure 38) confirming the existence of the TaO-NiO-Mn3zO4 crystallite

mixed phases.
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Figure 36. HRTEM of TaO-NiO-Mn3;O,4 at a magnification of (a) x 39K and (b) x

530K
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Figure 37. EDX of TaO-NiO-Mn304
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Figure 38. XRD of TaO-NiO-Mn3Ox,

Chemical synthesis of single, binary and ternary metal oxide nanocrystals using modified
sol-gel aqueous or non-aqueous and largely surfactant assisted method has been
successful. In the synthesis of such inorganic metal oxide nanocrystals, the precursor
compound in bulk solution (i.e. the nickel acetate, the manganese acetate, etc) is
decomposed to generate atoms followed by precipitation starting from dissolved atoms as
building blocks to form the nanocrystals. The precipitation process basically consists of a
nucleation step followed by crystal growth stages. Generally, there are three kinds of
nucleation processes: homogeneous nucleation, heterogeneous nucleation, and secondary
nucleation. The sol-gel chemical colloidal nanocrystal synthesis of the metal oxide
follows the homogeneous nucleation process. Homogeneous nucleation occurs in the
absence of a solid interface by combining solute molecules to produce nuclei. It occurs

due to the driving force of the thermodynamics because the supersaturated solution is not
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stable in energy. Seed formation proceeds according to the LaMer model [161],
according to which, the concentration of atoms in the crystal nucleation process steadily
increases with time as the precursor is decomposed by heating. Colloidal nanocrystal
formation comprises the following three steps:

Q) The atoms start to aggregate into nuclei via self-nucleation as the monomer
concentration in the solution is increased to supersaturation levels.

(i)  Then monomers continuously aggregate on the pre-existing nuclei or seed
which leads to gradual decrease in the monomer concentration. As long as the
concentration of reactants is kept below the critical level, further nucleation is
discouraged.

(iii)  With a continuous supply of atoms via ongoing precursor decomposition, the
nuclei will grow into nanocrystals of increasingly larger size until an
equilibrium state is reached between the atoms on the surface of the
nanocrystal and the atoms in the solution.

The sol-gel chemistry involved in the synthesis of metal oxides is quite complex, on

the one hand due to the high reactivity of the metal oxide precursors towards water

and the double role of water as ligand and solvent, and, on the other hand, due to the
large number of reaction parameters that have to be strictly controlled in order to
provide good reproducibility of the synthesis protocol. Such parameters include
hydrolysis and condensation, reactivity of the metal oxide precursors, pH,
temperature, method of mixing, rate of oxidation, the nature and concentration of
anions, etc. Further, the as-synthesized precipitates are generally amorphous and the

post-synthetic annealing step required to induce crystallization process prevents
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subtle control over crystal size, shape and at times the phase. As the temperature is
elevated, a gel passes through various phase transitions until at some high
temperature, depending on the nature of the gel, the most thermodynamically stable
state is achieved. What transition phases appear at specific temperatures is very
sensitive to the initial conditions under which the gel was made, such as temperature,
pH, and concentrations of reactants. Rare, metastable phases, sometimes difficult to
reproduce, have been documented [162]. Failure for this absolute control, and lack of
very clear understanding of the process and very thin parameters controlling the
precipitation though helpful in improving the engineering of the growth of
nanocrystals to the desired size and shape, maybe the reason for formation of
nanoparticles of same transition metal oxides in different oxidation states such as
Mn;03 in the composite TaO-Mn,O3 while Mn3;O,4 formed in the synthesis of TaO-
NiO-Mn304 composite. Also TaO formed in the synthesis of TaO-NiO-Mn3;O, and
Ta0-Mn,03; while TaO, was formed in the synthesis of TaO,-NiO and TaO; oxides
nanoparticles. The different reactivity of metal oxide precursors towards a specific
solvent complicates the synthesis of oxides containing two or more metals. The
reaction of metal halides with alcohols almost always results in metal oxide
nanoparticles with halide impurities. To avoid this contamination synthesis routes
based on the reaction of metal acetates, acetylacetonates or alkoxides with alcohols
provide a halide-free alternative. Hence, the choice of acetates and alkoxides in this

work was preferred.
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5.7 Synthesis of sulphonated and the metal oxide doped polyaniline nanocomposites

Doped PANI was prepared by an oxidative dispersion method. PSSA was used as both a
polymeric stabilizer and a dopant agent. Aqueous hydrochloric acid (HCI) and aniline
were mixed and the reaction mixture was continuously stirred at 0 °C for one hour. In
forming the metal oxide nanocomposites with doped PANI, the metal oxide nanoparticles
(mono, binary and ternary mixed metal oxides) were weighed and dispersed into a
measured volume of HCI and ultra-sonicated for 30 minutes before adding the aniline and
the PSSA. A weighed amount of oxidant, ammonium peroxydisulfate ((NH4),S,0s)
(APS) was added and the reaction mixture stirred for 24 hours at 0 °C in an ice-bath. The
solution gradually darkened and acquired a blue colour over a period of about 20 min and
eventually turned into dark green which is a characteristic colour of doped PANi. The
resulting dark green dispersions were purified four times by centrifugation, filtered and
washed in order to remove oligomers and excess monomers. In these approaches, the
monomer is polymerized in the presence of commercially available inorganic acid
particles which act as colloidal substrate for the precipitating polymer nuclei leading to
the formation of conducting polymer—inorganic oxide composite [163].

The successful synthesis of the novel poly-(4-styrene-sulphonic acid) and tantalum
oxide, tantalum oxide-nickel oxide, tantalum oxide-manganese oxide and tantalum oxide-
nickel oxide-manganese oxide doped polyaniline nanocomposites were determined and
ascertained using FTIR, TEM/HRTEM coupled with EDX. Figures 40, 41 (a)/(b), 43
(@)/(b) and 45 are TEM/HRTEM micrographs of TaO,-PANi-PSSA, TaO,-NiO-PAN:i-

PSSA, TaO-Mn,03-PANI-PSSA and TaO-NiO-Mn304-PANI-PSSA respectively. They
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all show clustering of metal oxide nanoparticles anchored on nanofibrous polymer
network with corresponding EDX spectra (figures 39, 42, 44 and 45 respectively) giving
the elemental composition of each composite and informing of the successful synthesis of
the nanocomposites. From the spectra, all the elements in each composite were
confirmed. It is observed from the spectra of all the samples that sulphur, nitrogen,
carbon and oxygen elements are present in all of them. The presence of S, N, C and O in
each of the EDX is a signature of successful doping of the polymer with the sulphonic
acid group, -SO3H. The presence of respective metals and oxygen in the EDX spectra
indicates successful entrapment of the respective metal oxides within the polymeric
network. Figures 39, 41 (a) & (b), 43 (a) & (b) and 45 are the HRTEM micrographs of
the composites. It is observed from the micrographs that the oxide nanoparticles (black
spots) are uniformly dispersed and in some cases agglomerate with dense distribution in
the PANi matrix. They show perfect diffraction patterns (as some of the examples
displayed shows) with clear atomic fridges oriented in different directions showing that
the materials are polycrystals made of different nanocrystallites uniformly distributed and
oriented in different planes. This is confirmed from the XRD studies. During the 30
minutes sonication to disperse the composites in ethanol for TEM analysis, the oxide
nanoparticles were not detached from the polymer matrix meaning that the interaction
between the metal oxide nanoparticles and the polymer is strong suggesting formation of

composites.
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Figure 39. EDX of TaO,-PANIi-PSSA.
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Figure 41. HRTEM of TaO,-NiO-PANI-PSSA at a magnification of (a) x 88K and

(b) x 410K
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Figure 42. EDX of TaO,-NiO-PANi-PSSA
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Figure 43. . HRTEM of TaO-Mn,03-PANi-PSSA at a magnification of (a) X35 K
and (b) X64 K
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Figure 44. EDX of TaO-Mn,03-PANi-PSSA
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Figure 45. TEM of TaO-NiO-Mnz04-PANI-PSSA
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5.8 FTIR analysis of the doped PANi nanocomposites

The FTIR spectra for TaO,-PANI-PSSA, TaO,-NiO-PANi-PSSA, TaO-Mn,03-PANI-
PSSA and TaO-NiO-Mn3O4-PANIi-PSSA are shown in figure 46. Pure polyaniline has
characteristic peaks at 1590, 1494, 1302, 1140, and 820 cm ™' with the bands at 1590 and
1494 cm™' being attributed to the C=C and C=N stretching modes of vibration for the
quinoid (-N=Q=N- where Q = quinoid ring) and benzenoid units while the bands at 1302
and 1242 cm™! are assigned to the C-N stretching mode of benzenoid units. The band at
1140 cm™" is due to the quinoid unit (-N=Q=N- where Q = quinoid ring) of polyaniline.
The band at 820 cm™' is attributed to C-C and C-H stretching for benzenoid unit of
polyaniline and band at 681.92 cm ! assigned to out of plane C-H vibration [164-165].
Doping of PANI with poly(4-styrene sulphonic acid) and/or incorporation of the metal
oxide nanocomposites leads to shifts of some FTIR peaks in PANI as the results in figure

46 show.
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Figure 46. FTIR of PANi based nanocomposites
Transmission maxima at 752 cm™(for PANi), 794 cm™ (TaO,-PANi-PSSA), 780 cm™
(TaO-Mn;03-PANI-PSSA), and 792 cm™ (for TaO,-NiO-PANi-PSSA and TaO-NiO-
Mn3;04-PANI-PSSA) are consistent with the C-H out-of-plane bending motions of
benzenoid rings. The 1375 cm™ (TaO2-PANi-PSSA), 1379 cm™ (TaO,-NiO-PANi-PSSA
and TaO-Mn,03;-PANi-PSSA) and 1365 cm™ (TaO-NiO-Mn3O4-PANI-PSSA)
corresponds to the C-N stretching of the secondary aromatic amine; 1231 cm™ (PANi),
1217 cm™ and 1323 cm™ (TaO,-PANi-PSSA), 1231 cm™ and 1326 cm™ (TaO-Mn,0s-
PANI-PSSA), 1323 cm™ (Ta0,-NiO-PANi-PSSA) and 1216 and 1323 cm™ (TaO-NiO-
Mn304-PANI-PSSA) is associated with the C-H stretching vibration with aromatic

conjugation; 1412 cm™ (PANi), 1448 cm™(TaO,-PANi-PSSA), 1456 cm™ (TaO-Mn,0s-
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PANi-PSSA), 1447 cm™ (Ta0,-NiO-PANi-PSSA) and 1454 cm™ (TaO-NiO-Mn3O,-
PANI-PSSA) are associated with C-C aromatic ring stretching vibrations of the
benzenoid diamine unit; 1546 cm™ (TaO,-PANi-PSSA), 1546 cm™ (TaO-Mn,0s-PANi-
PSSA & TaO-NiO-Mn304-PANI-PSSA) and 1638 cm™ (TaO2-NiO-PANI-PSSA) arises
mainly from both the stretching vibrations of N=Q=N and N-B-N rings of the quinoid
(Q) and benzoid (B) units. The transmission maxima around the wave numbers 1100 cm™
and 1000 cm™ (varying from one composite to another) are all consistent with the
presence of -SOszH group and arises, respectively, from asymmetric and symmetric
stretching modes of S-O of the —~SO,-O" group. However, the peaks around 1100 cm™ and
observed at wavenumbers 1116 cm™ (TaO,-PANi-PSSA), 1106 cm™ (TaO2-NiO-PANi-
PSSA), 1126 cm™ (TaO-Mn,03-PANi-PSSA) and 1120 cm™ (TaO-NiO-MnzO,-PANi-
PSSA) respectively and absent in doped PANI can also signify dominance of quinodic
ring structure and is also a measure of degree of electron delocalization. Any polymer
attack occur preferentially on the quinoneimine units due to the higher charge localization
on the C=N and C=C bonds present in the monomeric units [166-172]. These FTIR
results enhance the EDX results and show successful polymerization and doping of PANI
by the PSSA. Differences in the FTIR spectra can be explained on the basis of
constrained growth and restricted modes of vibration in PANi grown in the presence of
metal oxides. In such a case, the aniline monomer gets adsorbed on the oxide particles,
which were dispersed in the reaction mixture before initiation of polymerization by
ultrasonication and the polymerization proceeds initially on the surfaces of these oxide
particles when (NH,),S;0g (ammonium persulphate) is added to the solution. This leads

to adhesion of the polymer to the metal oxide nanoparticles and this explains the
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constrained growth around these particles and as a result, the characteristic stretching
frequencies are shifted towards lower frequency side compared to those of pure PANI.
Hence, there is a kind of weak Van der Waals force of attraction between the polymer
chain and the oxide nanoparticles [163]. Also, ionic metal oxide nanoparticles and
probably some metallic cations which may form during sonication after dissolving of
some metal oxide nanoparticles might bind to more than one nitrogen site in a PANI chain or

form inter-chain linkage among several adjacent PANI chains by coordination, and both intra-
chain and inter-chain connections might lead to a more coil-like conformational change or a more

twisted aggregation of PANI chains [173].

5. 9 UV-visible spectroscopy
The electronic absorption spectra of sulphonated PANi-metal oxide composites are given

in figure 47.
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Figure 47. UV-vis spectra of the composites
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All the spectra showed three absorption bands. Clearly, the prepared composites not only
can strongly absorb the UV light but also can absorb the visible light. Peaks of the
composite solutions appeared at about 320 nm which can be asigned to n-n* transition of
the benzenoid ring and at about 430 nm and 850 nm due to polaron-n* and w-polaron
band transitions, respectively. These latter two bands are transitions from a localized
benzenoid highest occupied molecular orbital ie a benzenoid to quinoid excitonic
transition suggesting that the composites are PANi composites in the PANi doped state,
the emeraldine state [170, 174-175]. It is noted that with incorporation of the metal
oxides into the PANi matrix, the UV absorption and the absorption around 800 nm is
strengthened and slightly blue shifted indicating that there is a strong interaction between
polyaniline and the metal oxide nanocystallite dopants. The rationale behind the use of
the UV-Vis spectroscopical technique as a spectroscopical signature [176] relies on the
fact that polymers doped with long chain organic acids are structurally modulated and
their electronic spectra display additional absorption bands associated with the existence
of polarons/bipolarons. The latter bands are delocalization charge defects in the polymer
whose presence converts the polymer into an intrinsic conductor. It is now known that the
electronic spectra of undoped polyanilines (prestine) are basically made up of two
absorption bands. A band at 320 nm due to the n-n* transition of the benzoid rings and
another at 600 nm assigned to the n-n* of the quinonoid structures [177]. In addition to
these bands, organic acid doped polyanilines are characterized by additional bands at 420
and 800 nm associated with the polaron/bipolaron states in the polymer. The latter states
are new electronic energy levels created within the polymer sub-gap energies during the

polymer/dopants interactions.
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Figures 48 (a)-(d) shows the XRD diffraction patterns for sulphonated and the metal
oxide doped PANIi composites. The spectra patterns of these composites exhibit three
broad peaks at 2-Theta values around 26°, 55° and 80° with a sharp peak appearing at 20°
in TaO,-PANI-PSSA, and TaO-NiO-Mn304-PANI-PSSA which is diminished in TaO,-

NiO-PANI-PSSA and TaO-Mn;03-PANI-PSSA. The peak is right shifted in TaO,-NiO-

PANi-PSSA.
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Figure 48. XRD of (a) TaO,-PANi-PSSA, (b) TaO,-NiO-PANi-PSSA, (c) TaO-Mn,0;-PANi-

PSSA and (d) TaO-NiO-Mn3O4-PANi-PSSA

The degree of sharpness of this peak indicates that these composites are polycrystalline in
nature. The peak centred at 20° may be ascribed to the periodicity parallel to the polymer
chain while the other peaks may be caused by the periodicity perpendicular to the
polymer chain [169-170]. Characteristic peaks of crystalline PANi appear at about 2-
Theta = 20°, 26° and 92° [178-179]. It can be argued that in forming the sulphonated
PANI composites with the metal oxides, these characteristic peaks were broadened and
shifted in the composites as is evident from the XRD spectra in figures 4(a)-(d). Changes
and shifting of peaks suggests that the addition of nanocrystalline metal oxide

nanoparticles hampers the crystallization of the polyaniline molecular chain. This
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happens when the deposited polyaniline is absorbed on the surface of the oxide
nanoparticles. The molecular chain of absorbed polyaniline is tethered and the degree of
crystallinity decreases [174].

5.10 Scanning electron microscopy (SEM)

SEM images were obtained using HITACHI X-650 Scanning Electron Microscopy with
an electron accelerating voltage of 25 KV and a working distance of 15 mm. Figures 49-

52 are the SEM images showing the morphological features of the composites.
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Fig 49. SEM image of Ta,O-PANi-PSSA.
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Fig 50. SEM image of Ta,O-NiO-PANi-PSSA
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Fig 51. SEM image of TaO-Mn,03-PANi-PSSA
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Fig 52. SEM image of TaO-NiO-Mn3;04-PANi-PSSA

The composites display unigue nanofibre morphologies and the use of a high resolution SEM
would be necessary to clearly describe the true morphology. The design and manipulation of
morphological microstructure of conducting polymer is one of the most challenging tasks
in materials science. It is still difficult to prepare predictable nanostructures based on

rational design. It is found that the morphology of PANi nanostructures is strongly
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affected by the nature, species, and concentration of the dopant, solvent, surfactant,
oxidant, and monomer, as well as the various kinds of template and synthesis methods.
The ultimate aim in this work was to prepare PANi polymeric nanocomposite materials
with high surface area morphology, a characteristic feature and requirement of good
electrode materials for electrochemical charge storage. The observed morphology, the
nanofibres with redox active transition metal oxide nanoparticles clearly anchored on to
the redox active polymer surface, meets this criterion and can serve as good electrode
materials and when they are integrated with activated graphitic carbon (see section 4.3.3),
their charge storage capacity is enhanced due to an enhanced surface area and

functionality.

5.11 Scanning electrochemical microscopy (SECM) analysis of the doped PANi
nanocomposites

The SECM370 electrochemical workstation model of SECM utilises a fast and precise,
closed loop x, y, z positioning system with nanometer resolution, along with a flexible
data acquisition system [180-183]. The SECM bipotentiostat was used to apply a
potential to an Ultra-Micro Electrode (UME) immersed in a solution containing a redox
active mediator, potassium ferrocyanide (KsFe(CN),), which is an electroactive species.
The electrode tip was used to generate, via electrolysis, a reduced or oxidized mediator
species. When the electrode tip is far from the substrate surface immersed in the solution,
the reaction of the redox active dissolved species at the tip results in a Faradaic current
driven by the hemispherical flux of the substrate from the solution to the tip as shown in
figure 53. A current response at the tip electrode as the tip is moved closer and closer to

the substrate in a solution of Fe(CN)s"" is generated.
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Figure 53. Hemispherical diffusion

The Faradaic current generated was used to study the surface electrical conductivity of
the nanocomposite material substrate using the feedback and constant height modes of
the SECM. In the constant height mode, a flat surface was assumed all through after a
leveling protocol was undertaken at the initial stage of cell assembly. Figures 54, 55, 56,
57 are the SECM z-approach curves for TaO,-PANI-PSSA, TaO,-NiO-PANIi-PSSA,
TaO-Mn,03-PANI-PSSA and TaO-NiO-MnzO4-PANI-PSSA polymeric nanocomposites.
Approach curves are plots of tip current versus the distance between the tip and substrate
electrode as the tip is advanced toward the substrate in a solution containing a reactant
which can be reduced (or oxidized) at the tip and substrate electrodes. The SECM

approach experiments were meant to determine whether the materials were electrically
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conductive or not. The positive feedback curve profiles obtained for the four composites
showed that all the materials are electrically conductive. The mechanism of this

conductivity is explained below.

Figure 54. Approach curve for TaO,-PANi-PSSA
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Figure 55. Approach curve for TaO,-NiO-PANi-PSSA
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Figure 56. Approach curve for TaO-Mn,0O3-PANi-PSSA

118




Figure 57. Approach curve of TaO-NiO-Mn3;0O4-PANI-PSSA

Once a sufficiently positive potential was applied to the UME tip, oxidation of Fe**

occurred via the reaction;

Fe*" (aq) — Fe™'(aq) + € (i)

119



The oxidation occurs at a rate governed by diffusion of Fe** to the UME surface. If the tip
is far (i.e. greater than several tip diameters) from the substrate immersed in the

electrolyte, a steady state current, i.e. a current at infinite distance from the substrate,

flows. This steady-state current (iT,w) IS given by;

It =4nFDca (5.1)

Where F is the Faraday constant, n is the number of electrons transferred in reaction (i),
D and c are the diffusion coefficient and the bulk concentration of Fe?* respectively and a
is the tip radius. When the tip is brought to within a few tip radii of a conductive substrate
surface, the Fe ** species diffuses to the substrate where it is reduced back to Fe** via the
reaction;

Fe**(ag) + e — Fe**(aq) (ii)

The process of equation (ii) produces an additional flux of reduced species to the UME
tip making the tip current, iT, to increase relative to iT,w, meaning Ir> iT,w, The shorter
the separation distance (d) between the tip and the substrate, the larger the tip current. As
It —00, d—0. This explains the shape upward trend of the curve and hence the positive

feedback (increasing current as the distance of minimum approach decreases) approach
curve profiles obtained for the four nanocomposites showing that all of them are
electrically conducting materials. A mechanism of the positive feedback mode is

illustrated in figure 58.
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Figure 58. Mechanism of positive feedback

The converse is true for cases of substrates which are inert electrical insulators. The tip-
generated oxidized species, O, cannot react at their surfaces. At small d, the insulator

blocks the diffusion of species R to the tip surface as illustrated in figure 59.
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Figure 59. Mechanism of negative feedback

As such, I becomes smaller than ir... The closer the tip to the insulator substrate, the

smaller the I+. I approaches zero as d approaches zero. This would result in a downward

trend of the curve and hence a negative feedback (decreasing current as the distance of
minimum approach decreases) approach curve profile. Overall, the rate of the mediator
regeneration at the substrate determines the magnitude of the tip current and conversely

the dependence of the measured tip-substrate separation.
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Figures 60-62 are the images of the surface redox reactivity of the chemically synthesized
sulphonated and transition metal oxide doped polyaniline nanocomposites. The constant
height mode of the SECM was used in this investigation to map the redox surface
reactivity of the nanocomposites. The chemical images were obtained by rastering the

UME tip laterally in the x- and y-directions at a distance d above the geometrically flat
substrate surface and monitoring the tip current, iT, as a function of tip location, within a

dimensionally defined surface area.
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Figure 60. Surface imaging of TaO-Mn,03-PANi-PSSA
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Figure 61. Surface imaging of TaO,-NiO-PANi-PSSA

Figure 62. . Surface imaging of TaO-NiO-Mn3O,4-PANI-PSSA
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During the rastering, the tip-current changes are observed which are attributed to
variations in surface reactivity. The SECM images show that the surface reactivity is not
homogenous, especially when materials are compared to one another. The mode can also
be used to study and/or map surface topography. The disadvantage of the constant height
approach mode in the study of surface reactivity is that in a constant-height experiment,
the current may also be a convolution of surface reactions and topography of the sample.
Also it only works well with relatively large tip electrodes. When smaller tips are used in
trying to achieve higher resolutions, scanning in this mode becomes more difficult and
could possibly lead to the tip crashing because of a change of sample height or an
increase in surface tilting. The mode is usually suitable for a flat surface or for substrate-
generation/tip-collection mode with a probe positioned far from the surface. The constant
distance mode is a better alternative for interrogating sample topography and monitoring
local electrochemical activity/conductivity in proximity to solid/liquid interfaces. It can
protect the tip from crashing at surface protrusions with the distance being adjusted by a
feedback loop to the z-piezzo to maintain the distance. The constant current mode whose
imaging is straightforward when the substrate surface consists of only insulating or
conducting substrate where the tip current is used as a feedback signal is another better

alternative.
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5.12  Cyclic voltammetry characterization

The oxidative polymerization of aniline and aniline related monomers is a chain reaction
whose chain termination step involves the coupling of radical cations to form dimers,
oligomers and finally the polymer [184-185]. Figure 63 is the current versus potential
cyclic voltammetry responses of the chemically synthesized TaO-NiO-Mn3;O4-PAN:i-

PSSA nanocomposite obtained in 1M H,SO, as the supporting electrolyte at different

scan rates.
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Figure 63. Current Vs potential plots of TaO-NiO-Mn3;O4-PANi-PSSA
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They exhibit a complex electrochemistry indicating that the composite is electroactive.
Electroactive species can be oxidized (ox) or reduced (red) and therefore have the ability
to pass on an electron(s) from one species to another thus contributing greatly to
pseudocapacitance [186]. In this work, composites of transition metal oxides with PANI
doped with PSSA were chemically synthesised. Cyclic voltammetric studies of metal
oxide components and the doped polyaniline shows that these components are redox
active. Their multiscan CV curves are given in the appendix. The results of these
multiscan studies shows polyaniline-based systems have the ability to undergo more than
one oxidation or reduction and therefore have multi-redox potentials. Indeed, it has been
shown that polyaniline-based systems can exist in three oxidation states, the most
reduced polyleucoemeraldine form, the protonated polyemeraldine form (polyemeraldine
salt) and the fully oxidized polypernigraniline form [176, 187]. Figure 64 is a cyclic
voltammetric cycle of TaO-NiO-Mn3zO4-PANI-PSSA at 10 mV/s. It exhibits three
characteristic redox couples. This observation was made in all the other composites. At
low scan rates, the composites displayed well defined oxidation-reduction responses

typical of PANI related
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composites.
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Figure 64. CV of TaO-NiO-Mn304-PANi-PSSA at 10 mV/s

The redox couple A/A' could be assigned to the polyleucoemeraldine/polyemeraldine salt
transition. The couple at peaks C/C' is the polyemeraldine/polypenigraniline transition
[187-188]. The middle redox couple (B/B') can be attributed to the oxidation/reduction of
dimers and oligomers entrapped within the polymer matrix [188]. The middle
peak/couple in polyaniline-based systems has been assigned to the degradation products
of over-oxidized polyaniline [189] or to the quinone/hydroquinone by-products [190-
191]. It has also been attributed to defects in the linear structure of the polymer [192].

From figure 63, the middle peak at B merged with the peak at C at higher scan rates
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during the oxidative cycles as the peak at A shifted inconsistently towards higher
potentials. Also during reductive cycles, the merging together of the peaks at C' and A'
with the middle peak at B’ with increase in scan rates to form a broad anodic peak
centred at the middle of the cyclic voltammetry potential range was accompanied by a
shift of the resulting peak towards lower potential values. The shifting of peaks suggests
that an irreversible behavior could be taking place during both oxidative and reductive
processes while the merging suggests some sluggish electron transfer processes. The
behaviour of TaO-NiO-Mn304-PANI-PSSA is replicated in TaO,-NiO-PANIi-PSSA,
TaO-Mn;03-PANI-PSSA and TaO,-PANI-PSSA as their CVs at different scan rates

illustrated in figures 65 (a)-(c) show.
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Figure 65. CV of (a) TaO,-NiO-PANIi-PSSA, (b) TaO-Mn,03-PANI-PSSA, (c)

TaO,-PANI-PSSA at different scan rates
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Attempt was made to interrogate the anodic peak at A which appeared consistent. This
was done by plotting peak current (i,) against scan rate. Figure 66 is the i, versus scan

rate graph for TaO-NiO-Mn3;04-PANI-PSSA.
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Figure 66. Plot of anodic peak current against scan rate for TaO-NiO-Mn304-
PANi-PSSA

It can be seen from figure 66 that the anodic peak currents at A" increased linearly with
scan rates, analogous to or suggesting a case of anodic waves originating from the surface
confined species. According to Laviron’s equation [193-194]
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and

Q = nFAT 5.3

From equations 5.2 and 5.3, Laviron’s equation can be described as;

LA 5.4
ART

Where " is the active surface coverage of the electrode reaction substance in mol cm-2

and A is the electrode area (cm?), Q the quantity of charge (C) calculated from the anodic
peak area of the voltammogram by integration of area under the anodic peak, and n, I, F,
R and T are the number of electrons transferred across the double layer, the anodic peak
current at A’, the Faraday’s constant, the gas constant and absolute temperature
respectively. From the slopes of I, versus v plot, n was calculated and gave an
insignificantly low value. The number of electrons transferred during the oxidation
process at A" and hence the active surface coverage of the electrode reaction substance of
the composite could then not be verified using Laviron’s theory. Also, this was found to
be the case for the other composites; TaO,-NiO-PANi-PSSA, TaO-Mn,03;-PANi-PSSA
and TaO,-PANi-PSSA with TaO,-PANi-PSSA giving a value of 1.56 x 10”. Overall, the
presence of redox active dopants in the composites whose redox activity occurs at

different potentials complicates and distorts known redox peaks of polyaniline.

5.13 Design and characterization of supercapacitors

In the construction of an electrode, an electrode material with a stable structure must be
fabricated and is essential to providing repeatable results. An ideal single electrode
should be mechanically strong and electrically conductive. Therefore, the nanocomposite
material nanoparticles should be bound into stable matrix with minimum non-conductive
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polymer binder. A hydrophilic surface is desirable so that aqueous electrolyte can easily
penetrate into the pores of the electrode material. A tight contact between the electrode
material and the current collector is necessary. Overall, the electrode has to be

structurally stable to ensure the repeatability of electrochemical measurements.

5.13.1 Components of electrode materials
The main active electrode materials are the chemically synthesized sulphonated-PAN:i

which is doped with the transition metal oxides TaO,, TaO,-NiO, TaO-Mn,03 and TaO-
NiO-Mn3O4. These are the polymeric nanocomopsite materials which were the focus of
this investigation. As a conductive material, activated graphitic carbon was added to
increase the conductivity of the electrode material [195-198]. The storage of electric
charges in activated carbons is mainly non-Faradaic, and the accumulation of ionic
charges occurs on a double layer at the electrode/electrolyte interface. The large specific
surface area and the porosity of activated carbons are the basic requirements to achieve
the quick formation of a double layer; the capacitive behaviours of activated carbons are
influenced by their exposed surface area and pore size distribution. In addition, most of
activated carbons have the functional groups containing many heteroatoms (such as
oxygen, nitrogen, sulphur, and halogen), due to the residual surface-valence of carbons.
The presence of these functionalities gives activated carbons an acid-base character,
which enhances their capacitance by the pseudocapacitive effect. Therefore, tailoring
porous structure and surface chemistry of activated carbons is very important to improve
electrochemical performance of supercapacitors. Also, these various kinds of functional
groups, the acidic surface oxides, serve as adsorption sites for polar molecules [199]. This

increases surface hydrophilicity and hence wettability. Surface wettability of the
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electrode material is important for ensuring the entire pores contact electrolyte for charge
storage and or redox activity in the event of pseudocapacitance. Due to the non-
conductive nature of PTFE binder, the amount of PTFE added should be limited such that
it can bind the particles to stabilize the matrix but still leave the electrode material as
conductive as possible. The higher the PTFE content, the higher the resistance of the
electrode material. The need to minimize the amount of PTFE is therefore clear. 10% wt
of the PTFE was found to bind the material appropriately. From literature, any amount
between 4% (the lowest amount reported) and 10% wt is said to be appropriate [198, 200-
201]. The material of the current collector should be non-corroding in the chosen
electrolyte and within the test range of cyclic voltammetry. Nickel mesh is essentially a
metal material that cannot store charge, but can be quite resistant to the KOH electrolyte
and offers good contact between the active electrode material and the current collector.
Otherwise contact resistance greatly affects the performance of an electrochemical
capacitor [202-203]. A hydraulic pressure machine was used to apply a pressure of 20
Mpa for 5 minutes to press the active material onto the nickel mesh. Applying pressure
improves the contact between electrode material and current collector and consequently
decreases the contact resistance. Moreover, the contact resistance takes up a large

percentage of the total internal resistance of the cell.

5.13.2 Performance of supercapacitor cell
The two-electrode cell system was used to evaluate the performance of capacitor cell,

using the BST8-3 eight-channel battery tester. The tester, working at the constant current
charge/discharge mode, was used to evaluate the parameters cell specific capacitance,

specific energy, coulombic efficiency and other parameters like the cell stability.
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5.13.2.1 Capacitance measurement with constant current charge/ discharge (C/D)

During the test, 0.01 A was used as the average charge/discharge current. The charging
and discharging was done within a potential range of 0.0 V to 1.2 V. The choice of the
potential range is informed from the choice of the electrolyte. The choice for
supercapacitor electrolyte aqueous medium is sulphuric acid (H,SO,) or potassium
hydroxide (KOH). Their decomposition voltage limit is theoretically 1.23 V or
practically, in kinetic terms, between 1.3 VV and 1.4 V. However, strong solutions of acid
are much more corrosive than strong solutions of KOH, so KOH is preferred. NaOH
could also have been used. These hydroxide electrolytes are very soluble in water and
because of OH" anion, have very good conductivities. Both the acid and alkaline
electrolytes have advantageously high equivalent conductivities in aqueous medium
owing to the special mechanism of proton transport (proton hopping) that determines
their conductance [2]. Figures 67-70 represent the charge/discharge curves from the
asymmetric supercapacitor cell configurations assembled using the composites as cathode
material and activated carbon as anode material for the first five cycles for each cell. The
different behaviour of the first cycle is always due to the initial starting point. The whole

system needs time to reach steady-state behaviour.
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Figure 67. Charge/discharge curves of TaO,-PANi-PSSA (1st five cycles)
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Figure 68. Charge/discharge curves of TaO,-NiO-PANi-PSSA (1st five cycles)
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Figure 69. Charge/discharge curves of TaO-Mn,03-PANi-PSSA (1st five cycles)

Yol ¥ Cur/mi
1200 S 1,600
1.000 1400
0.800

1.200
0.600

1.000
0.400
0.200 0.800
0.000 0.500
-0.200 0.400
-0.400

0.200
-0.600

0.000
-0.800
_1.000 -0.200
-1.200 -0.400

0:00:00 0:18:00 0:36:00 1:54:00 1:12:00 1.30:00
Time

Figure 70. Charge/discharge curves of TaO-NiO-Mn3O4-PANI-PSSA (1st five cycles)
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The discharge segment of the curves was used to calculate the electrical parameters such
as specific capacitance (SC), specific power (SP) and specific energy (SE). These were

calculated using the following equations [204-205]:

Specific Capacitance, SC = | xt 6.1
Vxm
Specific Power, SP = >V 6.2
m
Specific Energy, SE = | <tV 6.3

In these equations, SC is the specific capacitance in F g *, SP the specific power in Wg™

and SE is the specific energy in Whg ™. The expressions show the discharge current (1) in
amperes, voltage range (V) in volts, discharge time (t) in seconds and mass of the

electroactive material (m) in grams.

The coulombic efficiency is calculated using the equation, 7 = :—Dxloo 6.4
C

where tc and tp represent the time of charging and discharging, respectively. Table 1

shows the values of electrical parameters computed from charge-discharge profiles for

the composites using the 3" discharge cycle.
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Table 1. Values of electrical parameters computed from charge-discharge profiles.

Composite SC/Fg™ SE/Whg™ | SP/Wg" | 5%

TaO,-PANI-PSSA 170.5 2455 0.50 80.36
TaO,-NiO-PANI-PSSA 166.1 179.4 0.61 83.19
TaO-Mn,03-PANI-PSSA 248.4 357.7 0.57 81.06
TaO-NiO-Mnz04-PANI-PSSA | 119.6 172.3 0.65 77.97

It can be seen that the charge—discharge profiles deviate from the typical linear variation
of voltage with time normally exhibited by an electrochemical double layer capacitors
(EDLC). The observed non-linearity could be due to the pseudocapacitance arising out of
the redox reactions within the potential range used. The values of specific capacitance
obtained are within the capacitance values of good supercapacitors values reported in
literature though comparatively, both lower and high specific capacitances have been
reported for single electrode materials [4, 68, 206-215]. The values obtained depend on
several factors key among which is the method used to determine the specific
capacitances. When cyclic voltammetric charge is used specific capacitance values
depends on the scan rates and increases with increase in scan rate. When a charge-
discharge technique is used like the galvanostatic-potentiostatic, the values reported
depend on current densities.

The values reported in literature are therefore unique to the methods used and the
conditions of measurements. As such, comparison between values reported by different
researchers is difficult. This also applies to the values of specific energy and specific

power.
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The materials are found to be relatively stable over large number of cylces. From the
voltage-time profile for TaO-NiO-Mn304-PANi-PSSA shown in figures 71, the potential
remains stable over a large number of cylces meaning that the materials does 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 profiles for the other nanocomposites are given in

the appendix.
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Figure 71. Voltage-time profile for 143 cycles for TaO-NiO-MnzO4-PANi-PSSA

The coulombic efficiency is quite high and remains high as the materials are cycled over
and over again as is illustrated in the coulombic efficiency-number of cycles curve

profiles relating coulombic efficiency, charging and discharging at increasing number of
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cycles (illustrated in figure 72 for TaO,-PANi-PSSA). The curves for the rest of
composites are given in the appendix. The efficiency obtained is as high as 81.82% in
Ta0-Mn;,03-PANI-PSSA through 81.86% in TaO-NiO-Mn3O4-PANI-PSSA, 89.0% in
TaO,-PANI-PSSA to 94.85% in TaO,-NiO-PANi-PSSA which is found to have the
highest coulombic efficiency and specific power at any cycle. In the figures, the top curve
represents efficiency while the bottom two represents charge during the charging (blue)
and discharging (green) regimes. The difference between the bottom two represents the

inability of the supercapacitor device to discharge or charge leakage through self

discharge.
ficiency ‘ : Cap Classz/mih
| ; 0.200
30,000
. 0.180
£0.000
0.160
40.000 WESTE]
0.140
*
20.000
0.120
0.000 *
*
20000 0080
~40.000 \\" 0.080
-60.000 0.040
-80.000 * o0
#
20 40 60 30 100 120 140

Cycleld

Figure 72. Coulombic efficiency as a function of the number of cycles for TaO,-
PANi-PSSA
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5.14 Electrochemical impedance spectroscopy (EIS)

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

illustrated in figure 73 can be used to model impedance parameters.
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Figure 73. Randles’ equivalent circuit for an electrode in contact with an electrolyte

'

and corresponding Nyquest plot [216].

The double-layer capacitance Cgy results from charge being stored in the double layer at
the interface. The charge transfer resistance Rc; refers to resistance to current flow
produced by redox reactions at the interface, and the Warburg impedance results from the
impedance of the current due to diffusion from the bulk solution to the interface. Rs
model the solution resistance afforded by the ion concentration and the cell geometry. Rs
and Rct are easily determined from the Nyquist plot. The double layer capacitance can be

calculated from the frequency at the maximum of the semicircle (o=2nf=1/Rc;Cqj). The
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product of Rcr and Cy is often termed the time constant t of the electrochemical process.
The 45° line indicating Warburg-limited behaviour can be extrapolated to the real axis.
The intercept is equal to Rs + Rcr — 26Cq, from which o and subsequently diffusion
coefficients can be calculated. For analytical applications, however, the equivalent circuit
is often simplified by neglecting the Warburg impedance. This can be done by choosing a
frequency range where no 45° line is observed in the Nyquist plot and the interfacial or

bulk impedance is dominant [214].

In this work, electrochemical impedance spectroscopy measurements were carried out at
a dc bias of 1 V with a sinusoidal perturbation signal of 10 mV over the frequency range
from 10 kHz to 100 MHz. Figure 74 presents complex-plane impedance plots for the

composites. Plots for individual composites used in the fitting are given in the appendix.
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Figure 74. Nyquist plots of the polymer composites.

From the nyquist plots, the imaginary part of the impedances at lower frequencies for all
the composites decreases. This is a deviation from an ideal capacitive behaviour of an
electrode. An electrical double layer is formed at the interface between an electrode and
an electrolyte at a given potential. In the absence of faradaic reactions, smooth and clean
surfaces show ideal capacitive behaviour described by the equation;

1

Z, = R
(Ja) d)
where the double layer capacitance Cq is independent of frequency. The ideal behavior is
represented as a vertical line in the Nyquist plot of impedance [215]. The ac perturbation

impedance method is also used to measure the capacitance of electrodes, which is

144



influenced by the frequency, especially for porous electrodes, where almost no current
flows down the pore at higher frequencies [216] for ideal capacitors. As is shown in table
2, the values of capacitance are low compared to literature values [217]. The non-ideality
or frequency dispersion has been described widely by the constant phase element (CPE)
which is an empirical distributed element. The impedance of a CPE is formulated by;

Zy =My(jo)™ 4
Where the CPE exponent ¢ is associated with the degree of non-ideality. When

¢ =1and M, =1, equation (4) represents ideal capacitive behavior. Frequency dispersion
leads to an inclined line whose phase angle is —(%)¢ in the Nyquist plot of impedance.

The CPE element results from various origins of frequency dispersion; diffusion in a
diffusion-limited system, geometric factors, sluggish processes such as adsorption of
anions, surface reconstruction and transformation in adlayer, and crystallographic
heterogeneity [215]. For the redox active sulphonated and transition metal oxide doped
composites studied in this thesis, the integration of the composites with the highly porous
activated graphitic carbon increases the porosity of the nanocompsites. In a case like this,
of porous and redox active electrodes, geometric factors and faradaic reactions are the
most important among the origins of frequency dispersion. The non-ideality due to the
geometric factors can be divided into two classes; dispersions in-a-pore and by-pore size
distribution (PSD). In-a-pore dispersion occurs since penetration depth of an ac signal
into a pore decreases with frequency. Therefore, apparent capacitance or equivalent series
resistance changes with frequency even in the porous materials composed entirely of
pores with equal dimension. The in-a-pore dispersion occurs at low penetrability (high

frequency), giving a phase angle of z/4. As penetrability increases (or frequency
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decreases), impedance approaches the ideal capacitive behavior but is shifted along the
abscissa by in-a-pore dispersion part. For non-ideality due to the by-PSD dispersion,
penetration depth becomes distributed even at an identical frequency since dimension of
each pore determines its own penetration depth. Therefore, the electrochemical behavior
of porous materials with PSD shows frequency dispersion different from that predicted

by an in-a-pore dispersion even when using the average dimension of pores.

Fitting parameters based on the equivalent circuits are presented in table 2.

Table 2. Results from EIS fitting

Kinetic
parameters TaO,-PANi- TaO-NiO-

TaO-Mn,03-

PSSA MnzO4-PANI-
PANIi-PSSA
PSSA

Cai(mF) 4.00 4.30 4.98
R: (Q) 0.7542 0.0754 0.7769
Ret (Q) 0.2728 0.9516 0.1589
CPE (nF) 778.8 778.8 778.8
Dy 241 241 445.1
Winax (HZ2) 915.96 262.72 1263.96
T (srad™) 0.00109 0.00381 0.00079

The ideal or non-ideal capacitive behaviour is also reflected in cyclic voltammetry. Ideal
double layer capacitance behaviour of an electrode material expresses itself in form of a

rectangular shape in a cyclic voltammetric characterization as is illustrated by curve 1 in
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figure 75 [217]. The sign of current is instantiously reversed upon reversal of the
potential sweep. Any model to study the electrochemical impedance behaviour of the
nanocomposites must take into account the complexity of the equivalent circuit for a

porous capacitor electrode and whether the electrode utilizes pseudocapacitance [215].

U

T 1- lleal capacitor

e 2= capacitor with resistivity
T 3- capadilor with carbon material
- —AL S D 4- influence of redox reactions

1 AU- voltage delay
le- capadilive curmant

Figure 75. Typical reduction/oxidation voltammetry characteristics of an
electrochemical capacitor [217].

In the type of energy storage illustrated by curve 1 in figure 74, the phenomenon is purely
electrostatic and current is independent on potential. Electrode materials with
pseudocapacitance properties point out a deviation from such a rectangular shape and
reversible redox peaks connected with pseudofaradaic reactions are remarkable (see

curve 4 in Figure 74). In this case the charge accumulated in the capacitor is strongly
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dependent on the electrode potential. The observed delay of potential during reversing the
potential sweep is connected with a kinetically slow electron transfer process involved
during charging the pseudocapacitance [6, 218-219]. This is what is observed in all cases
of the polymeric nanocomposites studied in this thesis and illustrated in the rectangularly
distorted cyclic voltammetric curves illustrated in figures 63, 65(a)-(b). These composites
are made up of porous materials that gives pseudocapacitance properties i.e. poly(4-
styrene sulphonic acid) and transition metal oxides doped polyaniline nanocomposites.
The metal oxides used and polyaniline polymer exhibit, as is explained elsewhere in this

thesis, redox activities.
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Chapter 6

Conclusions and recommendations

Novel nanocomposite tantalum (1) oxide based nickel (11) oxide, manganese (I11) oxide
and manganese (II, 111) oxide poly(4-styrene sulphonic acid) doped polyaniline with
nanofibre morphologies were synthesized in this thesis using a combination of sol-gel
methods and chemical oxidative polymerization of aniline. Four novel polymeric
nanocomposites were the focus of this thesis. These were TaO,-PANi-PSSA, TaO,-NiO-
PANI-PSSA, TaO-Mn,03-PANI-PSSA and TaO-NiO-Mn3O4-PANI-PSSA. These
materials were found to be crystalline, conductive and electro-active. On being integrated
with activated graphitic carbon they were found to exhibit good supercapacitor material
properties with high specific capacitance, long cycle life and good coulombic efficiency.
Investigation of commercial supercapacitor cell samples indicates a number of
supercapacitors are available in a range of sizes and modular configurations. Some like
those from Maxwell boasting of capacitances of few microfarads to as high as 2400
Farads, a value which could be much lower than the values obtained in this work if
reported in unit specific capacitance. However, commercial supercapacitors are rated in
terms of Farads and this gives a poor comparison to experimental supercapacitor cells
which normally are rated in terms of Farads per unit mass or unit surface area. Also the
commercial supercapacitors are designed for specific and wide range of applications,
including consumer electronics, hybrid cars, and renewable energy sources thus varying
in a range of sizes.

As we move forward in developing environmentally friendly low-carbon strategies for

alternative energy production technologies and as we focus on problems associated with
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sustainable energy solutions, these novel materials need to be looked at keenly as
potentially superior materials in the design and production of efficient high capacitance,
high energy and high power supercapacitors.

This thesis provided an overview of electrochemical double layer capacitors (EDLC).
Scientific background has been covered in order to better understand supercapacitor
performance characteristics and armed with a basic understanding of EDLC performance
and design issues, it is hoped that one would be better equipped to undertake design tasks
and utilise supercapacitors for energy storage. Possible applications of EDLC technology
have been described to illustrate to the reader the wide range of possibilities that exist,
and may perhaps even encourage the formation of ideas about new ways that
supercapacitors could be used effectively. It is apparent that the state of the EDLC as an
energy storage solution is still very much in the early stages of development. The
physical processes that occur during charge transfer and the implications that they have
for EDLC performance are only just being fully understood and quantified.

Current cost evaluations usually rule out supercapacitors as a viable alternative to
batteries, a mature technology that has been widely available for many decades. Because
of the advantages of charging efficiency, long lifetime, fast response, high power density
and wide operating temperature range, it might be tempting to try and apply EDLCs to

any application that requires energy storage.

The limitations of the current technology must be fully appreciated, however, and it is
important to realise that supercapacitors are only useful within a finite range of energy
and power requirements. Outside of these boundaries other alternatives are likely to offer

better solutions. Nevertheless, commercial EDLC devices have been available for many
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years now, and their quantity and performance has been steadily increasing. Both
improvements in performance and the demand for better devices support each other in a
mutually sustaining cycle. As devices of greater energy density and higher power become
available, more new applications are formulated and demand will become greater.
Increased levels of interest in the technology then lead to increased research and
development efforts, which in turn will result in better devices being manufactured. An
established market will make it easier for new companies to enter the arena, and costs
will drop as manufacturing quantities and demand both increase. The most important
thing to remember about supercapacitor technology is that it is a new and different
technology in its own right as is illustrated in the literature review and are, at any rate, a
part of the new wave of advanced energy storage devices that will further the push
towards greater energy efficiency and more sustainable alternatives. They will be a useful
tool with which to engineer highly efficient electrical and electronic systems, and as the

state of the technology advances they will become progressively more commonplace.

Research and development efforts into EDLC technology have been steadily gathering
momentum since the 1970’s. This rate of progress is likely to continue as concerns about
energy efficiency and sustainable development increase. The emission-free electric car
has long been the dream of many of those concerned about retarding the progress of
environmental degradation, and the potential use of EDLCs in EVs continue to draw new
attention to the technology. The available energy and power of EDLC devices greatly
depends upon the materials used, and significant research is directed at ways of

improving the electrode and electrolyte materials. Greater understanding of the charging
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processes in the electric double-layer would lead to a clear recognition of the crucial
factors that must be addressed by electrode and electrolyte materials. New methods of
carbon activation and new polymer and metal-oxide materials are continuously being
developed, and improved electrolytes will result in increased cell voltages. EDLCs will
become a more competitive energy storage option as interest in the technology grows and
production levels are increased. Greater availability and more competitive prices
combined with improved energy and power performance will lead to widespread
adoption of supercapacitors as energy storage devices. While the technology is still in its
infancy and is invisible to the public consciousness it is likely that supercapacitors will

one day be as ubiquitous as the battery is today.

In this work, surface functional groups are important in introducing pseudocapacitance
and improving wettability, so X-ray photoelectron spectroscopy (XPS) need to be used to
find out which are the exact functional groups. The exact oxidation states of the transition
metal oxides which greatly enhance pseudocapacitance, need to be determined using
solid state NMR. BET analysis would be necessary to ascertain the porosity of the
materials and synthetic methods optimized to produce morphologies of high surface area.
Although electrode material, electrolyte and contact resistance all contribute to internal
resistance, contact resistance could be several orders of magnitude higher than the other
two factors and therefore adopting and re-thinking of supercapacitor design protocols
capable of minimizing contact resistance would be an essential ingredient to the

performance of the supacapacitor.
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1. Charge/discharge voltage-time curve profiles of;
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2. Coulombic efficiency as a function of the number of cycles for;
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