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Abstract

To meet a fasgjrowing marketdemandfor next generatiorportable electronic devices
with higher performance and increased device functionalgfésient electricalenergy
devices vith substantially higher energgpwer densities and faster recharge tisigsh
as supercapacitorare needed.The overall aim of this thesis was ®ynthesize
nanostructured sulphonated polyaniline and transition metal single, binareraady
mixed oxide doped nanocomposites with elecwaductive properties. These
nanocompositesvere anchored on activated graphitic carband usedin design of
asymmetric supercapacitors. Tdam(lV)oxide, tantalurfiV)oxide-nickel(ll)oxide,
tantalungll)oxideemanganedqd!) oxide, tantalungll) oxide-nickel(l) oxide-
manganese(lll)oxide nanoparticles are synthesised using modifiedl-gel methods.
These werethen 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&tyrene sulphonic acid). Theswovel
polymeric nanocomposites were characterised with FTIRyvISWle, TEM, SEM, EDS,
XRD to ascertairsuccessful polymerizatiomlpoping, morphology and entrapmenftthe
metal oxide nanoparticleSECM approach curveand nterrogation of C\fevealedhat
these nanocompositeare conductive and electactive The cells showed good
supercapacitor characteristiesith high specific capacitances 0170.5 Fg* in TaO»-
PANi-PSSA 166.1 Fg' in TaO-NiO-PANi-PSSA 248.4 Fg' in TaO-Mn,Os-PANi-

PSSA and 119.6 F§ in TaO-NiO-MnsO,-PANi-PSSA Their correspondingenergy



densitieswere calculated a845.5Whg', 179.4Whg*, 357.7 Whg' and 172.3 Whg*
respectively Theyalso gave respectiyiower densities 0f0.50Whg*, 0.61 Whg', 0.57
Whg' and0.65Whg™* andshowedgood oulombic efficienciesanging betweed7.97%
and 83.19%. These materialsire found to have a long cycle life and #fere good

electrode materials faonstructing supercapacitor cells
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Chapter 1

General Introduction

1.1 Background information
As global demand for energy rises inexorably with growthumanpopulation and in

step with industrial growth and technological advancemeptpgressive swing towards
renewable energy and energy storage becomes inevitable as concern grows over usage of
fossil fuel and as the world focuse#s attentionon global warming and resource
depletion. Renewable energy is intermittent by its natufis 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 realizelécEical 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 da@daic process and (ii)
Indirectly, in batteries as potentiallavailable chemical energy requiring Faradaic
oxidation and reduction of the eleciactive reagents. The advantages of such storage
and eventual retrieval are twold: reduced greenhouse gas emissions (notabh) el

improved energy sustainability.

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

power applications as components in analogue circuits, or at most atestmorhemory



backup supplies. Recent developments in manufacturing techniques have dggged

and with the ability to construct materials of high surfasea and electrodes of low
resistance, combined with an understanding of the charge transfer processes that occur in
the electric doubkayer has made highower electrochemical capacitoressible. We

can characterize the four decades history of capacitors technology perhaps best as one of
continual breakthrough development in which initial cost and p@wmergy density
challenges have consistently led to innovations that not only meetarastrns but open

up new avenues of discovefy-2] The practical realization of this psibility led to a

new paradigm vizthe development of supercapacitors. Supercapacitors are devices able
to store charges in an electrode/elalgte interface. Also referred to as electrochemical
capacitors, electrical doublayer capacitors, ultracapacitors, power capacitors, etc,
supercapacitors store energy electrostatically between a solid electrode and oppositely
charged electrolyte ionthat 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 engy than conventional capacitors, and are able toeleore 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
capaility and good specific energgnake themoccupy a functional position between
batteries and conventional capacit§ds7]. This position of supercapacitors is easily
visualised bymeans of a Ragone plot (Figutg a graphicarepreserdtionofa devi ce 6 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 interconversions of the electrode materials. This limits the cycle life of storage
batteries. By contrast, only an excess amficiency of charges on the capacitor plates
have to be established on charge and the reverse on discharge without chemical changes
involved. These highly reversible charggerage processes of the supercapacitors make
them to have longer cycleves andcan 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, pateal 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 parg@rount
13]. According to energy storage mechanisms, supercapacitors can be divided into two

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



pseudocapacitors (also referred to as redox supercapacitors). In the electrochemical
double layer, energy storage is principally electrastatinature. 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 chargansfer 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 ahe electrode surface, ions of opposite charge build up

in the electrolyte near the electrode/electrolyte interface in order to provide €lectro
neutrality. The thickness of the double layer depends on the concentration of the
electrolyte and the size obns. Figure2 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 surfgt6]. This occurs at the electrode
when the application of a potential induces Faradaic current from reactions such as (i)
electresorption which occurs when chemisorption of electron donating anion such as Cl
Br, or CNStakes place in a process such as M £ AMA Y + 5. (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 @+ n€ Z Req[11]. The two different storage mechanisms,
EDLC and pseudocapacitancegan 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 ofggnm form of batteries for both
portable and statielectronicapplications hee greatly increased. The present storage
systems are too costly to penetrate major new markets. Demand for higher performance
and increased device functionality in electrotvices such as radio tuners, notebooks,
cordless tools, cameras, mobile phones, laptops,caipled with environmntally
acceptable materials havaised interest in search for efficient electrochemical energy
storage devicesand hence new materials ode constituents must be available in large
quantities in natureto bring the cost of device production Idd7]. Next generation
portable devices will requirstablesolid state supercapacitors with high power density,

flexible and transparent to meet the various design and power [i€t3)]. In a world



expressing growing concerns for the eamment and conservation of natural resources, a
focus on development of vehicles with supercapatitdtery power codpd systems
(hybrid electric vehicles (HEV¥)has taken an accelerated paséh the design of an
automobile propulsion system currentiping through a major evolution, perhaps the
biggest since its invention. The center of this change focuses on electrifying the power
system of the automobile.o@tributing to the acceleration of HEVs is the factor of
energy supplies. As the economiesdeiveloped nationare sustained and as those of
developing countries mature, the automotive population is expected to be five times
larger by midcentury, growing from 700 million to 2.5 billiof20-21]. With petroleum

being afinite resourcefwo questions begs for answer.h@fe 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 mntinues to increase. The answers to these gloomy questions compel us to
make every effort to build sustainable renewable energy systems. The rapid development
of standalone renewable energy systems such as wind and solar is limited by high life
cycle coss. One main contributor to the high Idgclecost 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 intémattiee.
However this very intermittent nature of their output causes the battery to operate at
conditions of deeqlischarged and overcharged states. Continuous exposure to rapid
charge/discharge profiles degrades the battery performance and redudetsniis [P2-

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



decreaseandthe batterieshenneed to be oversized for high power applications. This
can be a problem for space constrained applicaf@®is It can be seen from Figuiz

that supercapacitors have much highewer densities thatraditional battery systems

[25] making ahybrid electricmodel worth consideratiorThis configuration is maly

being considered byndustry for hybrid electriand HEV applications because of the
potential reduction in the size/volume of the overall energy storage system. The usage of
suwcapacitors also decreases the current loads on battery systems thereiiallgote
improving battery lifetimes. Studies have shown that a simple parallel combination of
battery and supercapacitor leads to improved energgge@ystem performance @sak

power of the energy storage system d@n enhanced, internal lossesducedand
discharge life of the battery be extended with the usage of supercapgttad. It is

these advantages that make it worth investigating the supercapacitor configurations in the

context of building sustainable energsstens.

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
appled in the design of high specific cajtance, high power andigh supercapacitor
devices. Different binary, ternary and quartenary nanocomposite systems were developed
usingdifferent combinations odniline, synthesizethetal oxidesnickel oxide, tantalum

oxide and manganese oxidéth the organic dopant poly-styrene sulphonic acid].he

specific objectives of this studyere

1 Synthesisof nanostructured transition metal oxidesckel oxide, tantalum oxide,

manganese oxide, and the mixedetal oxides; nickel oxideantalum oxidetantalum



oxidemanganeseoxide, and the ternary tantalum oxihéckel oxidemanganese
oxides.

2 Synthesis of nanostructured pof{y-styrene sulphonic acid) dop@dlyaniline
nanocompositewith in-situ incorporationof the tantalum oxide and the mixatetal
oxides; nickel oxidetantalum oxide tantalum oxidemanganese oxideand the
ternary tantalum oxideickel oxide-manganesexides.

3 Electrochemical and spectroscopic characterization o$uhghonated and transition
metaloxide dopedpolyanilinenanocomposites.

4 Designof supercapacitocells using thepolymeric sulphonated and transition metal
oxidedopedpolyanilineanchored on activated grapbitarbon

5 Characterization of the supercapacitetls using twoelectrode electrochemical cell

configurations

1.4Thesis 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. 18@fisks atthe
contemporary competing commercial interestsf supercapatdrs 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, polymsedlznd metal oxide
based plus a review of suitability of polyaniline as electrode polymer material for
supercapacitors is reviewed. ChapterstBnmarizesthe basic description of all the

characterization techniques employed in the study while chapsemdarizesall the



procedures employed in the synthesis of metal oxide nanostructures, doping of
polyaniline andn-situ incorporationof the metal oxides into the polymer matrix to form

the desired polynr& nanocomposites. Methods afteégration of nanoconasites 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 tektsgercapacitor

cells while Chapter 6 concludes the studigsarguinga strongcasefor supercapacitors

as part of the new wave of advanced energy storage devices that will further the push

towards greater energy efficiency and more sustainable ditesa



Chapter 2

Literature review

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

interface between an electrolytic solutiondaa solid has been known since the late
1800s.This concept of the double layer has been studied by chemists sincethe 19
century when von Helmholtz first developed and modg&dl the double layer concept

in investigations on colloidal suspensions. His work was subsequently extended to the
surface of metal electrodes in the latd #d early mieR0" centuries[27-29]. A brief

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

The practical use ok doublelayer capacitor, for the storage of electrical charge, was
demonstrated when in 1957 General Electric patef2&{l an electrolytic capacitor

(Figure 3). This early patent dtzed crude porous carbon electrodes in an aqueous
electrolyte and admitsthati t i s not posi taitakeslplgce Wherotien e x a c t
devicesare used as energy storingdegice0 it was believed that en
in the pores of the carboandit was notedhat the capacitor exhibited an exceptionally

high capacitance.
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Figure 3. The capacitor patented by General Electri¢27].

From he Standard Oil Company of Clevelar@hio (SOHIO)patent grantedn 1966
[30], it was acknowledged thatlectrolytic capacitorsactually store energy in the
electrical doubldayer, at the intephase between electrode and solufiBigure 4) with
the Odloauypdre6 at t he like atapacitoraot relativiely high \specifig

capacity. o
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Figure 4. An electrolytic energy storage device patented by SOHI{30].

SOHIO also originatethefirst commercial doubléayer supercap@orsin 197Q In the
year, hey patertied [29] [4] a diseshaped device that consisted of carbon paste
electrodes, formed by soaking porous carbon ira amoraqueouslectrolyte separated
by an ionpermeable separatdFigure 5). SOHIO thenlicenseé their technology to
Nippon Electric CompanyNEC) of Japanin 1971 [31], who further developed and
successfully marketed douHkeyer supercapacitors, primarily for memory backup
applicatons becaning the first company tgroduce the first commercially successful

doublel ayer capacitors under the name fAsupercapg
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Figure 5. A capacitor patented by SOHIO[29].

By the 198006s a suchrmdMatsushitafElectrio IndusirialiCengpany

simply knownasPanasonic in the Western worlthd developed tlireii Gol d capaci t or

intendedalsofor use in memory backup applicatioid2]. By 1987 Elna corporationad

begun producing their own douHlea y e r capacitor un d3asr t he
Pinnacle Research InstituteRI) developed the first highower doubldayer capacitors

(PRI Ultracapacitgrincorporating metabxide electrodesor military applications sut

as laser weaponry and missile guidance syst¢d4§. Challenged by the PRI
ultracapacitor,the United States Department of Energy (DaEgrted an aggressive
doublelayer capacitor initiative as part of thdiybrid electric vehicleprogram and by

1992 the DoE Ultracapacitor Development Program was started at Maxwell Laboratories
[35]. A number of commercial companies around the world currentlyanufacture

EDLCs in a commercial capacity. NEC and Panasonic in Japan have been producing

electric double layer capacitdE[DLC) components sincetie9 8 0 6 s . Il n the U.

Elna AVX, and Coopercompaniesproduce 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. €8 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 decteochemistry 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, andheir relaionship to chemical parametd6-37]. Electrochemical processes
occur at all kinds of interfaces ranging from those involving two phases such as solid
liquid, liquid-liquid, liquid-gas and soligjas interhces through those involving three
phases such as scliquid-gas interfaces to those that take place at more complex
interfaces such as biological membranes. All these interfaces can be édrfmss
analytical measuremenf37]. The reattons 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 thewak 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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Electranalytical 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
techngue 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 moleculatayer to several mm thick38]. Examples of materials used to modify
electrodes include mercury for the polarographic determination of tracesrizdl
conducting polymerq40], gels [41-42], polymers loaded wh enzymes and redox
mediatord43-46], doped polymer§45], molecular constructions tethered to the electrode
surfa@ and nanostructured materigk7-48] The electrodes may be passive as in
potentiometry or active as in amperometry and impedimetry. In potentiontedry t
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 ddectro
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 onlgsistiplar
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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

2.3.1Convetional capacitor
Conventional capacitor stores energy in the form of electcicaige. A typical device

(Figure6) 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 conduetectrons 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 bedstoreelation to the strength of the
applied potenti al i's known as the capacitan
storage capability. The charde, for this capacitor is proportional to the applied voltage,

V, and known capacitancg, 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 eachSplate,
permittivity of the dielectric material) ard indirectly to the dielectric thickness [31].

Thus,

C

== 2.2
d

From equation 2,2three inferencefb0] can be made; (ithe 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 @onstruction and structure of parallel plate

capacitors and supercapacitors, the three general inferences always apply.

Supercapacitors use an electraddéution interface that behaves similar to a cotiveal

capacitor shown in figre7.

17



+ +++ +++ + +
1

Figure 7. Schematic of a conventional capacitor

For an appkd potential voltage, a charge on the electrgdeand in the solutiorgs 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 surfacfb1]. At all times,

Q. =-0s 2.3

applies to one electrode surface; in actual experiments, both metal electrodes would have
to be considered. However, due to coulombic interaction betweenlgbieode and
electrolyte, thesituation is more complicatd@1].

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

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 conductanaatbctrolytic

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

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

obtained from the doublayer model.

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

conductor and an electrolyte has developed gradually. Various models have been
developed over the years to explain the phenomena observed by chemical scientists. The
doublelayer model was first proposed by Helmholtz in 18%53]. His doublelayer idea

consisted of two array monolayers of opposite charge separated by a distance of

molecular order. One layer forms on the charged electrode, and thelatberis
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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 thdyateigure
9). According to the Helmholtz model the differential capauie is given by;

c,=-2- 2.4
4p ¢

WhereC,, the differential capacitance predicted by the Helmholtz model, is a constant

value dependent only on dielectric constantand charge layer sepdion, 6. 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 remairtatiac®mpact

array but be subject to the effects of thermal fluctuation according to the Boltzmann
principle [2]. Second, the structure is equivalent goparallelplate capacitor. The

relationship between the charge densityand voltage drop/, between the plates is

s=C%y 25

e’ is the dielectric constant of the mediumy,is the permittivity of free space adds the

interplate spacing. If differential pacitance is defined as,

C, :Ev 2.6
bl
Then, ¥ =c =2% 2.7
\Y d

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

the differential capacitanceith potential and electrolyte concentration suggest that either
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the dielectric constant of the medium or the hgkte spacing depends on these

variableg51]. 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 andarientation 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 excessgehaeeded to counterbalance charge
density on the metal51]. I n the early 19000s, Gouy
capacitance was not a constand #&mat 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 théheory, Gouy and Chapman introduced a mathematical model

based on combined application of the Bol

Poi ssonds equation. The Poisson equation
and the Boltzmann equatiomas used to determine the distribution of ions. lons were

considered spoint charges with no volunfg4-55].

The model introduces a diffuse layef 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-Gloagman theory, the

ions are not restricted with respect to the locatérthe 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. Thusnthgel assumes the charges decay rapidly
and continuously from conductive material to electrolyte without distinct layer
separation, a case whiab 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 withGhapynan

theory is the overestimah of the doubldayer 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 fmems in the GowChapman model by including a compact

|l ayer as well as Gouyodos diffuse | ayer. The
specifically adsorbed iong6]. 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 diedtigms 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 solutiordes of the double layer is thought to be made up of

sever al | ayer so. The | ayer cl osest to the
molecules and other species which are said to be specifically absorbed. The loci for these
electrical centers reside the inner Helmholtz plane, IHP, at a distange The total

charge density for this inner layerds 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 distanocg, 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 extendthieddHP

into the bulk of the solution. The charge density in the diffuse layef.ighe total
charge density on the solution side of the double layer isvhich is equal to and
opposite the total charge on the solid side. Thus,

+s  =-s5 2.8

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

In 1924, Stern modified the Gowyhapman model by including a compact lagewell

as Gouybs diffuse | ayer. The c ospepifaatiyt Stern
adsorbed ion$56]. Grahame divided the Stern layer into two regions. He denoted the

closest approach of the diffuse ions to trecbde 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 designatedeisg the inner Helmholtz plane
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Electrode Electrolyte

Adsorbed

Solvated ions

Inner HelmholtzI |
plane

I Outer Helmholtz plane

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 charg€p, will vary with electrolyte concentration and potential.
Grahame combined the capacitance resulting from the Stern Gyyeand that resulting

from the diffuse layerCp. The total capacitance€, is then described by Equatiord?

4,1 2.9
C., GC,

Olr

In systems near the point of zero charge and low electrolyte concentration, one can
expectCp to vary in a Vshape fashion. At large electrolyte concentrations or large

polarizations in dilute mediaCp becomes so large that the contributiontie bverall
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capacitance is negligible meaning that the déflesyer effect can be ignoreBquation
2.9becomes invalid if specific adsorption of ions occurs, however, and if this is the case,

the capaitance is equated by Equation 86].

+ =@+ En 3.0

o Is charge density on the electrode, ands 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 aMlller proposed a model {gure 11) that included the

action of the solvenf56]. They suggested that a layer of water was present within the
inner Helmholtz plae 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 firg, 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.
Calculaton of the capacitance of the supercapacitor is more difficult due to the complex

phenomena occurring near the poresthedoseudocapacitance involéd].
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Figure 11. A double layer model including layers of solvent56]

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 |l@hbetween the electrodes (fig12).
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Figure 12. Representation of an electrochemical double layer capacitor, in its charged state

[58].

Each electrodeelectrolyte interface represents a capacitor so that the complete cell can

be considered as two capacitors in series. For a symmetrical capaitone with

similar electrodes, the overall cell capacitance is determinethdyseries equivalent

circuit. Thus,
1 1 1

- = 4 —

Ccell C1 CZ
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2.4Electrode materials for supercapacitors

The devéopmentof supercapacitors seeks to develgtiroal electrode materials able to
provide a high andfécient accumulation of electrical energy with a simultaneous long
durability. There are three main categories for supercapacitor electrode maitesis.
are; (i) carbon based, (ii) transition métxides and (iii) conductive polymer materials.
The salient features of these different classes of materials are disousbesl brief
review,

2.2.1 Carbon based electrode materials

The main factors that dictate the selection of carbon for many eleetocal
applications are itscaessibility, low cost, easy processability, as well as different forms
that areattainable (powder, fibers, foams, fabrics, composi@ts, mats, monoliths

and adaptablporosity with various surface functionali§9]. Carbon electrodes are well
polarizable, chemically stable in different solutions (acidic, basic, aprotic) and in a wide
range of temperatures. The dmoperic character of carbons, both electron
donor/acceptgrand with the possibility odimultaneous presence of acidic/basic surface
groups allows the electrochemical properties of materials based on carbon to be
extensively used. The properties of carbmaterials 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 tpalc 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 necessaryftwmation of electrical double layer but presence of
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mesopores are crucial if a high propagation of chargensanded6, 58] Of theforms
of carbon,applications of carbon nanotubes electrode aterials for supercapacitors
have ignited significant worldwide investigation on their microscopic and macroscopic

porous structuieand 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 aswalldtil

carbon @anotubes (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 approximatelyl00 nm. The specific surface area of a
MWCNT is inversely poportional to its diameter, and varies from <100 gh' for
relatively thick MWCNT to >1000 fg'* for SWCNT. The unique properties of high
surface area, high eleatal conductivity, good chemical stability and significant
mechanical strength have promoted major reseaffdnte aimed at finding practical
applications for these materials. They have been evaluated as electrodes for
supercapacitors, batteries and sens@@-63]. Composites of carbon nanotubes and
polyaniline(PANi) have been found to exhibit superidracacteristics than puf@ANi or

pure CNTs. They show much higher specific capacitance, specific energy and specific
power and excellent long cyclic stabilif$4-65]. The uniform dispersion o€NTs
adheres stronglio the PAN 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 withstrong interactions leads to charge stabilization andtefédy promote the
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protonaton of PANL 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 bSWCTs into the PANmatrix and results in enhanced electric conductivity
[66-67]. In their investigation of capacitance of CNT/polymer composite and their
configurations, Frackowiakt al [68] showed that a 20 wt % of CNTs in a PANKINT
electrodes is sufficient to ensure a good permeability for the electralytl hence a high
electrochemical perfanance. 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 worke[89]. In thar study of the influence of microstructure on the
supecapacitive behaour of PANVSWCT composites, Guptt al [64] has shown that

the specift capacitance of PAKCNT composite is strongly influenced by their
microstructure with the microstructuredatsdepending on the wt % of PANeposited.
They found that morphologies of th&RI/SWCNT composites were found to vary with

the diameter of RNi.

Of a comparable mechanical strength tottb& carbon nanotubes is grapkerthe
perfectly flat monolayer of $gcarbonatom tightly packed into a two dimensional
honeycomb laite (Fig. 13 [70-71]. When individual graphene sheets where isolated
from mechanically cleawk graphite, they were found to exhibit unusual electronic
properties arising from the confinement of electrons in two dimen§idhsGraphene 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 cdmparab
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only to that of carbon nanotubes which can be considered as graphene with aisnast. It
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 (CNTs) or stackéd ireedimensional graphit¢70],
meaning that thesheets can thus be modified by engineering their shape, size, and

chemical strature.

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

The singlelayer graphene is a zero band gap semiconductor or semimetal and exhibits
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fascinating properties such as a perfect ballistic effect, a-teowperature fractional
guantumHall effect and an ambipolar electrielid effect[73]. Based on these excellent
performancesoupled wih its low production cost in large quantitjasakes graphene
commercially attractive and promisingly usefumaterial asatomically thin yet robust
components for narelectronic and nanelectromechanical device applicatiomsthe

fields of energy stoage, biomedicine, mformation transmission and in nammposite
materialsas well agn nanoscale building blocks for new materidlee production cost

of graphene sheets in large quantities is much lower than that of carbon nanotubes
making it commercidy attractive as atomically thin yet robust components for
nanoelectronic ahnanoelectromechanical devicasd as nanoscale building blocks for
new material$74].

2.2.2 Conducting Polymers

Conductingpolymersare organic polymerghat conduct electricityFor many years, all
carbon based polymers were rigidly regarded as insulaatsnsively utilizedby the
electronts industryas inactive packaging and insulating matesidlecause of their
insulating property The idea thaplastics could be made to conduct electricity would
have been considered to Bbsurd.This narrow perspective rapidly changeah the
discovery in 1960 ofintrinsically conductingpolymers (ICPs)commonly known as
synthetic metals Theseare organic polymers that possess the electrical, electronic,
magnetic and optical properties of a metal while retaining the mechanical properties,
commonly associated with conventionapolymer.This class of polymers is inherently
conducting in naturelue t o t he pr es e-+lecegon sySteman theionj ugat

structure. ICPs have a low energy optical transition, low ionization potential and a high
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electron affinity[75]. The unque electronic properties of the conjugated polymers are
derived from the presence ofelectrons, 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 thereforenecessary that there are no large torsion angles at the bonds, which
would decrease the delocalization of thelectronssystem.The essential properties of

the delocalized -electrons system, which differentiate a typical conjugated polymer from
aconveti onal p oJbondseare: (ay ithe telecttoni¢) (band gap (Eg) 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 throughcharge 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 igyzesiticles,

which, unekr certain conditions, may move relatively freelyothgh the materigl76]

A high levelof conductivity (near metallic) can be achievedCPs through oxidatidn
reduction as well as dopingith a suitable dopar5]. The first ICP to be discovered
was polyacetylenesynthesized by Shirakawet al[77]. Theyfound that the conductivity

of polyacetylene could be increased by several ordermagiitude through chemical
doping and in reality it cabe converted from amsulator to a metal like conductdrhis
discoveryheralded the dawn of mew era of conducting polymers. Following the study
other, polymers such as polypyrrole, polythiophene, polyaniline, poly(phenylene
vinylene), and poly(fphenylene), as well as thalerivatives, have been synthesized and

reportedSince Shirakawanterest in ICPs hagevebped through three stages:
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(i) An initial interest motivated by their unique properties prattical possibilities;

(i) A decline in interestowing to difficdties in processing and poanechanical
properties;

(i) Renewed interest followinthe discovery of solution and melt processibibfyPani

in the early 1990§/8].

ICPs can generally be divided intfour primary typesof electrically active polymer
systens based on theidegrees of conductivity79]. First, @mposites in which an
insulatingpolymer matrix is filled with a particulate or fibroagsnductive fillers such as
a carbon or anetalto impart highconductivity are the most widely used conducting
polymeric systemawith wide applications ininterconnections, printed circuioards,
encapsulations, heat sinks, conductedhesives, electromagnetic interference (EMI)
shielding, electrostéic discharge (ESD), and aerospace enginee@agond,ionically
conductingpolymerswhich have theiapplication in the battery industrihe origin of
their electrical conductivitys a result of the movement of ions present in the sysiam.
example ofsuch a polymer is polyethylene oxide which lithium ions are mobileThe
third group is theredox polymersin which the system antains immobilized redox
centers (electroactiveenter$ which are not necessarily icontact with one another, but
can cowmluct charge by electromansfer from one centdo another througli hoppi ngo
mechanism. During conduction, electrotsinel from one redox center to another
through annsulating barrier. The systems need to have a large nuvhibedox centers
to increas the probability of such tunnelinghe lastgroup isthe conjugatedoolymers.

These polymers consist of alternating single dadble bonds, creating an extended
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network. The movemenbf electrons within this” -framework is the source of
conductivity. A dopant is required to increase tleeel of conductivity for this type of

polymers.

Valence electrons in traditional polymers such mdyethyleneare bound in sp
hybridizedcovalent bondsSuch sigm#&onding electrons have low mobility and do not
cortribute to the electrical conductivity of the material. The situation is completely
different in conjugatedmaterials.The extende@ -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 preciselyntml 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 stat€onducting polyrars have backbones of continosg
hybridized carbon centers. One valence electron on each center residesdrbital

which is orthogonal to the other three sigb@nds. The electrons in these delocalized
orbitals have high mobilitywhen the material is doped by oxidation, which removes
some of these delocalized electrons. Thus toebpals form aband and the electrons
within this band become mobile when it is partially emptied. In principle, these same
materials can be doped byduction, which adds electrons to an otherwise unfilled band.
Conductive organic polymers associated with pratlgents may also be "selfoped as

the solvent abstract electrons from the polymer.
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The field of conducting polymers has witnessed anasiypé growth in recent years with
electrically conducting conjugated polymers such as polyaniline, polythiophene,
polypyrrole and polyacetylenas well as their derivatives receivingpnsiderable
attention because of their remarkapl®perties and numersuwapplication potentials in
such multidisciplinary areas as electrical, electronitsgrmoelectric, electrochemical,
electromagnetic electromechanicaklectreluminescence, electndeological,chemical,

membrane, and sens¢$89-84].

However, applications afuch polymers still remailimited because most of theshow

lower level of conductivity compared to metals. Also afehe maindifficulties in the
control of the structurproperties relationshis thar infusibility and poor solubility in
available solvents such thatost of then cannot be characterized in solutidrhis has

been improved through doping. Also theesenceof various substituent groups on the
monomer unitincreases solubility butan deaease the conductivitj85]. Methods @
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 phenyhg on either side with its
physicochemical properties beirggrongly related to the proportion of aryl amineda
guinone imine units present. PAMNpresents a class of macromolecules whose electrical

conductivity can be varied from an insulator to a conoluby 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 jgieatine conducting

state of PAN can be obtained in its 50% oxidized enadine state in agqueous acids like
HCl and the resulting material is atype semiconductorPANi possesses two
voltammetric redox pairs including three stable oxidation states,thatthalfoxidized

state (emealdine) being highly conductive in its pomated stateWith the extent of
doping polyaniline can have foudifferent oxidation statef80]; Leucomeraldine base
(LEB), Emeraldine (EB), Emeraldine salt (ES) and Pernigraniline (PNB). Oxidative
doping of the leucomeraldine base or protonic abighing of the emeraldine base
material produces the conducting emeraldine Existence of d@ferent oxidation states

of PANi makes it useful as an electrode material in electrochemical cap486e39].

A partial oxidation of PANusually leads to the reorganization of bonds, resulting in an
increase in electronic conductivityn khe conducting state, there are regions that are
threedimensionally ordered in which the conducting electrons are-tlireensionally
delocalized and regions where the polymer is strongly disordered, in which gonduct
electrons diffuse through ofmBmensional 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 techrigpable of probing surface

reactivity of materials at microscopic scalesSECM current flows thragh a very small
mobile electrode tipcalled an ultramicroelectrodeUKME) near a conductive,
semiconductive, or insulating substrate immersed in a solution icimgta an
electroactive species, the redox mediator. The cuisarded either amperomieglly (or
potentiometrically)to interrogate the activity afmt topography of an interface on a
localized scale at a substrate as the tip is moved near the substrate [90rBf)e The

UME is fabricated as a conduatidisk 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, éiblaped, and hemispherical electrodes.
The disk geometry is prefed for SECM tips. UMEs offer important advantages for
electroanalytical applications including greatly diminished ohmic potential drop in
solution and doubkayer charging current, the ability to reach a steady state in seconds
or milliseconds, and a sihagize 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 SB@ involves means of moving the tip with a resolution down to the

Angstrom unitregion 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 ference electrode and measures the tip and substrate currents. The SECM
instrument is often mounted on a vibrativee optical table to isolate it from
environmental vibrations. This is especially important for high resolution anduon@nt
measurementd he tip can be moved normal to the surface ghdirection)to probe the
diffusion layer, or the tianbe scanned at constanticross the surface (theandy
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 giveserto 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 distandeghe conductivity and chemical
nature of the gsaple substrate. The measurementtipf currentcan thus provide the
information about sample topography and its electrical and chemical properties. Several
SECM modes of operation can be realizdtheseinclude feedback modg90-91],
generatiorgollection (GC) mock [93], penetration mod¢d5] and ion transfer feedback
mode [96-97]. In this work, the feedbacikode was used This mode offers a simple
technique of characterizinthe surface conductivity of the polymeric nanocomposite
substrate

3.1.2 Construction of carbon pastelectrode (CPE)

The increasing application of chemically modified carbon paste elect[B8&9] for
electroanalytical measurements has received considerable attention for electroanalytical
measurements. The operation mechanism of such chemically modifieoh cpaste
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 carbenefattode 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 B&ashin to
produce the final serdry/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
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rod which serves as an external electric contact. Appropriate pasiisgchieved 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 ¢ Tricell cell unit configuration.

The 15 pM dameter UME is cleaned by first polishing it on wet 1 pM aluronale

(Al205) size particle polishing powder followed by 0.5 and lastly 0.03 phOAbowder

all placed omalumina pads Buehler (lllinois, USA) aligned on a glass substitateas

then rinse with ultrapure distilled ddgonised 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 bubbleveling device and Allefkey screw and after the UME is held

in position using the SECM probe clamp, the four electrodes (counter electrodenaefere
electrode, UME as working electrode and CPE the sample substrate) then connected in
place. The cell was then filled with 0.1M potassium chloridataiaing 0.005M
potassium drricyanide mediator solution. The feedback approach curve and potential

areamap 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 Transforrinfrared Spectroscopy (FTIR)L00-104]is amechanically simple, fast

nontdestructive analytical technique used to determine qualitative and quantitative
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features of IRactive molecules in organic or inorganic solid, liquid or gas samiples6 s a
precise measurement method which requires no exteatibration 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 molemiinto a higher vibrational state and the
wavelength of light absorbed by a particular molecule is a function of the energy
difference between the-a#st and excited vibrational states. The wavelengths that are
absorbed by the sample are charasterid its molecular structurg101]. Fourier
Transform Idfrared (FFIR) 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 frequenciesimultaneouslyrather than individually, was needed. A solution was
developed which employed a very simple optical device calleshtarferometer The
interferometer produces a unique type of signal which has all of the infrared frequencies
femdedo into it. The signal can be omeasured
secondor so. Thus, the time element per sample is reduced to a matter of a few seconds
rather than several minutes. Most interferometers emplmaasplittemwvhich takeshe
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 distagpedtly 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 consthatlgiog 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 calleihgerferogramwhich has the

unique property that every data point (a function of the ngwnirror 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
measuredsimultaneously Thus, the use of the interferoraetresults in extremely fast
measurements. Because the analyst requifesjaency spectrur(a plot of the intensity

at each individual frequency) in order to make identification, the measured interferogram
signal can not be interpreted directly. Ameans fidecodi ngodo the indiuvi
is required. This can be accomplished via a ‘etiwn mathematical technique called

the Fourier transformationThis transformation is performed by the computer which then
presents the user with the desired spéatfarmation for analysig102]. The normal
instrumental proce4400-104] includes the IRsourcewhich emitsinfrared energy from

a glowing blackbody source.
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Figure 15. A simple FTIR spectrometer layout[104]

The IR beam passes through an aperture wdoctrols the amount of energy presented

to the sample (and, ultimately, to the detecttirenters the interferometer where the
Aspectr al encodingo takes ©place and the
interferometer. A laser beam is superospd 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 guencies 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 signaligstized and sent to the computer where the
Fourier transformation takes place. The final FTIR spectrum is then presented to the user
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as plots of intensity versus wavenumbmrinterpretation and any further manipulation.
Because there needs to be athetascale for the absorption intensity,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 Itesy 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 spectruharadaeristic of thenstrumentitself. 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 theymoér or other constituent(s) in the sample.
Absorption bands in the range of 40001500 wavenumbers are typically due to
functional groups (e.g.;OH, C=0, NH, CHS3, etc.). The region from 1500400
wavenumbers is referred to as the fingerprint regidssofption 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 ElectronMicroscopy (SEM)

3.3.1 Basic operational principle
SEM is a microscopic technique that uses a focused beam eEmggby electrons to

systematically scan across the surface of a solid specimen generating a variatglsf sig
at the surface through thedectronsample interactionsevealing information about the

sample including external morphology (texture), chemical composition, and crystalline
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structure and orientation of materials making up the sampled#n@nsional image is
generated that displayspatial 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 elecpbisal column, through which

the beam passes, is held under high uacto 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 eteon 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 broughe ifocus 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 spe@swdution[105

106]. All SEM instruments are built around an electron coluigee figure 1§ which

produces a stable electron beam, controls bearardybeam size and beam shape.
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Figure 16. Schematic of a SEM107]

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 &tich 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 therobe, 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 tocsmall 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 wavelgnt h i s gi ven by Abbeds equation;
0.612/

d=— 3.1
nsing

whered is the resolutionasthe wavelength of the energy source, n the refractive index of
the medium through which the energy source travelsdanch e aperture angl e.

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

Accelerated electrons in 8EM carry significant amounts of kinetic energy which is
dissipated as a variety of signals producedelsctronsample interactionsvhen the
incident electrons are decelerated in the solid sarfi@®&]. These signals include
secondary electrons (that produce SEM images), diffracted backscattereahsl¢ittat

are used to determine crystal structures and orientations of minerals), photons
(characteristic Xraysthat are used for elemental analysis and continuuray¥, 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 valuablestatinly
contrasts in composition in multiphase samples (i.e. for rapid phase discriminAtion).

ray generations produced by inelastic collisions of the incident electrons with electrons
in discrete orbitals (shells) of atoms in the sample. As the exeiextrons return to
lower energy states, they yieldrdys 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 afemical compositions using Energy
Dispersive XRay Spectroscopy (EDS).

3.3.2Energy-Dispersive XRay Spectroscopy (EDS)

Energy Dispersive Xay Spectroscopy (EDX or EDS), is a technique based on the
collection and energy dispersion ofr&ys created whehigh energy electrons bombard a
sample.EDS systemq108-110] are typically integrated into either BEM or SEM

Either way, the two technigs are often used togethbrteraction of an electron beam

the TEM/SEM with a sample target produces a vartgmissions, including Xays.

An energydispersive (EDS) detector is usénl separate the characteristicrays of
different elements intan 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 cred&ment compositiomapsover 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 threkmensional 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 distahoghich varies according to the nature a# th
material. For any crystal, planes exist in a number of different orientateash with

its own specificd-spacing. Detailed information about the crystal nature of a material

can be revealed using-pay diffraction (XRD) technique. This is a versatileon
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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 measuremgabmetry is depicted iigures 17 and 18L11].

The sample should preferaldxhibit a plane or flattened surface. The angle of both the
incoming and the exiting beamdswith respect to the specimen surface. The diffraction
pattern is collected by varying the incidence angle of the incomnay keam by and

the scattering anglby 2 while measuring the scattered intenditgs a function of @
Two angles have thus to be varied duringy/dq scan.Various types of powder
diffractometers are in use. For one set of instruments 4tag xsource remains fixed
while the sample isotated around, and the detector moves by.Zor other systems the
sample is fixed while both theray source and the detector rotategogimultaneously,
but clockwise and anticlockwise, respectively. The rotations are performed byallesb
goniomeer, which is the central part of a diffractometer. A goniometer pbwader
diffractometer (Fig. 1/and18) comprises at least two circlesioequallyi two axes of

rotation.
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Figure 18. Scattering of xrays 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 crywllographic 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 tle Miller indices. The distance between two adjacent planes is given by
the interplanar spacingnq with the indices specifying the Miller indices of the
appropriate lattice planes. To observe maximum intensity in the diffraction pattern,
Br aggo6s hasdabe bbeyed The equation is called Bragg equation and was
applied by W.H. Bragg and W.L. Brad§j12] in 1913 to describe the position ofay

scattering peaks in angular space.
Bragg?®6s,2@gSing;t=i/ on (3.2

By varying the anglehetg the Bragg's Law conditions are satisfied by differént
spacings inpolycrystalline materials. Plotting the angular positions and intensities of
the resultant diffracted peaks of radiation producesnaission spectruraharacteristic

of the sample&eomprising a continuous part, called Bremsstrahlung, and some discrete
lines indicative of the chemical elements of the target matetiakre a mixture of
different phases is present, the resultant diffractogram is formed by addition of the
individual patternsBased on the principle of-Kay 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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3.5Electrochemical impedance gectroscopy

3.5.1 Basic operational principle

EIS is a techniquewhich 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 allowshe 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 supercapacitectrode 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 byimpedances. The definition of impedance, as used in EIS, is given by

V, sin(ut) _7 sin(nt)

= . - 4&~0 _. 33
I, Sin(ut +£) sin(mt +£)

The Current Ip) and f (phase shift) can be measured as a function of an applied
pertubation AC signal\0), allowing the determination of impedancg,[113]. By
applying this signal over a spectrum of frequency, thgmades 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
electrodeelectrolyte interfaces and in the bulk electrolyte. The rewis&g 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 diffusionhafged species
through the electrolyte. Charge transfer resistance yields important information about
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exchange current and eteode polarizatiorf51]. In addition to the resistances in these
regions, Electrochemical Double Layers (EDL) form between a charged electrode and
surrounding electrolyte. Accumulation of couniens near the electrodes gives rise to an
electrochemical capacitance at the stiigid interface. However, the capacitive
behavior is usually not ideal and this Adeality is attributed to such factors as non
uniform reaction rates on the electrode surface eladtrode surface roughnegsl4].

EDL capacitance is exhibited by phase shifttied signal when performing EIEIS
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 usingtdwhnique and EIS has been demonstrated to

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

Bode plots and Nyquist plots are both popditems of displaying EIS resultShe Bode

plot simply displays impedance and phas@ft 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 elenmeigesneral,
impedance at very low phase shift (n@aiis 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 midequency range (1000 Hz to 1 Hz, for example),
impedance responses are often d@ted by high phase shift. This generally indicates

capacitive behavigi.13].
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Chapter 4

Experimental: Synthesisof 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 1002100 nm[115]. They are larger than individual atoms and molecules but are smaller
than bulk solid. Hengdahey obey neither absolute quantum chémisor laws of classical
physics and have properties that differ markedly from those expected of atoms and molecules
or those of bulk solidTwo major phenomenon are responsible for these differences; first
the high dispersity of nanocrystalline systems. the size of a crystal is reduced, the
number ofatoms at the surface of the crystal compared to the number of atoms in the crystal
itself increases. Alsahe spacing of the electronic levels and the bgapl increases with
decreasing particle siz&s such, poperties 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 carrieesdlectrons 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 moleculBscause of these phenomenon diffiees,
nanoparticles display uniqgue mechanical, optical, electrical, and magnetic properties that

differ radically from the corresponding bulk material.
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Synthesis methods for nanoparticl esdoawned t ypi
and fAlpdt omhe first i nvol ves division of a n
approach may involve milling or attrition, chemical methods, and volatilization of a solid
followed by condensation of the volatilized componentsis is also referred to aseh

physical method, a process in which coarse particles are ground to nanoscale partieles. 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.

Thesecod, fnopdtomet hod of nanoparticle fabricat
or molecular entities in a gas phase or in solution. The latter approach is far more popular in
the synthesis of nanoparticl¢$16]. Chemical techniques provide for the mixiag the
atomic ormolecular level, allowing for the production of highly homogeneous materials.
Nanoparticles can be synthesized chemically throetgctrochemical method§l17],
hydrothermal techniqug4.18], chemical vapor depositioji19], sol-gel methods, etcThis
work explores the use of sgkl 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 interdispersion of the metal oxides and pblsthe 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 Thesol-gel synthesis
To obtain metal oxides as nanoscale materials with well defined shape, size, and

composition, softhemistry routes, and in particular isgpél procedurespffer advantages
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such as the possibility of obtaining metastable emals, 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 finalidic network [120]. Sol-gel processes have been
extensively investigated by solgtate chemists for the preparations of metal oxides
decade$121-126]. The process is convenient for its simple procedures, requiring little more
than standard solution améstry. The initial aim in the sajel technique is to produce a sol,
which is a suspension of solid colloidal particles in a liquid. The callgdrticles may or
may not have the chemical composition of the desiredpeoduct. The particles, through
van der Waals attraction, eventually connect to form a geldian8nsional solid network
having high porosity and high specific surface area.gédiean 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 &in film or ceranc structure. 8l-gel chemistry is used mainly to
produce metal oxides through reactive metal precursors which includes metallic gélts M
and alkoxides M(OR) (M is a metal, X is an anion, R is an alkyl group). Metal oxides can
be synthesized directly ithe 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 tetrahydratfNi(OAc)..4H,Q], polyvinyl pyrrolidone
(PVP), potassium hydroxide (KOHkitric acid hydrochloric acid (HCI, 98%)ammonium
persulphate (APS, (NHbS;0O5, 98%), nickel nitrate hexahydrate, sulphuric acidntalum

ethoxide asolue ethanol, glacial acetic acidll chemicalswere purchased from Sigma

58



Aldrich (Cape Town, South Afca). They were used as received without further
purification except aniline Aniline was purified by distillation. The distilled aniline was
purged with argon gas and thstored in a freezer at a temperature of belo% OFalcon

tubes, centrifuging maahe, vacuum furnace, box furnace. Cyclic voltammetric
experiments were carried using a BAS100W integrated and automated electrochemical work
station from Bio Analytical Systems, Lafayette, USFae voltammogramsvere recorded

with  a computer interfaced tothe BAS 100W electrochemical workstation.
Chrongotentiometric measurements werearried out usingVoltaLab PGZ 402 from
Radiometer Analytical (Lyon, Francegnd recorded on a computer interfaced with the
VoltaLab PGZ402 work station A 10 mL electrochemal cell with a conventional three
electrode set up &s used. The electrodes werg:dliassy carbon working electrodie®m

BAS either bare or modified with nickel oxide) platinum wire, from Sigma Aldrich, acted

as a counter electrode anil)(Ag/AgCl (3 M KCI) from BAS was the reference electrode.
Transmission electron microscopy (TEMINd energydispersive Xray spectrecopic
analysisof thenickel oxidemounted on @arbon membrane supported ocopper coatedr

grid was done using a Tecnai G2 R20win MAT 200 kV Field Emission Transmission
Electron Microscope from FEI (Eindhoven, Netherlantise TEM and EDX specimen

were prepared by dispersing an arbitrary amount of solid in ethanol by ultrasonic treatment.
A few drops were poured onto a porazegbon membraner 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 csmetdas battery

cathodes, catalysts, gas sensors, supercapacitors electrode materials, electrochromic films,
and in magnetic materia]$27-131] Because of thgolume effect, the quantum size effect,

and the surfae 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 mettibes on
preparation of NiO nanostructures have been reported. Wu [@B2] synthesized NiO
nanoparticles of @herent 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 Rajee\[133] prepared NiO nangapticles of different sizes byoB gel method

using nickel nitrate as precursor. Microemulsion route has been employed to prepare NiO
nanoparticles by using cationic surfactant by Han ¢L24]. Li et al[135] obtained NiO
nanoparticles via thermal decomposition using ethanol as solvent. Wu and [H3%¢h
prepared NiO nanoparticles by a chemical precipitation method. Dharmaraj[E2 74l
obtained NiO nanoparticles using nickel acetate as precursor. An[E28&Isynthesized

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 methoddrstarting

such precursor materials as carbof¥B9], manganese acetylacetonfité0] acetatd141],
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or formate[142] in trioctylamine, with oleic acid as a stabilizing agent and manganese

cupferronateompexes or fatty acid salts in high boiling solvefit43-144]

Tantalum oxide nanoparticles are of considerable interest in bjtich opbelectronic
technology[145] especially as an ion conductor for applications in eleaprttcal devices
such as chromogenic glazing in windows and large scale information di§pl@y$47]. It

has been used commercially by Donnelly Corp (Holland, MI) in electrochromic mirror
devices for vehicle applicatiorj$45]. Because of its high protonic condwty, tantalum
oxide is a candidate for inorganic type solid electrolyte in electrochromic d€\i48k
Tantalum oxide has been used commercially by Donnelly Corp. (Holland, MI) in
electrochromic mirror devices for vehicle applicatiqhd9]. Tantalum oxide films have
been prepared by conventional techniquassh as reactive evaporati¢h50], reactive
sputtering [151], pulsedlaser assisted depositidi29], and chemical vapor deposition

[152]. In this work,sol-gel method was used to syntietantalum 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 sianctures, 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 assstegtl
approaches to the synthesis of NiO and Mn@ostructures, and a nagueous alkoxide

basedsol-gel for the synthesis of tantalum oxide nanostrestuvere adopted.
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4.2.2 Experimental

4.2.2.1 Synthesis and characterization of nickel oxide nanoparticles

Two surfactant assisted synthetioutes werefollowed to synthesizenickel oxide
nanostructures; an agueous and a-agueous route. In the aqueous synthesis, 1.0 gm of
nickel acetate tetrahydrate, Ni(OA@H,O, and 2.0 gm of polyvinyl pyrrolidone (PVP) was
dissolved in 100.0 mL distilled denised 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-amised water. The KOH solution was added
dropwise slowly to the solution of NOAc),.4H,O 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 whed 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 350C. In the noraqueous 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 ire@an ov
until the alcohol entirely evapates and a green barmy pastemed. 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 mganese oxide nanoparticles was adopted from
the route for the aqueous surfactant siesi synthesis of nickel oxidén the method,

manganese acetate tetrahydrate was used instead of nickel acetate tetrahydrate.

4.2.2.3 Synthesis of tantalum oxide nanopicles

508 pL of tantalum ethoxide waixed with2.532 mL of absolute ethaniol a 50 mL bottle

and stirred for 30 minutes. 19l of glacial acetic acid was slowly added with slow stirring.
The content was stirred for 2 hours to form a white gel. Thevgs 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 dnedhicuum furnace at 4%C for 12

hours then 120C for 4 hours. They are then annealed at 350n a box furnace for 3
hours.

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

To synthesizgantalum and nickel mixed oxidesn@particles508 pL of tantalum ethoxide
wasmixed with2.532 mL of absolute ethaniml a 50 mL bottle and stirred for 30 minutes.
Simultaneously1l.0 gm of nickel acetate tetrahydrate, Ni(OA¢H,O, and 2.0 gm of
polyvinyl pyrrolidone (PVP) were dissolved 50.0mL of absolute ethanol and the mixture
stirred for 30 minutesat room temperatureThe tantalum ethoxide and nickel acetate
tetrahydrate solutions were mixed together in a 200 mL bottle with thorough stirring for one
hour wsinga magnetic stirreiA solution of 1M potassium hydroxide (KOkjasprepared in

distilled deionised water.The KOH solution was added dropwise slowly to tleaction
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mixture of tantalum ethoxidé\i(OAc)..4H,O and PVP till the pH reachdd. Stirring was
continuedfor one hair. The resultanproductwas filtered using sunction pump and the
residualwashed 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 fuaia®@®0°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{dtyrene silphonic acid) doped polyaniline

PANi and PSSAdoped PAN were synthesized by chemical oxidation of their respective
monomers. In a 200 mL bottle, 2 mL aniline was dissolved in a 100 mL solutioM ¢iQI

in distilled water. The solution was stirred fod &inutes at room temperature using a
magnetic stirrer (500 rpm). The mixture was then transferred ihattekept at % °C and

stirred for a further 30 minutesThereafter 1.165 g ofammonium per sulphat&PS) was

added to the solution to initiate lpmerization. The resultant mixture was stirred for another

3 hours. The product was left standing for 4 hours irbath. 25 mL of absolute ethanol
(99.9%) was added. The mixture was left standing for 48 hours at room temperature. Two
distinct layers ofa 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 ultrpure distilled deonized water by mechanical shaking,
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centrifugingthe 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 polyartitine wi
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 polymerianocomposites

The syntheis of the polymeric nanocomposites was done by ultrasonic dispersion and
polymerization of aniline0.225 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 pe{4-styrene sulphonic acid) was added.
The miture was sonicated for 30 minutes and then transferred to -atitenaintained at
between & °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 gdodia

hours in icebath 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 g adidirge amount of
ultra-pure distilled deonized 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 produest dvaed at 45 °C for four hours under
vacuum then at 78 °C for 12 hours. For B#eNi-tantalum oxidenickel oxidePSSA, PANi
tantalum oxde-manganese oxidBSSA and PANtantalum oxidenickel oxidemanganese
oxide-PSSA nanocomposites, experiments wasakgueby using 0.225 g of thespective

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

A unit cell experimental setup wasgsed to test the performance of electrochemical

materials, i.e.an electrahemical unit cell with two electrodes and a separator
sandwiched between the twa.single electrode can also be usAdunit cell is used to

simulate a real supercapacitor and can give information of practical performance. It is
structurally similar to asupercapacitor product while a single electrode can provide

detailed electrochemical information about electrode materials excluding effects of cell
structur e. Nor mal | vy, a sienglcea reldectcredode il N
electrode mater a | acts as the fAworkingo electrode &

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

4.3.1Preparation of electrode materials

The electrode materials used in the experimenmtsabrication of electrodes consisted of
90% wt actve material and 10% wt PTFE loidr. The active material consisted of
chemically synthesized; (i) TaPANi-PSSA, (i) Ta®@-NiO-PANIi-PSSA (iii) TaO
Mn,O3-PANI-PSSA and (iv) TaaNiO-Mn3O4,-PANI-PSSA. All ofthese materials were
integrated withactivated graphite. The bidder used in each material was 10% wt
polytetrafluoroethyleneRTFE) (Aldrich, solution form of 60% PTFE in #). Samples
were made on a Og@basis.

4.3.20xidative pre-treatment of graphitic carbon

Oxidative pretreatment[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. ki&@ 50 mL conc. 8O,
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(acid ratio = 3:1). The mixture was left standing overnight. Two layers formedwith

the solid settling at the bottonand a supernatant liquid forming at the .tofhe
supernatant liquid was decanted slowly. The oxidized grapésidualwas extensely
washed with deonised 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 \wgskas
repeated until the washings ran neutttlpH 7 The sample was dried under vacuum
overnight at a temperature of 55 °C prior to use.

4.3.3Integration of the nanocomposites with activated graphite.

0.5 g of the composite, 0.5 g of activated graphttarbon 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 #redtemperature 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 distilledrdeed water five

times to get rid of the surfactant. The salids 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 shakig 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
celluloserod to evaporate the solvent and further mix the components to form dough.

Once thasopropyl 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 @Din 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 abouft Tleenmass 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 aegular shape. It was then cleaned
mechanically shaking it in 1 M 430, 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 sandwichetween 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. dleetrode was then weigheddan

the difference in massas 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 constomctThe 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 B®T83 eightchannel battery testing

machinein a twoelectrode cell systemA supercapacitor cell was made by holding
together the two Bgle electrodes (cathode and anode) with a porous and electronically
nonrconductive separatompglypropylene film) placed between them to form the cell
configuration. This tweelectrode cell was then tested using Bf&T8-3 eightchannel
battery testing nezhine in a twoelectrode 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 hese techniques are used to basically
interrogate the morphologal and spectroscopic properties, elemental composition,
electrochemical and kinetiparameters of the composites. Results of design and
characterization of supercapacitor cells are finally discussed.

5.2 Synthesis of nickel oxide nanopatrticles

Figure 19shows a TEM image ofnickel oxidenanoparticlesThese weredentified as
nickel oxide by EDX (fig20) analysis The image reveals a large number of dispersed

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

The EDXspectrum of the nanopatrticles illustratedigure 20shows pronounced peaks
of nickel and oxygen and confirms the identity of the nanoparticles. Thercpdaks in
the EDXspectrunmoriginated 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 surfapahtvinyl pyrrolidone
assisted protocolThe use of thesurfactant played a role in the formation of well
dispersed nanopatrticles. Particle formation is a complex process and a surfactant not only
provides a favorable site for the growt of the particulate assemblies, httalso
influences the formation process including nucleation, growth, coagulation and
flocculation [153-154]. Polyvinyl pyrrolidone nucleates by forming -oodinate bonds

with nickel ion in the composite mixture. Thisrdrols 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 inufig 21 The nature, position and
existence of strong and shargfidiction peaks at-Zheta 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 charactertecs of nickel oxide formed in @ 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 stoichiomet. While the green corresponds to the composition NiO and is an
insulator, the black material has a deficiency of ins represented as dNiO1 .00 and

behaves as afype conductof155].
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Figure 21. XRD of NiO nanopatrticles
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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 imoad peak from 10° to 3(0256].
However, there is no broad peak that is observed within tfiise?a range. This means

that the PVP decomposes completely on heating the precursor at 350 °C for. Ihisurs

fact is supported by an analysis of the FTIR geaf the calmations 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 durindciceation. The spectrum of nickel acetate/PVA
precursor showed strong absorption peaks in the region below 18b0vhich are
absent in the calcination product confirming complete removal. A peak around 450 cm
for calcined powdearising from N+O stréching has been reported by other researchers
[137]. Figure 23is a characteristic cyclic voltammetric (CV) curve profile fioe NiO
nanostructure sample showingair of redoxpeakwhich can be attributed to transitions

in the oxidation states of nickel. The presence of a redox mansthat 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 manganesalisome
citric acid that was added

The growth of the nanorods may foll@wapoufsolid phase mechanisft57]. Acting as
a ligand, citric acid, (@arboxy3-hydroxypentanedioic acid), hold Mhparticles in a
chelate. Mn partiels are formed first during th@lsgel derived prducts according to
equation 5.1

9Mn(N03)2.6H20(|) + 2C6H807.H20(5)\"( 9 Mﬁ' lZCQ(g) + 18NQ(Q) + 64H20(|) (51)

These Mn particles were formed in different sizes. The ssidd particles were first
evaporated into the atmosphere. These then reacted with oxygen to form a complex
network of MO, nanowiresof varied lateral sizes via the vapesolid mechanism with

longitudinal lengths that ranges from nanoscale to microscale.

From the EDXspectra in figre 24 the elemental compositicof the nanorods i®und

to beMn and O.
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Figure 24. EDX spectrum of MngO4

The entire XRD diffraction pattern of the sample is shown in figure 25. All the strong and
sharp diffraction peaks are consistent wiltle Joint Committee on Powder Diffraction
Standards JCPDS cardfile no. 240734 whid are indexed to the tetragonal phase of

hausmanitelMnsO,4, confirmingthat thebright brown materials of the samplesmed as
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the calcination produadh the present studgnd consistat with those of other workers,

werebasicallypermanganese trioxid®#nzO, [158-159]
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Figure 25. XRD of Mn304

Mn304, manganese (11, llipxide, has a spinel structure, also known by the mineral name
Hausmanite In the compoundMn?* occupies tetrahedral positions and ¥occupies
the coresponding octahedral sites.h& general formula of the compound is

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

26.
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Figure 26. CV of Mn304in 1 M H,SO4

From its redox characteristics, B, would thus offer strong contribution to
pseudocapacitanceAlso, hausmanitgMn3z0,) is of interestin many industrial and
technological applications. It is widely used as reactive catalysts, raw material of
humidity sensors, the cathode oxides ofidn secondary batteries and soft magnetic
materials. The Bulk MsD, materials have also been well stutifeom a theoretical point

of view due to its special electronic configuration and distorted spinel structus®,Mn
known to have the normal spinel structure with tetragonal distortion elongated along the

c-axis due to Jahfieller effect on the Mfi ion [160]. In this work, MRO, wasused to
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form binary and ternary composites with tantalum oxides. These ox&testherused to

form polymeric nanocomposites with sulphonated polyaniline. The matengs then

used to fabricate electrodes for supercapacitor applicattaasxpected thavinzO, will
contribute to an enhanced pseudocapacitance since it displays multiple redox activities as

the multiscan cyclic voltammetric chacterization shown indure 26shows.

5.5 Synthesis of tantalum oxide
Figure 27is a TEM micrograph athe producformed through the alkoxideased sl-gel

syntheticroute. Its correspondingDX spectra shown in figure 2&rified Ta and O as

the elemental constituent$ the calcination product

200 nm

Figure 27. TEM of tantalum dioxide nanoparticles
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Fig. 28is the XRD pattern of the sampl@he diffraction signals, matched wigiignals

from the database, confirm the formationagiglomerated and amomistantalum (1V)

oxide (TaQ) phase.The solgel chemistryin the synthesis of nanoparticlés quite
complex due to the large number of reaction parameters that have to be strictly controlled
such ashydrolysis and condensatiomature of the metal oxideprecursors, pH,
temperature, method of mixing, rate of oxidation, the natndecancentration of anions,

etc, n order to provide good reproducibyliof the synthesis protoco”h fundamental
problem of solgel chemistry is that the &ynthesized precifates are generally
amorphous and the required control of their {Bysithetic 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 ofpadide synthesis and could
explain the aggregation and the amorphous nature of the faa@paticles 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 mixednary 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 agas observed duringhe synthesis of NiO
nanoparticlesThe HRTEM and STEM images of the binary tantalum oxnigkel oxide

are shown in Fig. 29a) and (b) respectively. The HRTEM image shows a dispersed
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material spreadn holy carbon support whosgemetal chemical composition as derived
from the correspondingDX analysis shown in figure 38 Ta and Ni and O. The sample
wasalso scanned using STEM and atsdpbX analysis done (see figurds (a), (b), (c))

at three randomlyspotted regionso confirm the elemental composition and distribution
of the dispersed nanoparticlehel XRD spectra (shown imglure 33 analysis identified

the TaG-NiO to be thepolycrystallite 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 TaG-NiO
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HRTEM was performed to analyze the surface structure of the sample obtained in the
synthesis of the binary tantalum oxidenganesexade nanoparticles Figure 33a) and

(b) shows the nerographsecorded at diffeent resolutions for the samplegupled with

the EDX analysisvhose resultsre shown in figure 34The micrographs show clumps of
agglomerated nanocystalline structures witrakly defined aomic fridges Thechemical
constituentof the samplearefound to beTa, Mn and O. These are shown to be of the

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

(@)
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(b)

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

50004 ¢

40004

30004

Counts

2000+

1000+

Cu

Cu

Ta

Ta
Cu

WMn

_NL" Ta TaTa

W Aciuire EDX

WIEI 15
Eneray (kev)

20

Figure 34. EDX of TaO-Mn ;03
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Figure 35. XRD of TaO-Mn,03;

A TEM imageof the surfactant assisted synthetic pradii@ novelternay tantalum

oxide-nickel oxidemanganese oxide mixed oxide is shown in Fig@@€a) with its high

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

sign that the material is polycrystallinélhe imags clearly show that TEM can only

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

dispersed clustersThe elemental composition of the material done by EDX whose

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

with the XRD (see figure 38) confirming the existence of the-Ra@-Mn304 crystallite

mixed phases.
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Figure 36. HRTEM of TaO-NiO-Mn304 at a magnification of (a) x 39K and (b) x

530K
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Figure 38. XRD of TaO-NiO-Mn 304,

Chemical gnthesis of singlehinary and ternary metal oste nanocrystals using modified
sol-gel aqueous or neaqueos and largely surfactant assisted method has been
successful. In the synthesis sdfichinorganic metal oxide nanocrystals, the precursor
compound in bulk solution (i.e. theickel acetate, the manganese acetate, etc) is
decomposetb generate atoms followed pyecipitation starting from dissolved atoms as
building blocks to form the nanocrystals. The precipitation process basically consists of a
nucleation step followed byrystal growth stages. Generally, there are three kinds of
nucleation processes: homogeneous nucleation, heterogeneous nucleation, and secondary
nucleation. The sajel chemical colloidalnanocrystal synthesisf the metal oxide
follows the homogeneous nuehtion process. ldmogeneous nucleatiooccurs in the
absence of a solid interface by combining solute molecules to produce Huctzurs

due to the driving force of the thermodynamics bec#tusesupersaturated solution is not
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stable in energy. Seed rfoation proceeds according to the LaMer mofEbl],
according to which, the concentration of atoms in the crystal nucleation process steadily
increases with time as the precursor is decomposed lindne€olloidal nanocrystal
formation comprises the following three steps:

0] The atoms start to aggregate into nuclei via-setfleation as the monomer
concentration in the solution is imased to supersaturation levels.

(i)  Then monomers continuoyskhggregate on the pexisting nuclei or seed
which leads to gradual decrease in the monomer concentration. As long as the
concentration of reactants is kept below the critical levethéun nucleation is
discouraged.

(i) With a continuous supply of @ins 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 solatio

The ®ol-gel chemistry invived 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 reactionapameters that have to be strictly controlled in order to
provide good reproducibility of the synthesis protocol. Such parameters include
hydrolysis and condensation, reactivitgf the metal oxide precursors, pH,
temperature, method of mixing, rate of cadidn, the nature @ahconcentration of
anions, etcFurther, the asynthesized precipitates are generally amorphous and the

postsynthetic annealing step required to induce crystallization process prevents
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subtle control over crystal size, shape andraesi the phasés 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 achievedWhat transition phases appear at speddimperatures 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 documentigl]. Failure for this absolute control, and lack of

very clearunderstanding of the process and very thin parameters controlling the
precipitation though helpful in improving the engineering of the growth of
nanocrystals to the desired siand shape, maybe the reason for formation of
nanoparticles of same transition metal oxides in different oxidation statdsas

Mn,Os in the compositearaO-Mn,O3; while Mn3;O,4 formed in the synthesis dfaC
NiO-Mn3z0, composite Also TaO formedin the synhesis ofTaO-NiO-Mn3O,4 and
TaO-Mn,0O3 while TaQ was formedn the synthesis oTa0,-NiO and TaQ oxides
nanoparticlesThe diierentreaci vi ty of met al oxide precur
solvent complicates the synthesis of oxides containing two or motalsméhe
reaction of metal halides with alcohols almost always results in metal oxide
nanoparticles with halide impuritie3.o avoid this contamination siresis routes
based on the reaction of metal acetates, acetylacetonates or alkoxides with alcohols
provide a haliddree alternativeHence, 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. PSSAised as both a
polymeric stabilizer and a dopant agent. Aqueous hydrochloric acid (HClaraltde

were mixed and the reaction mixture was continuously stirred at GotfGne hour In
forming the metal oxide nanocomposites with doped PANI, the meti aanoparticles
(mono, binary and ternary mixed metal oxidegre weighed and dispersed into a
measured volume of HCI and uksanicated for 30 minutes before adding the aniline and
the PSSA. A weighed amount oiidant, ammonium peroxydisulfate ((NH#8,Os)
(APS) was added arttle reaction mixturstirred for 24 bursat 0 °Cin an icebath The
solution gradually darkened and acquired a blueutawer a period odbout20 min and
eventually turned into dark green which is a charactertstiour of doped PAN. The
resulting dark green dispersions were purified four times by centrifugation, filtered and
washed in order to remove oligomeand excess monomers these approachet)e
monomer is polymerized in the presence of commercially availablganm acid
particles which act as colloidal substrate for the precipitating polymer nuclei leading to
the formation of conducting polynienorganic oxide composifd63].

The successful synthesis of the novel p@hstyrenesulphonic acid)and tantalum
oxide, tantalum oxidaickel oxide tantalum oxidemanganese oxidgnd tantalum oxie-

nickel oxidemanganese oxide doped polyaniline nanocompogites dterminedand
ascertainedusing FTIR, TEM/HRTEMcoupled with EDX.Figures40, 41 (a)/(b), 43
(a)/(b) and 45 are TEM/HRTEM micrographs of Ta@PANi-PSSA, Ta@NiO-PANi-

PSSA, TaGMIn,03-PANi-PSSA and TatNiO-Mn3;O4-PANI-PSSA respectively They
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all show clustang of metal oxide nanoparticles anchored on nanofibrous polymer
network with corresponding EDX spe&{ffigures39, 42, 44 and45 respectively) giving

the elemental composition of each composite and informing of the successful synthesis of
the nanocompositestrom the spectra, all the elements e€ach composite were
confirmed It is observed from the spea of all the samples that sulphumitrogen,
carbon and oxygeelements are present in all of thefime presence of, 3, Cand Oin

each of the EDX is a signature of successful doping of the polwmtierthe sulphonic

acid group,-SOsH. The presence akspective metaland oxygenn the EDX spectra
indicatessuccessful entrapment of thespectivemetal oxides within the polymeric
network Figures 3941 (a) & (b), 43 (a) & (b) and45 arethe HRTEMmicrographs of

the composites. It is observed frometimicrographs 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 patterfss some of the examples
displayed shows\vith clear atomic fidges oriented in different directions showing that

the materials are polycrystatsade of differenhanocrgtallites uniformly distributed and
orientedin different planes This is confirmed from the XRD studieBuring the 30
minutessonication to dispse 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 nanopads and the polymas strongsuggesting formation of

composites
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Figure 39. EDX of TaO,-PANi-PSSA.
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Figure 40. TEM of TaO,-PANi-PSSA.
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(b)

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-Mn 304-PANi-PSSA
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5.8 FTIR analysis of the doped PANi hanocomposites

The FTIR gectra for Ta@PANi-PSSA, Ta@NiO-PANI-PSSA, TaGVIn,Os-PAN:i-
PSSA and Ta@NiO-Mn304-PANi-PSSA areshown in figure 46Pure polyaniline has
characteristic peaks at 1590, 1494, 1302, 1140, and 828aéth the bands at 1590 and
1494 cm *being attributedd the C=C and C=N stretching modes of vibration for the
qguinoid ¢€N=Q=N- where Q = quinoid ring) and benzenoid units while the bands at 1302
and 1242 cim'are assigned to the-& stretching mode of benzenoid units. The band at
1140 cm lis due to the quirid unit ((N=Q=N- where Q = quinoid ring) of polyaniline.
The band at 820 cntis attributed to @C and GH stretching for benzenoid unit of
polyaniline and band at 681.92 chassigned to out of plane-i& vibration [164-165].
Doping of PANi with poly(4styrene sulphonic acid) and/or incorporation of the metal
oxide nanocomposites leads to shifts of some FTIR peaks in PANi as the irefigltse

46 show.
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Figure 46. FTIR of PANi based nanocomposites

Transmission maxima at 752 ¢ffor PANi), 794 cni (TaO-PANi-PSSA), 780 cni'
(TaO-Mn;05-PANI-PSSA), and 792 cih (for TaO-NiO-PANi-PSSA and Ta@NiO-
Mn30O4-PANI-PSSA) are consistent with the-HC outof-plane bending motions of
benzenoid rings. The 1375 &niTa0-PANi-PSSA), 1379 cifh (TaO-NiO-PANi-PSSA
and TaOMn,Os-PANi-PSSA) and 1365 cfh (TaO-NiO-MnzO4-PANi-PSSA)
corresponds to the-8 stretching of the secondary aromatic amine; 1231 @PRNi),
1217 cm' and 1323 cil (TaO-PANi-PSSA), 1231 ciand 1326 cil (TaO-Mn,Os-
PANi-PSSA), 1323 cih (TaO-NiO-PANi-PSSA) andl216 and 1323 cth(TaO-NiO-
Mn3O4-PANI-PSSA) is associated with the-HC stretching vibration with aromatic

conjugation; 1412 cth(PANi), 1448 cni(TaOx-PANi-PSSA), 1456 cih (TaO-Mn,Os-
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PANi-PSSA), 1447 ci (TaO:-NiO-PANi-PSSA) and 1454 cih (TaO-NiO-Mn3Os-
PANI-PSSA) are associated with-@ aromatic ring stretching vibrations of the
benzenoid diamine unit; 1546 &nfTaO-PANi-PSSA), 1546 ci (TaO-Mn,Os-PANi-
PSSA& TaO-NiO-Mn304-PANi-PSSA) and 1638 ci(TaO,-NiO-PANi-PSSA) arises
mainly from both the setching vibrations of N=Q=N and-B-N rings of the quinoid

(Q) and benzoid (B) units. The transmission maxima around the wave numbers .00 cm
and 1000 cnt (varying from one composite to anotheme all consistent with the
presence ofSO;H group and ases, respectively, from asymmetric and symmetric
stretching modes of-8 of thei SO-O group. However, the peaks around 1100'@nd
observed at wavenumbers 1116 t(a0,-PANi-PSSA), 1106 cih (TaO-NiO-PANi-
PSSA), 1126 ci (TaO-Mn,0s-PANi-PSSA) and1120 cnit (TaO-NiO-MnzO4-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 tb the higher charge localization

on the C=N and C=C bonds present in the monomeric {t#6-172] 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 vibraitioRANi grown in the presence of
metal oxides. In such a case, the aniline monomer gets adsorbed on the oxide particles,
which were dispersd in the reaction mixturéefore initiation of polymerizatiorby
ultrasonication and the polymerization proceeds initially on the swgriEcthese oxide
particles when (NS0 (ammonium persulphate) is added to the solution. This leads

to adhesionof the polymer to themetal oxide nanmarticles and this explainthe
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constraind growth around these particles argl aresultthe characteristic stretching
frequencies are shifted towarltsver frequency sideomparedo those of pure PANi
Hence, there ig kind of weak Van der Waals force atraction between the polymer
chain and the oxideanoparticles[163]. Also, ionic metal oxide nanoparticles and
probably some metallic cations which may form during sonication after dissolving of
some metal oxide naparticlesmight bind to more than one nitrogen site in a PANI chain or

form interchain linkage among several adjacent PANI chains by coordination, and both intra
chain and intechain connections might lead to a more i@ conformational change ormaore

twisted aggregation of PANI chaifis73].

5. 9UV-visible spectroscopy
The electronic absorption spectra of sulphonated RA&tal oxidecompositesaregiven

in figure 47.

3.6
3.4 4
3.2 Blanck (Water)

30 TaO,-PANi-PSSA

2.8 - TaO_-NiO-Mn_O -PANi-PSSA

26 ] 2 >4

e TaO-Mn_O -PANi-PSSA
TaOz—NiO—PANi—PSSA

2.2 4

2.0
1.8
1.6 -

1.4
1.2
1.0 -
0.8 -
0.6
0.4
0.2
0.0

0.2 -

Intensity

1 ‘ 1 ‘ 1 v 1 d I d
200 400 600 800 1000 1200
Wavelength, nm

Figure 47. UV-vis spectra ofthe compasites
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All the spectra showed three absorption bafidisarly, the preparedompositesiot only

can strongly absorb thBV light but also can absorb the visible liglieaks & the
compositesolutionsappeaed at about 320 nm which can be asigned-to *ransition of

the benzenoid ring and at about 430 nm and 850 nm due to polaiamd “-polaron

band transitions, respectivelfhese latter two bands are transitions from a localized
benzenoid highest occupied molecular orbital ie a benzenoid tamiduaxcitonic
transition suggestinthat thecomposites ar® ANi compositesn the PANi doped state,

the emeraldine statgl70, 174175] It is noted that with incorporation of the metal
oxides into the PANi matrixthe 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 dopahite rationale behind the use of

the UV-Vis spectrosopical technique as a spectroscopical signdtliré] relies on the

fact that polymers doped withong 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 coerts 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. Aband&t2 0 nm d u'e* ttor atnhsei enzoid mngsahd t he b
anotherabOOnm assi gned a@fo the dui[lvdy nncadddiondot r uct ur
these bands, organic acid doped polyanilines are charactdy additional bands 420

and 800nm associted with the polarotipolaron states in the polymer. The latter states
are new electronic energy levels created within the polymegaplkenergies during the

polymerdopants interactions.
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Figures 48(a)}(d) shows the XRD diffraction patterns for sulpated and the metal
oxide dopedPANi composites. The spectrapatterns of these composites exhibit three
broad peaks at-Zheta values around 26°, 55° and 80° with a sharp peak appearing at 20°
in TaG-PANi-PSSA and TaGNiO-Mn304-PANi-PSSA which is diminshed in Ta@
NiO-PANI-PSSA and TaeMn,O3-PANI-PSSA.The peak is right shifted in TaliO-
PANI-PSSA.
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Figure 48. XRD of (a) TaO,-PANi-PSSA, (b) TaQ-NiO-PANi-PSSA, (c) TaO-Mn,0s-PANi-

PSSA and (d) TaGNiO-Mn 304-PANi-PSSA

Thedegree of sharpness$ this peakindicatesthat these composites are polycrystalline in
nature The pak centred at 20° may be ascribethtperiodicity parallel to the polymer
chain while theother peaks may be caused by the periodicity perpendicular to the
polymer chain[169-170]. Characteristic peaks afrystdline PANi appear at about-2
Theta = 20 26° and 929178-179]. It can be argued that in forming the sulphonated
PANi composites with the metal oxidebete characteristic peak®re broadened and
shifted in thecompositesas is evident from the XRD spectra in figures 4¢(§) 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 pesited polyaniline is absorbed on the surface of the oxide
nanoparticles. The molecular chain of absorbed polyaniline is tethered and the degree of
crystallinity decreasdd.74].

5.10 Scanning electron microscopy (SEM)

SEMimages were obtained using HITACHI660 Scanning Electron Microscopy with

an electron accelerating voltage of 25 KV and a workistance of 15 mm. Figures-49

52 are the SEM images showjithe morphological features of the composites.
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Fig 49. SEM image of TaO-PANi-PSSA.
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Fig 50. SEM image of TaO-NiO-PANi-PSSA
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Fig 51. SEM image of TaOMn,03-PANi-PSSA
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Fig 52. SEM image of TaONiO-Mn304-PANi-PSSA

The composites displaynique nanofibre morphologies and the use of a high resolution SEM
would be necessary to clearly describe the true morpholddpe design and manipulation of
morphologicalmicrostructure of conducting polymer is one of the most challenging tasks
in materials science. It still difficult to preparepredictable nanostrtires based on

rational design. It is found that the morphology of PANi nanostructures is strongly

113



affected by the nature, species, and concentration of the dopant, solvent, surfactant,
oxidant, and monomer, as well as the various kinds of template atitesgnmethods.

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 observpHoitogy, the
nandibres with redox activetransition metal oxide nanoparticles clearly anchored on to
the redox active polymesurface meets this criteriorand can serve agood electrode
materids and when they are integrated with activated graphiticargiseesection 4.3.3),

their charge storage capaciig enhanceddue to an enhanced surface area and

functionality.

5.11 Scanning electrochemical microscopy (SECMalysis of the doped PANi
nanocomposites

The SECMS370 electrochemical workstation modeS&CM utilises a fast and precise,
closed loop X, y, z positioning system with nanometer resolution, along with a flexible
data acquisition systerfii80-183] The SECM bipotentiostat was used to apply a
potential toan UltraMicro Electrode (UME) immersed in a solution containing a redox
active mediator, potassium ferrocyanideK&(CNY),), which is an electroactive species.

The electrode tip was used to generate, via electrolysis, a reduced or oxidized mediator
speces.When the electrodip is far from thesubstratesurfaceimmersed in the solution,

the reaction othe redoxactive dissolved species at ttie results in a Faradaic current
driven by the hemisphericllx of the substrate from the solutido the tp 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(GN)s generated.
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Figure 53. Hemispherical diffusion

The Faradaic currergeneratedvas 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 undeken at the initial stagof cell assembly. Figures 54, 55, 56,

57 are theSECM z-approach curves fofaO,-PANi-PSSA, Ta@NiO-PANi-PSSA,
TaO-Mn,03-PANI-PSSA and TaeNiO-Mn3zO4-PANi-PSSA polymeric nanocomposites.
Approach curves are plots of tip currentstes 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 ttedwine 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 conductilee 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;03-PANi-PSSA
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Figure 57. Approach curve of TaO-NiO-Mn 304-PANi-PSSA
Once a sufficiently positive potential was applied to the UME tifglation of F&*

occurredvia the reaction;

Fe' (aq) Y Fe*(aq) + e (i)
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The oxidation occurs at a rate governed by diffusion &fteehe UME surface. If the tip
is far (i.e. greater thamseveral 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 steadystate currenti& .)gs given by;

I+ & 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 Jf&spectively and a

is the tip radius. Whethe tip is brought to within a few tip radii of a conductive substrate
surface, the F& species diffuses to the substrate where it is reduced back teid&éhe
reaction;

Fe¥(ag)+ € Y Fée'(aq) (ii)

The process of equation)(produces an additional flux of reduced species to the UME

tip making the tip curremi,T, to increase relative tbr , ,DmeaningiT ) It _.pThe shorter

the separation distance (d) between the tip and the substrate, the larger the tip current. As

IrYD, dYO. T htieshameupnard irendsof the curve and héneeositive

feedback (increasing current as the distance of minimum approach decreasasdhapp
curve profiles obtained for the four nanocomposites sigwhat all of them are
electrically conducting materials. A mechanism of the positive feedbadte n®

illustrated in figure 58
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Figure 58. Mechanism of positive fedback

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 soefas illustratech figure 59
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Figure 59. Mechanism of negative feedback

As such,it becomes smaller thas _.ghe closer the tip to the insulator substrate, the

smaller the .17 approaches zero as d approaches zero. This would reaudbimnward

trend of the curve and heneenegative 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 amdecdnversely

the dependence of the measureestipstrate separation.
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Figures60-62 are the images of the surface redox reactwitihe chemically synthesized
sulphonated and transition metal oxide doped polyaniline nanocompdsiegonstant
heght 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 ydirections at a distance d above the geometrically flat
substrate surface and monitoring the tip curréﬂtas a function of tip location, within a

dimensionally defined surface area.

Amps

1S
@\_\T\f‘-‘@@

Figure 60. Surface imaging of TaGMn ;03-PANi-PSSA
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Figure 62. . Surface imaging of TaGNiO-Mn ;04,-PANi-PSSA
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During the rastering, the tipurent changes are observed which at&ibuted to
variations in surface reactivity. The SECM imagdowthatthe surface reactivity is not
homogenousespecially 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 surfacectedy is thatin aconstantheightexperiment,

the current maylsobe a convolution of surface reactions aoplography of the sample.

Also it only works well with relatively large tip electrodes. When smaller tips are used in
trying to achieve higheresolutions, 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 usuallyadié for a flat surface or for substrate
generation/tipcollection 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-giezzo to maintain the distance. The constant current mode whose
imaging is straightforward when the substrate surface consists of only ingubatin
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 chai termination step involves the coupling of radical cations to form dimers,
oligomers and finally the polymdfi84-185]. Figure 63is the currentversus potential
cyclic voltammetry responseof the chemically syntssized Ta@NiO-Mn3zO4-PANI-

PSSA nanocomposite obtained in 1M3@, as the supporting electrolys different

scan rates
4004 —Bare GCE
— 10 mV/s
-300 20 mV/s
——40 mV/s
-200 + 60 mV/s
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N S— =
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Figure 63. Current Vs potential plots of TaO-NiO-Mn304-PANi-PSSA
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They exhibit a complex electrochemistrydicating 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 congrilgreatly to
pseudocapacitand&86]. In this work, compositesf transition metal oxides with PANi
doped with PSSA were chemically synthesised. Cyclic voltammetric studies of metal
oxide components and the doped polyaniline shthvas$ these components aredox
active. Their multiscan CV curves are given in the appendix. The results of these
multiscan studies shovwmlyaniline-based systems have the ability to undergo more than
one oxidation or reduction and therefore have nralfiox potentials. Indeed, has been
shown that polyanilinddased systems can exist in three oxidation states, the most
reduced polyleucoemeraldine form, the protonated polyemeraldine form (polyemeraldine
salt) and the fully oxidized polypernigraniline forf©76, 187] Figure 64is a cyclic
voltammetric cycle of Ta@NiO-Mn3O4-PANiI-PSSA at 10 mV/s. It exhibits three
characteristic redox couples. This observation was made in all the other compdsites.
low scan ratesthe composites displayedell defined oxidatiorreduction responses

typical of PANI related
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composites
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Figure 64. CV of TaO-NiO-Mn 304-PANi-PSSA at 10 mV/s

Theredox couple A/Atould be assigned thbe polyleucoemeraldifigolyemeraldine salt
transition. The couple at @aks C/C' is the polyemeraldine/polypenigraniline transition
[187-188]. The midlle redox couple (B/B¢an be attributed to the oxidation/reduction of
dimers and oligomers entrapped within the polynmatrix [188]. The middle
peak/couple in polyahine-based systems has been assigned to the degradation products
of overoxidized polyaniline[189] or to the quinone/hydroquinone 4pyoducts[190-

191]. It has also been attributed to defects in the linear structure of the pdlyo2gr

From figure 63, e middle pealat 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 incamlgt towards higher
potentials. Also during reductive cycles, the merging together of the peaks at C' and A’
with the middle pealka t  witlBidcrease in scan rates to form a broad anodic peak
centred at the middle of the cyclic voltammetry potentiageawas accompanied by a
shift of the resulting peak towards lower potential values. The shifting of peaks suggests
that anirreversible behavior could be taking place during both oxidative and reductive
processes while the merging suggests some slugtgstram transfemprocessesThe
behaviour of TaO-NiO-Mn3O4,-PANI-PSSA is replicated in Ta@NiO-PANi-PSSA
TaO-Mn;0O3-PANI-PSSA and TaGQ-PANi-PSSA as theilCVs at different scan rates

illustratedin figures 65a)-(c) show.
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(b)

©)
Figure 65. CV of (a) TaO,-NiO-PANi-PSSA, (b) TaGMn,03-PANi-PSSA, (c)

TaO,-PANI-PSSA at different scan rates
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