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ABSTRACT

Cyclic Voltammetry was used to study the Electrochemical properties of P-
Aminophenol on a Polyaniline modified carbon electrode surface. The resilts reveal
reversible redox waves. The quinone derivatives formed frop P-Aminophenol{PAP)
oxidation seem to depress the rate of degradation of Polyaniline at positive
potentials.

The electrochemical properties of Phenol on a polyaniline modified electrode
were also investigated. The results showed that phenol also stabilises the
polyaniline film at positive potentials above 0.70 V (SCE). The effect of solution pH
on the rate of degradation of the polyaniline film was also investigated. It was
observed that lowering of the solution PH slows down to some extent the rate of
degradation of the polyaniline film. From the degradation data an expression for
calculating the pK of the polyanilne film was derived using Kinetics.

Cyclic Voltammetric analysis of the degradation of metal modified
polyaniline show that Lead deposition in polyaniline suppresses the latter’s
electrochemical degradation at positive potentials above 0.70 V (SCE). Tin
modified polyaniline appears to show improved conductivity. Modification of
polyaniline by deposition of silver does not result in a substantial change in the
polyaniline electrochemical characteristics.

Cyclic Voltammetry will be used as a diagnostic tool to assess film behavior

in different environments.
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CHAPTER 1

1.0.0 SURFACE MODIFIED ELECTRODES.

1.1.0 INTRODUCTION

The term surface modified electrode was first used in 1975 by
Murray and Co-workers ' to describe electrodes that had foreign molecules
deliberately immobilised on their surfaces by adsorption as well as chemical or
covalent bonding. This introduction will give a historical development, the types of
modification methods that have been used, and the results obtained in their
applications. Also future potential applications will be discussed.

Among the very first to study in detail surface modified electrodes
were Lane and Hubbard 23 who took advantage of the strong adsorption of olefinic
compounds on platinum and formed coated electrodes by simply soaking the
electrode in a solution of the olefin. Subsequent measurement of the surface
coverage showed that there was loss of p-bonds and formation of Pt-C s-bonds.

Optically active amino acids were attached to a graphite surface by
Miller and co-workers . In doing this a standard procedure used in organic
chemistry was employed to derivatise carboxylic acids. Surface groups were then

formed on the graphite surface by air oxidation, followed by treatment with SOCI,



to form acid chlorides. These were then reacted with S-(-)-phenylalanine
methylester to form a modified electrode that was visually and electrochemically
distinguishable from an untreated electrode. This electrode was referred to as
"achiral" electrode and could be used to produce optically active alcohols as
opposed to the case of an unmodified electrode which gave a racemic mixture?
Other early work on surface modified electrodes was performed by
Murray and Co-workers' who attached hydrolysis sensitive trialkoxy or trichloro
silanes to a SnO, electrode by reaction with surface hydroxy groups. They were
also the first to use X-ray photoelectron Spectroscopy (XPS) or Electron
Spectroscopy for Chemical Analysis(ESCA) to study the modified surface. The
purpose of the ESCA study was two fold, firstly to confirm the presence of a
Si-O-Si bond and secondly, to confirm the presence of a chemically modified
surface. By observing the effects of changing the pH of the electrolytic solution, it
was found that the electrically insulating silane layer was extremely stable and
able to influence the double layer charging currents of the electrode. Loss of
reversibility was observed with some species due to a decrease in effective
electrode area by the presence of a surface silane layer. It was also shown that
further reactions with the surface bound layer could be possible by complexing

Cr®* from solution to a pyridino silane layer on the surface.



1.2.0 GENERAL METHODS OF PREPARATION.

Three main methods used in the immobilization of reagents on to
electrode surfaces are, adsorption, salinization and surface group reactions with
graphite. In addition other techniques have been developed or adapted from
other fields to allow the making of useful modified electrodes.

1.2.1 SALINIZATION

The modification of surfaces with different types of silane
compounds was first demonstrated by Murray and Co-workers' who exploited the
sensitivity of silanes to water. The trichloro or trialkoxy silanes are attached to the
electrode material by two to three bonds by hydroxy groups formed by the action
of atmospheric air or concentrated sodium hydroxide on surface oxides®’. Other
work,® has shown that an average of two surface bonds are formed with
monolayers only formed under anhydrous conditions. The presence of water
results in multilayers caused by polymerisation. At the same time it was observed
that multilayers though much more difficult to form gave nearly ideal cyclic
voltammograms than mono-layers. This is most probably due to an increased
flexibility of the two dimensional layers.

Successful salinizations have been carried out on SnO, 156

Tio,**% pyPto®*!! Carbon'*" Ru0,”""™ Au," Si"'" and Ge"® semiconductor



surfaces. Pretreatment with sodium hydroxide has only been done to maximise
surface hydroxy groups, but not as a necessity for coupling reactions
1.2.2 ADSORPTION

This is an important preparation method though not as widely used
as salinization. It can be activated either by application of an electrodic potential
(electrosorption) or by simply soaking the electrode in the species of interest. The
strength of adsorption depends on the type of compound being adsorbed. For
example, the adsorption of organic compounds on graphite depends on the
number of aromatic rings19. Other reagents are adsorbed by electro-sorption, a
process whereby they are adsorbed only after being electrochemically reduced or
oxidised if a potential exists on the electrode.
1.2.3 POLYMER COATINGS

Polymers are coated on to electrodes by adsorption techniques. The
electrode material most commonly used is platinum ' , but recently Sn02 and
carbonZ3 have increasingly gained precedence. Stable surfaces have been
produced by electrochemical anodic deposition2d where the oxidised form of the

polymer electrosorbs on the electrode.



1.2.4 CARBON SURFACE REACTIONS

Miller and Co-workers made the first successful modification by

treating surface carboxylic acid groups generated by air oxidation at 160°) with
SOCL,, to form easily derivatized acid chlorides. This is the most common route

25,26,27,28,29,30,31. .
, although direct

now used for the modification of electrodes
derivatisation of the acids®*** using dicyclohexylcarbodi-imide (DCC) as a
dehydrating agent™ has also been successful. Stable surface modified electrodes
have been made by treating the acid groups with amine containing compounds to
form amide bonds. Coupling with surface quinone structures® and surface
hydroxyls®®*” has also given stable modified electrodes.

Mazur®® reasoning that vacuum pyrolysis of carbon surface oxides
should create reaction sites, demonstrated coupling of olefins to oxide free
carbon which then undergoes reaction with the p-bond of acrylyl chloride to form
an immobilised acid chloride group.  Oxide free surfaces have also been
generated by mechanical abrasion®® of a glassy carbon electrode under a nitrogen

atmosphere, and radio frequency argon plasma treatments“’. This introduces new

functional groups to an otherwise non-functional electrode hence, opening up

more modification routes.



1.3.0 THE STRUCTURE OF THE SURFACE LAYER.

The study of the surface layer has focussed on three areas the
bonding,the orientation and structure, and the thickness of the layer. Various
electro-analytical techniques such as ESCA, Auger, Raman, and Inelastic
Tunnelling Spectroscopy, have been used to probe the types and number of
bonds present in a modified layer.

Trichloro or Trialkoxy silanes when used give a possible maximum of
three Si-O-M (M=metal) bonds in the modification process. One major problem
encountered is to determine how many surface bonds are formed in the
modification  process. Recent studies by ESCA JETS and Raman , have
indicated that an average of two surface bonds are present. This was because the
spectra contained peaks corresponding to unreacted alkoxy or chloro groups. It
was then this unreacted groups that apparently reacted with 3,5-dinitrobenzoyl
chloride meant to derivatise the surface silaneGD, that produced voltammetric
waves that were not ‘cleanly’ resolved as those produced by an electrode that
eliminated the possibility of unreacted groups. This was made possible by using
3 5-dinitrobezoic acid by the DCC procedure34. ESCA has also been useful in the
study of reaction Scheme 1 to graphite electrodes and establish the connection

between graphitic edges and reactive carboxylic acid sites29. It has been shown



by XPS that tetra(aminophenyl) porphyrins form on the average of two surface
amide bonds™

Kuwana and CO-workers’® reported on the surface coverage of the
modifying layer. They estimated the Silane layer thickness on SnO; to be 2.4nm
by use of argon sputtering with Auger spectroscopy by determining the depth at
which the spectrum of the surface showed a clean Sn:O peak ratio. The coverage
calculated for ethylenediamino silane surface on different electrodes was found to
be in the range of 2-8 X10"°mol /cm.This was done by White and Murray*, who
used fluorescent measurements of a cleaved surface species together with
ESCA spectra. Values obtained agreed substantiantially to those calculated from

ESCA., electrochemical determinations, and molecular models"* '™,

Pyrolytic graphite has shown very interesting results particularly
because of the existence of two surface layers, the basal and edge plane
surfaces. Studies have shown that covalent bonding primarily occurs at the plane
edge?® presumably because the plane edges contain most of the oxygen
functions which react with the modifying species. Adsorption occurred on both

surfaces 2 although smaller and cleaner backgrounds have been reported with

28
basal planes
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Scheme I:  Coupling of carboxylic acid functional groups on edge planes with amines



Raman spectroscopy has increasingly gained momentum as a tool
for the study of modified surfaces e.g. it has been shown that in the adsorption of
pyridines on silver4344, and platinum44the orientation of the surface adsorbed
species depends on the electrode. Pyridine at more positive potentials was
adsorbed in a parallel position to the electrode as opposed to the normal head on
adsorption at lower potentials.

14 0 applications of surface modified electrodes

The applications of surface modified electrodes can easily be divided

into five categories as discussed below.

14.1 CATALYSIS

Modified electrodes have been used to catalyse different types of
electrochemical reactions in solution. An obvious advantage is that the catalytic
property is retained when the compound is immobilised. Electrocatalytic reactions
reported so far include ascorbic acid oxidation by attached benzidine45, NADH+
oxidation by 3,4-dihydroxybenzyl amine46and 02 reduction, which may find

practical use in fuel cells, has been achieved by tetra-(-p-amino)porphyrin2047.



1.4.2 PHOTOELECTRODES

The quest for a renewable source of energy, and the possibility of
harnessing solar energy has made the use of modified electrodes as
photoelectrodes,a fast growing area that is being researched.

A photoelectrode can only respond to visible light if it only becomes
passivated during irradiation in aqueous media. Electrodes that are more sensitive
to UV wavelengths such as TiO, and SiO, are not useful as the UV wavelengths
do not easily penetrate the earth atmosphere. Electrodes can be sensitized to
visible light by immersing them in a solution of a highly coloured dye. An obvious
extension of this would be to physically electrosorb the dye on the electrode
surface.

This area has been thoroughly studied by Fujihua and Co-workers
who immobilised the dye rhodamine B on the surface of a SnO,
electrode’®*®*° by two methods In the first method the electrodes was first
salinized with amino silane and then the dye was attached using the amidization

reaction'®.And in the second method the dye was attached by direct coupling with

surface hydroxy groups * using the DCC procedure'’.

50

Hawn and Armstrong dye sensitized SnO, electrode with

erythrosin by electrosorption of the oxidised dye by silane linkages using amino

10



and thiol terminal functional groups and direct coupling with surface hydroxy

groups. Other workers include  Wrighton and Co-workers'>"®, who made
photoelectrodes with longer lives, by simply attaching a ferro silane to n-type
silicon and germanium semiconductor electrodes that are normally passivated
when photoanodized in aqueous solution. Similar results were obtained by Finklea
and Murray’' when they attached silanes to TiO, electrodes. These humble
beginnings suggest a first step in the application of surface modified electrodes as
photoelectrodes and most predictably this will be one of the hottest areas of
research in a few years time.

1.4.3 ANALYTICAL APPLICATIONS

Surface modified electrodes have found much use in analytical

chemistry. Lane and Hubbard® used surface modified electrodes to study the

concentration of catecholamines in solution by taking advantage of the strong

adsorption of I on platinum which prevented the passivation of the electrode

They also used the same electrode to observe the conversion of Pt"/Pt"Y

. 3 -
complexes in a non aqueous solvent®. The adsorbed I" served to prevent solvent

adsorption onto the electrode. Biological molecules such as proteins have also

been used to modify electrodes. Weetal and Detal™, developed a method that

utilised cyanogen bromide for immobilization. Yamamoto and Co-workers used this

11



method to modify titanium electrodes with antibodies and antigens, thus paving
way for the sensitive detection of biologically active substances. Cheek and
Nelson® demonstrated the use of surface modified electrodes in the
measurement of picomolar concentrations. They were able to measure Ag+
concentrations of 10'6 M by use of a carbon paste electrode amidized with
diethylenetriamine. There are many possible analytical applications and
recognition and investigation of these have only just began.
144 ELECTROCHEMICAL SYNTHESIS

One of the very first electrochemical synthesis by a surface modified
electrode reported was the synthesis of optically active alcohols by an electrode
which had been modified by attachment of an optically active amino acid4. In a
similar way optically active sulphoxides from sulphides have been prepared on
salinized Sn02 and DSA(a mixture of Ta and Ir oxides) electrodes by the
attachment of (-)-camphoric anhydride.
N45 STUDY OF IMMOBILISED MOLECULES

Surface modified electrode have been used in the study of the
electrochemical properties of molecules by making a comparison between solution
and surface studies. Sharpe% studied the electrical activity of two isomers,

l-amino and 2-amino-9,10-anthraquinone. He observed,that only the former

12



isomer exhibited electrical activity when immobilised, while both exhibit redox

behaviour in solution. He attributed this difference to orientation which determines

the efficiency of electron transfer.

Mechanistic studies have also been carried out by use of a surface
modified electrode. Lenhard and Murray’ demonstrated that the decay of
ferricinium state of ferrocenylphenyl acetic acid was first order in solution but

appeared to follow second order kinetics when immersed in platinum in acetonitrile

solution.

13



1.5.0 CONDUCTING POLYMERS
A key property of most polymers, which distinguishes them from

most metals is their inability to conduct electricity, thus their use as insulating

materials in electrical wires. It is therefore a general consensus that polymers and

electrical conductivity are mutually exclusive. However over the last two decades
a new class of organic polymers has emerged with the remarkable ability to
conduct electricity. These conductive polymers have been classed as synthetic

metals and have found great use as rechargeable batteries, electronic capacitors

and smart windows that absorb sunlight in summer. Most however remain

laboratory curiosities, but with a tremendous potential for future Scientific and

Technological development.

The emergence of conducting polymers as a new class of electronic
materials has attracted considerable attention which has generated entirely new
scientific concepts as well as potential for new technology. Conducting polymers
are highly anisotropic quasi-one dimensional structures which makes them
different from conventional inorganic semiconductors in two aspects,

The chain like structure leads to strong coupling of the electronic states to

()

conformational excitations or solitons peculiar to a one dimensional system

14



(i)  The diffusion of dopant molecules into the structure is allowed by the
relatively weak interchain binding while the strong intrachain C-C bonds
maintain the integrity of the polymer.

The most extensively studied of these conductive polymers are Poly-

(acetylene, aniline, pyrrole, thiophene, phenylenesulphide and phenylenevinylene).

Of these polyaniline was the fist to be prepared when in 1862 H. Letherby of the

college of the London Hosipital anodically oxidized aniline in sulphuric acid. A

major obstacle to the rapid development of conductive polymers is the lack of

understanding of how electrical current passes through them. All conducting
polymers have one thing in common, they contain extended p-conjugated systems
with single and double bonds alternating along the polymer chain. Also conducting
polymers can be divided into two groups i.e. those with degenerate states and
those without degenerate states. The mechanism of polymer conductivity can

therefore be explained by considering these two cases separately.

151 POl YMERS WITH NON DEGENERATE STATES

The simple band theory has failed to explain the conductivity of
polymers. The principle behind band theory is the overlap of atomic orbitals of one
atom with similar orbitals of another to produce molecular orbitals. When the

energies of these molecular orbitals are closely spaced together they form a

15



continuous energy band. The energy spacing between the highest occupied and
the lowest unoccupied bands is called the band gap, with the highest occupied
called the valence band and the lowest unoccupied the conduction band (see
Figure 1).

If the bands are filled or empty no conduction occurs. However if the
band gap is narrow at room temperature thermal excitation of the valence band

electrons to the conduction band gives rise to conductivity. This is what happens

with classical semiconductors. For non conductors, thermal excitation at room

temperature is insufficient to excite electrons across the band gap hence they are

insulators.
This simple theory fails to explain the conductivity of conductive

polymers as they lack a partially empty or a partially filled band. The theory aiso

fails to explain why the charge carriers, usually electrons or holes in polyaniline

and in polypyrrole are spinless.

16
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These electrical phenomena is explained by concepts from physics

involving solitons, polarons and bipolarons. Removal of an electron from the top of

the valence band of a conjugated polymer creates a vacancy (hole or radical

cation) that doesn't delocalise completely as would be expected from the classical

band theory. Only partial delocalisation, that extends over several monomeric

units occurs causing them to deform structurally. The energy level associated

with this radical cation represents a destabilised bonding orbital and thus has a

higher energy than the energy of the valence band.

A radical cation that is partially delocalised over some polymer

segment is called a polaron see Figure 2, which stabilises it self by polarizing the

medium around it. A polaron has a spin of ¥ since it is really a radical cation. Two

things may happen if an electron is removed from the already oxidised polymer

containing the polaron. Either the electron could come from a different segment of

the polymer chain thus creating another independent polaron, or from the first

polaron level{remove the unpaired electron) tocreate a special dication, which is

called a bipolaron (see Figure 2). Low doping levels give rise to polarons whereas

higher doping levels produce bipolarons.
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Bipolarons have a characteristic structural deformation and the two

positive charges act as a pair. Both polarons and bipolarons are mobile and can
move along the polymer chain by the rearrangement of double and single bonds in
the conjugated system that occurs in an electric field as shown in figure 3. If high
doping takes place a great many bipolarons are formed and their energies start

overlapping at the edges which creates narrow bipolaron bands in the band gap.

In polypyrrole, low doping concentrations create paramagnetic
polarons, which as the degree of doping increases converts to spinless bipolarons

which extend about four polypyrrole rings. A polaron and bipolaron in polypyrrole

are shown in Figure 4.

152 pm YP'IFPS WITH DEGENERAIE.STATES (POLYACETYLENE)
A well studied example that is considered a protoype of conducting

polymers is polyacet)/Ieng Rolvacet)gllene(PA) is the simplest conjugated polymer

é ainct Of -Chi- forming a pseudo one dimensional lattice,
that consists of couple ains o,

nnnmer is SP2 hybridized with two of the p-type bonds
The carbon atom in the monomer

|att|ce while a third forms a hydrogen bond with the
forming the one dlmenS|onal attice

hydrogen.
T o possible arrangements that satisfy the 120° angle cis-(CH)xand

fannr  monomers per unit cell. The cis and
trans-(CH)x with two or
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trans forms are shown in Figure 5. The 2Pz orbital perpendicular to the molecular

plane contains the remaining valence electron which overlaps with another 2Pz on

a neighbouring carbon atom to form a p-bond. This p-bond leads to a partially

filed orbital which is responsible for the important electronic properties observed.

Because of bond alternation i.e the single and double bonds in the

trans form can be interchanged without changing the energy, there are two lowest

energy states L and R having two distinct bonding structures see Figure 6. This

two fold degeneracy leads to the existence of a non linear topological excitation

bond alternation domain walls or solitons, which appear to be responsible for many

. 57-6
of the remarkable properties of polyacetylene™ .

Both these forms can be made either free standing or on a variety of

substrates e.g. on a glass of metal as flexible films of thicknesses ranging from 10

The trans form is the thermo-dynamically stable form and total

°cm to 0.5cm° .
conversion of the cis-trans after synthesis is achieved by heating the fim to

. 64,65
temperatures above 150°C for a few minutes’ .
UCTION

1.5.3 THE MECHANISM OF COND

The conduction of electricity by polyacetylene can be explained by

consideration of solitons: The understanding of the physical properties of

principally from two factors. Firstly, the in chain structure led

polyacetylene results
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to its consideration as the prototype conjugated polymer.  Secondly, the

thermodynamically stable trans-(CH), has the unusual broken symmetry

degenerate ground state (fig.5) which can sustain free stable solitons as natural

non linear excitations. The double and single bonds in trans-(CH), can be

interchanged without changing the energy resulting in two degenerate lowest

energy states L and R having two distinct bonding structures as shown in Figure 6.

It is this two fold degeneracy that leads to the existence of non linear topological

excitations, bond alternation domain walls or solitons. Isomerisation of a single

chain of cis-(CH) can commence at any point on the chain with one part having

R and the other having configuration L, where these two

configuration

configurations meet a free radical is produced (Figure 7).

ervation was experimentally verified when pure cis-(CH),

This obs

possessing no free spins underwent isomerisation. Approximately one in three
n the resulting trans -(CH), is in the form shown in

thousand of the (CH) units |

. 65,66
gired spin and paramagnetlc .

It has indeed been

Figure 7 with an unp
ntains one electron then the soliton is neutral

observed that if the localised state €O
ith 1/2 and hence is paramagnetic. If the localised electron is removed by
with spin a

an acceptor doper, the soliton is then
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positive ith spi
ly charged with spin ze€ro and non magnetic. Hence the ob
. observation that

A positive soliton as shown in Fi
in Figure 8 is equi
valent to a carboni
onium

ion on the polyacet i li
ylene chain stabilised by delocalisati
calisation.  Als
: 0 double

occupancy induced by donor dopi [
ping will lead to a spin zero
negatively char
ged

state as also shown in Fi i
in Figure 8. The resulting negative soli
soliton is an equi
quivalent of

e figures shown solitons
, are drawn as i
s if localis
ed on

a stabilised carbanion. In th
t actual detail calculations®®® have sh
own that minimisati
ation of

one lattice site, bu
a region of 15 (CH), units as in the case of
a

the energy spread the kink over
mum chargé density is adjacent to the counter ion A’
but

positive soliton the maxi
y 85% is spread out systematically on eith
er

the bulk of the charge. approximatel

side over 15 (CH), units.
UCTING POLYMERS

1.6.0 APPLICATIONS OF COND
BATTERIES

1.6.1 RECHARGEABLE

made from polyl I
ﬁeries because of two reasons; FII’Sﬂy the
’ 1 y

Batteries ectrodes a
re slowly i
gaining

he conventional ba

precedence over t
rge capacity to reversibly accept and donate electrical
ica

are light and flexible with a la

they will have @ higher — power  density
'!

charge. Secondly,
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longer lif
e and '
an energy density several times that of currentl
rently availabl
e

commercial batteries.

Rechargeable batteries are among the first commercial
cial products

based o i m T
n conducting polymers. he polymers usually polypyrrole, pol
, polythiophene

niline and their derivatives aré the cathodes. The anod
. es are usuall
y

g LiAL Through an external load the cell disch
arges

and polya

lithium or some lithium alloy €.
m the anode 10 the cathode, whi
i ich reduces th
e P-doped

and electrons flow fro

s neutral (undoped) state. During this
process dopant ani
anions are

polymer to it
o the electrolyte hase and the lithium anode dissol
p issolves

ejected from the polymer int
e cell is said to be full

e the cell an opposite potential is applied to th
e

into lithium ions. T !
. y discharged when al
I the pol '
ymer is

doped. TO recharg

completely un
cess the neutral polymer

electrodes. Durin
. g the pro at the cath i
ode is oxidis
ed to
aking up dopant an
e anode. The electrode process occurring at th
e

the P-doped state, t ions from the electrolyte, while lithi
' ium ion

hium metal at th

e battery are,

deposits as it

electrodes of polythiophen

—

Anode(ned
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The elect
ro i
lyte can be a solution of an appropriate sait or
a solid polyme
r

electrolyte ithi
yte e.g, lithium Salt/polyethylene oxide in which case an all
solid state ce
Il

results. i
Conducting polymer rechargeable batteries are usuall
y made as fla
t

buttons or laminated rolled films .

These are excellent for application where long life low
' power and

reliabili - i
ability are of prime importance, e.g, as back up sources for st
static random

r vi
deo cassette recorders and a
S

ac i
cess memory, telephones and timers fo

b i 0 m TV rem
atteries for hand held calculators, fax machines , remote cont
ntrols and wri
st

watches®®.
ICES.

1.6.2 £ ECTROCHROMIC DEV

Some conducting polymers show a whole range of col
ours as a

tonation and oxidation forms Henc
. e some of them li
like

result of their many Pro
roduce electrochromic displays and
smart

e been used to P

polyaniline hav
windows. They have an added advantageé over liquid crystal displays i

in that
made of polymers ca

ctrochromic devices exhibit memory functi
ction

n be fabricated into large areas with
i

electrochromic devices
Many ele

gles.
t+ change colour after t

unlimited visual an
he applied voltage has been

(bistability) because they don
removed thus their use i storing information.
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An electrochromic device is very similar to a rechargeable battery i.e,

the cathode is the polymer and the anode is a metal usually aluminium. ELectrical

potential is applied to cause doping and undoping and thus induce the controlled

colour changes. However for this changes to be visible one of the electrodes must

. , Inrthim doped tin oxide glass is commonly used for this
be optically transparent, indium

purpose.
Smart windows change colour in response to the intensity of sunlight

mart windows both electrodes must be optically
or temperature changes .

/hipached state) of the device the polymer is in the
transparent. Inthe transparent (ble

- hinrk sunlight a positive potential is applied causin
neutral (undoped) state. To Bfocﬁ g P P pp g

er which gives the intense coloration. Table | below
oxidative doping of the poym

32



1.6.3 GAS SEPARATION

An unusual application for polyaniline is as a gas separator e g 02
from N2 or C02from CH4. Richard B Kaner and Howard Reiss™® have discovered

that if polyaniline is doped and undoped several times it becomes porous and can

act as a gas separation membrane.

1.6.4 rrnNnUCTIVE FABRICS AND TEXTILES.

These are increasingly finding much use in the aircraft building
industry. They are made by impregnating fabrics with polypyrrole and polyaniline

without interfering with their strength and tactility. They have been considered for

use in composites i.e. they can be incorporated into the plastic composites used in

airframes for charge dissipation during lightning strikes, thus preventing damage to

the aeroplane. Conductive fabrics have also been used in military aircraft to

mislead enemy radar because such fabrics distort radar signals. Robert B.

BJorklund87 at Linkoping University in Sweden and others developed a latex

» . * n nolv-fpymole, thiophene, aniline) colloid particles. This
composition containing P°y

nmg surfaces 9ave conductive coatings which provide

latex when sprayea 0
no and may be useful as a weapon against electronic

1 e shild
electromagnetic shielding

eavesdropping.
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1.7.0 POLYANILINE

Polyaniline whose structure was first described by English and

German scientists at the turn of the century; is a simple conjugated polymer made

. nifc nf r-O tM It exists in several oxidation states with
of 1000 or more repeating UnlIs or

_ . s, nrnaressively from 10'11S per CM to more than 10 S
electrical conductivity varying p

. ir ;mir oxidation states each with a different colour and
per CM. Polyaniline occur$ in four oxiaa

. U ...over only one form, the emeraldine salt is conducting
electrical property. However oniy

Figure 9.
Before 1980 little research had been done on polyaniline. However

kers® at the Centre National De La Recherche
Marcel Jozefowicz and cowo
. that the conductivity of polyaniline increases by
Scientifique in Paris found in
s pH of the acid it is doped with declines They also

orders of magnitude as the
. . n/P as an excellent electrode for reversible
Polyaniline could sen/e

recognized that 82

at Centre 'd

batteries. Further studies w A

ronrp- and Macdiamid and coworkers at
e :n Grenohle France,

Etudes Nucleares

carried on by Eugene M. Geneis®{"

hnology- Thus during the 1980's Polyaniline was

Massachussests | nstitute - .
hvsical and electrical characterisation using the
structural, Pny

subjected to intense i )
Aithouah its structure has not been completely

latest experimental techniques.



Leuco- emeral dine,

"w hile - emerald ine”

(|nsulator)

Emeral dine
base

(Insulator)

(Good conductor)

polyaniline oxidation states
Figure 9
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characterised, a linear generalised formula has been developed out of the many

studies
Polyaniline may be immobilised on an electrode surface by either

potentiostatic or gafvé’ﬂggt%"‘tﬁ‘% oxidation of the aniline monomer. The cyclic

. , N nf Polvaniline shows a sharp oxidation peak at 0.2V and
voltammogram Figure 10 ot Yy

. n 04V Polyaniline is conducting in the oxidised
a broad peak for the reduction at u.u* .

_ ~ mcrpHuced state. In its' conducting form Polyaniline
state and an insulator in i

_ ; _ nolvmers because partial oxidation or reduction is not
differs from other conductive puy

a hinhlv conducting state is accomplished by simple

necessary to dope it
KL rnnpn atoms in the Emeraldine base backbone. Thus

protonation of the imine 1
the conductivity depends on tHe PR pf the solution. The conductivity also depends

. hv the small charging current to the negative of the

on the potential; this is verified vy
.ornina current to the positive of the redox process

redox process and the large charging
«th the transition from an insulator to a conductor.

which is consistent wi _ . _
occurring simultaneously are responsible

Two oxidation process

1 f thp nositive scan. One is the oxidation of the
ts at the end or me n

for the large cur conductivity. The product of this oxidation
film 717 with the subsequent loss
jnstable under aqueous conditions

: very
process IS
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to the Quinone in acid media
__ 0Of poiyan,ine
Oxidati°n
Scheme |I:



and this results in the degradation 8( EPIS fr'lljnrﬁ fcaltl Botentlals greater than 0.8V in the

. 6 i[ iC Ehis Broblem that forms the core of this
absence of the aniline monomer -, 1t IS thiS Pr

. nyidation of the aniline monomer to produce
research. The second process is EHB o}élgahon P

precursors to the Polyaniline film

Pol,aniline is known to undergo a second oxidation process at more

.. » »»d. ,0 film degradation* The structure of the
positive potentials which
, jo Shown in scheme II70. In this scheme the
hydrolytically unstable poym
» itclHeorotonated state. The imine form is a very poor
reduced form is shown in
.thp irnine nitrogen and it is rapidly hydrolysed to give the

base due to the nature of
conductivity was observed at positions positive of

more stable quinone. Loss o
.fronts drop to normal levels. They also

this wave because the charging c
OVer the second oxidation wave gave two new

observed that continue at 043 v and 0.50 v respectively, and

c|ose|v ) aceg reversible redox processes
c y S re

ose ace waVes initia|lyobse” ed were

that the two closely SP

went on to speculate (precursor to the quinone) which resulted
probably quinone and qu AN position as shown in scheme Il. The
from the initial hydrolysis A verified by spectral and electrochemical
presence of benzogqumone characteristics as a benzoquinone7s.

observation of a product with the same
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CHAPTER 2

EXPERIMENTAL SECTION
2 00 CYCLIC VOLTAMMFTRY

Since Murray and Co-workers first ventured
,nt0 surface

synthesis, many electroanalytical techniques have been _ _
applied in the

study of the oxidation and reduction reactions of
many types Of

compounds. The most widely used technique is voltamm
particular cyclic voltammetry. Kemula and Kublik8384 nh
developed the
cyclic stationary electrode and applied it to studies of the mech
of electrode processes of organic compounds. Voltammetry pr
thermodynamic and Kkinetic information concerning the sp
participating in the reaction and in this way gives insight into it'
chemical properties.
Cyclic voltammetry is usually performed with a small
(<1cm?2) stationary electrode immersed in an unstirred solution of
reactant in a suitable solvent and electrolyte. This electrode has two
interrelated roles

(@) by controlling the current or the electrode potential a variable and

precisely known amount of oxidation or reduction is caused to
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occur in a small volume of solution at the vicinity of the

electrode.

(b) and the electrode monitors the solution reactions and €ives

information ﬁb@ {8FFH of a current potential profile,

. hp electrode is varied linearly with time
The potential' of {ng y
o +  f. ip either the positive or negative direction
(scanned) from an initial potential t,
_ reached at which the direction of the potential
untill a switching potentia f
. thp DOtential is scanned in the reverse direction8587-
sweep is reversed, and
» ental variables are, the potential range from E - Ef
The principal experim
ffpctively used to vary the time scale on which

and the scan rate v, which
reactive species is observed.The current is

the electrochemistry
% the scan and ﬂg Fgg&lltln% current potential is called a

measured throughou _ o .
, thp Deaks on the potential axis is related In a

voltaimmogram. The p o *"
tential of the redox process, and the peak

. + ;\he formal P°
S|mP_|Ie manner to . , . _
, rmation about the reactant concentration

he,gM and shape . which °

Y , *C P « ill POLLE M Il 1
and the number o N reaction is one in which an electron is

The simplest e%*C

a faSt process » »1— A
transferred in a fas
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O+ £ * R
(1)
Such electrode processes give cyclic voltammograms such as

8 Curve QR corresponds to the potential region
that shown in Figure 11
tration of R to the surface concentration
where the ratio of the suface c
_thp current is increasing. At R the surface
of O is increasing rapidly and hence
e t.nHina to Zero and the electrode process
concentration o. the oxidised term » tend
The deCrease in current over RST shows a
is purely diffusion control

) ) oxidised form to the surface as its flux
of diffusion of tne u

decrease in the ra e value> JN is the potential region

falls off with time to 0 decreases, this time O becoming
concentration of R

where the surface c tential of R to the surface and hence the

more favourable. Rina y N maximum and beyond this peak both
se process, are at a

current for the rev electron transfer reaction

é\ zero, when “
decrease towards
taking place.87 ngram will have the following

A typical cyclic

characteristics® e wji| be seperated by about 60 mv
H reduction Peak
1) The oxidation an

AEP = 60 mv
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of a cyclic Voltarnrnogram
yBji exaruple
Figure 11:



* | £ are indeR/Iendent of the potential scan rate and so are
) Peak potentials Ep are inue

Hp/V Y and 1BaAV 112

nth for the oxidation and reduction peaks
(3  The half peak width tor

are defined by

(E, - Ep/2) = 57 mV
| are anodic and cathodic peak currents

4) }a“'p =1 where la P
respectively. Y

nd the peaks decays according to iat
(5) The current beyond
iated to the half wave potential by

0, Peak potentials are r
P r =-28.5 nnVv ) o
bP ™ g thjs criteria shows that the electrode
A pair of Pe electron and the product of the
. ] the transfer of .
action involves u p F A be |ess than unity when the
The ratio of mJ p
tetrode is stable. unstable. But if the scan rate is
p electron transfer is
oduct of the single reduced and the chemical
alg Of the experiment
treased, the time sc g the ratio will be higher,

action will not occur to
, apeAB™ 5
1.0 ELECTROCtdE"N15" ' es were carried out using a Princeton

Cyclic voltamme tentiostat/Galvanostat equipped with a

oplied Research model 173 Current Logarithmic converter. The

_h N\ocfe\ 3/
inceton Applied Researc Research Model 175 Universal

u a Princeton

'tential was controlled



. nonpmtor% Scans of 10 mv/s and above
Programmedthe triangular wave generator).

Annlied Research Model REO089 X - Y Recorder,
were recorded on a Princeton P

) accgmblv was used for the electrochemical
A three electrode assemuy

1._p The working electrode was a locally
synthesis and degradation of Polyan.hne.

, .. electrode with a surface area of 0.38cm . The

fabricated carbon graphi
_ ) A saturated calomel electrode (SCE)
1 tjnum wire.

counter electrode was a P _ s
The working electrode was polished

was used as the reference electrode.
d Data Was taken at room temperature
a fP|t polishing cloth.

using alumina on ~ rPference to the saturated calomel
e« are quoted with retere

(22°-25°), All potentials

electrode.

2.2.0 THE_PQTENTIfiSTEI
n electrochemical measuring instrument,

The potentiost working electrode of an
. . between the referenc
h holds the potentia changes the voltage between two
mn o »
-ochemical cell consta - controlled manner despite large

jffic_axJ care

‘odes in a very spec The controller circuit reacts t0

pd by tde sy
ges in the current dema o through a negative feedback

) these tw0 P )
difference between de; jn such a way as to reduce the

« the counter e
t which contains

differrence to zere-



optimum potentiostat design should;

have a circuit that provides accurate potential control with no ,R

~ . npnprator or current measuring resistor
Cops through ths signal g«~

,ha, leads to cM
d amplif'er (single-ended) because such a device

(it)
has a lower drift,

that allows one grounded terminal each for

have a circuit desig

. 0 rurrent measurfn devfce, i)ecause it
the signal generator and th— g

all signal inputs and outputs to a
IS more convenient

und
common gr°un aMthese specifications.

tiostat cannot
Jingle amplifier poten A qualitatively how a potentiostat

In order to binders

s have to be assumed,

crates,two factor are negligib'v small:
t cLirrsn”s
the amplifier inpu verting input at the same potential as
. maintain the mv
the amplifier win a closed feedback loop from
. fI( +, input only the
the non inverting n

the output to the inverting ns of any potentiostat are
tial control
The potentia amplifier.  An operational amplifier

bv an operat’®
nmonly performed



o nntpntjal passed through it by a factor known
usually multiplies and inverts Sﬂe potgntia, B g y
a Hifferential amplifier has a high loop gain and
as the potential loop gain.
.»t. 0of negative feedback from output to

remains stable with large amo
Finnre 12 of a simple single amplifier

input.Consider the circuit diagram m F.g

Potentiostat.

2.2.1 THE ADPERJMQ IEJ*Q glI” , _
, tvoe of potentiostat is the adder

rommonly usea yH

The most con .
Mnnests effectively adds up several
the name sugges

Potentiostat, which a through the operation alamplifier. Most

Potentials prior to PaSS * ) vera| simpler wave functions.
s gre synthesis of sever

electrochemical wave form Ci 138 is the sum of a ramp
ave form shown in Figure

For example, the total wa constant offset. The adder

f .- perturbation, and

function, a sinusoid® r A several basic inputs to give a complex

Potentioistat thus accepts a basic adder potentiostat
, be soPP'iaci amply-

Wave form that cannot used. At the summing point S
14 is the most w

circuit shown in Figure wise the potential here is also zero

to zero and

the currents must add up _ can be replaced in a cell by
8 Resistors h*.

(ground or virtual potent™” ' [jquid junctions of each of the
mterpfiases 0L

_ to the 'nte H
the resistances due

electrodes.
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A single simple amplifier potentiostat
Figure 12.

wavp form

Basic wave f° ms
Figure 13.



An Adder potentiostat
Figure 15.



Ri

A basic Adder potentiostat
Figure 14.
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The adder potenfiostat RIBHFS 15 is widely popular because it's

) a< well as output voltage of the current
control inputs can be refered to ground as wen

, : »rtir,nal to the current. The current follower
follower (amplifier 3) which is prop

: rPlljts because it maintains the working
N widely used in controlled potential circuits

., ctiil provides a single ended voltage output
electrode at a ground potential ye

Proportional to current.

3pd Cf which are used to stabilise the
The capacitors CG Q- an

f , the components which are used for positive
repuency response, an<®

r H triangle) can be ignored for the time being. The
eedback compensationldotted

virtual ground (ground potential) by a
Jerking electrode is maintained
h operational amplifier 3. It's output voltage ,s

CUrent follower configuration V

therefore given by

1iRf
(2)

rrent flowing through the working electrode.

that EO is proportional to th
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e . follower such that
Amplifier 2 is a voltage

Ef cl
©))

Where E, = output potential

and e, = input potential
| |s the potential of the refrence electrode
The output p d because this is the reverse of

treasured with respect to the

conventional defination of Ecdi

- - *x ! 7N
Ecai ¢ (ET B
E c/
(4)
the solution that leads to working
the cell due to tne
The IR dr°P '

assumed to be uncompensated
electrode itse

strode and the working considered to be negligible

e.Itgctrode are ou.
reference eift-

>- Also the IR drops in the current through the reference

draws only
n°e the voltage followe n nr in the electrode then,

~ nt in the solutl®
e’trode. If IR drops are Prese

= -Ea-ii + IR"
£/ ©

ted resistance

ncompensa
“here M= the u

i = cell current

52



. + i
Botential of the lead from the [SQIBRER RIgSHQde measured with respect to the

) rHp . the only electrically measureable guantity,
lead from the working electrod® is me 4 ;¥ y q y

At zero current this quantity equal to Ecen

o r anH F, (the voltage follower outputs) are
The potential inputs q -na

inmit resjstors connected to the summing
added or summed through separafe input resis

| gmplfier). The control amplifier maintains it's
Point of amplifier 1 (the co

I (¢ = 0), by virtue of the feedback loop that
Surnming point at ground potentia

ilectrode and the voltage follower
contains counter electrode, the reference e,

: t in the summing point S must add up to zero. Such
(amplifier 2). The currents in tn

that,
in + ] :IL_ /[, =0
(6)
Prom Ohms law,
En = in En
(7)
ang,
En
Rn (8)
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Hence,

E. + 11 + =0
Rewrite,
£/ +
[?: I
(10)
therefore,
T oon
-Ei 7 (11)
IfRi = RO = R, then,
+ En
£/
£7 (12,
Ince -£ = then
ucell
.+ En
Edii (13)



The control amplifier maintains a constant potential throughout

. ) . N bv forcing current to flow through the
the circuit as described by equation \%

o n if the summing

counter and reference electrodes, -9

trO, amplifier (voltage follower) output
negative with respect to ground,

and the counter electrode voltage become M8'e Positive hence Eonbecomes

1 ,,(hich then tends to cancel the negative
m°re negative and E, more positive

drift at 'S*, the summing point.
are expected either if the gain or
Potential control errors
iIs inadequate or if the control inputs
of the amplifiers

d condition is expected if the voltage and

frequency response

change rapidly with tirme. An ove
nge rapidly and 3 are inadequate to meet the

"Urrent output of operational amplifie

P ... and allows as many control inputs as
: . circuit is reversible
Smand.  This basic f the control amplifier each through it's
input or u

-sired to be connected to the

M e sistorgo.
3.0 _ o
electrochemical application that the
o t that in ary
It is importan _ A~ known, constant, and
nne eleciru
. . rpaction 0 ]
Cell and potential ana =olution under study. An
,M compo»»" »< ne
‘dpletely insensitive to electrode. A working

js called a rerere

ictrode that fits this descript'0
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iI . h"nonripriE uDon the analyte concentretion is
electrode, whose response is ent upon

used in conjunction with a reference electrod

Several criteria shoull PR tggﬁ inmind when chooosing a

reference electrode. These are

- . , _oinctakina preparation or assembly,
reproduceability without pa.nsta&.ng B P y

1
5 a small temperature coefficient of e.m.f.
o n fairlv large currents are drawn,
3. reversibility when
4. constancy with time,
*th a saturated potassium bridge,
5. possibility of use wi _ _ o
Several electrode systems ](,{ mls criteria, but the one prefered for
,omel electrode. The calomel electrode
r analysis was the satura outstanding interest from the

ntr°’duced by ostwald in 1890; *

lst°rical practical and theoretical v,eW p
j as follows,

‘aorTlel half cells may be represen

, KCI(XM)\Hg

. hloride in solution.
Of potassium c¢

Wilere x is the molar concentrati

The electrode reaction is given bV

2tlg0) + 26T (=

AN

+
Hg: Ch(s)
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Ho
wsver the

this quanf POtent,a, »~ thS 06,1 VaneS With thS Ch'°ride C°nCentratiOn * and
gUantltVmust a'ways be specified in describing the electrode. The Table
ke/ow

Sh°® WS th® sPecif'cations of three most commonly encountered calomel
erodes.

Ta8le |l
1 specifications OF THREE MOST COMMON! v

EMOMEL ELECTRODES

CONCENTRATION  ELECTRODE POTETIALS

OF VS STD HYDROGEN
Hg2CI2 KCI POTENTIAL AT 25°C
' Sat'd Sat'd +0.241
Sat'd 1.0M +0.280 -
Satd 0.1 M +0.334 -i

ArOh
the table it is evident that each solution /s saturated with respect to

Mere
CUWO chloride and that the cells only differ w.th respect to potassium

rcle concentration. Note that also the potential of the normal calomel

ele
Ctrede is greater than the standard potential for the half reaction because
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Small

ope ning —

Figure 16.

__Electrical lead

containing a paste
,and saturated KCI

KA

i ber

Electrode
Galome\
A saturated



J". Qhh,kh h" aC"vVv'Vv 8 ' *“ P»tass™ cWonc, IS
on,f'cantly smaller than unity.

Mercury has properties which are des/reable for setting

behaved P, 9 UP We"
lectrode systems. It is a noble, liquid metal, easy to Durift/
t)lerefore Purtfy, and
asy to obtain ina standard state, with p
°f its wu

c emical, mechanical and thermal history. This ic 0 ,, _
Is a considerable

ta9e over any solid metal, even a soft one such as lead.

A typical calomel electrode as shown in Figure 32 consist

He 5 f S 3
t0O 15 cm in length and 0.5cm to 7.5cm in diameter. Mercury

rV()) chloride paste is contained in an inner tube that is connected to the
SuratP .

a Potassium chloride solution in the outer tube through a small

N9- Contact with the second half cell is made by means of a porous fibre

S

Qi ,n the end of the outer tubing. An electrode such as this has a
rat

IVe,y high resistance (2000W to 3000W) and a limited current carrying
CapaCitya
24 Q

CHEMICAL REAGENTS

Reagent grade acids and chemicals were used as received. The
n',In6é (Aldrich) was triply distilled until a clear colourless liquid was obtained.
The lijuid was then purged of all oxygen by bubbling through with nitrogen.

A Cear aniline was then stored under a nitrogen atmosphere to prevent
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prepared using triply distilled
oxidation to a dark liquid. All solutions were

Water.

_ _ _ studies as were as follows,
The chemicals used in the various

of P-Aminophenol,
N -Stabilisation of polyjinNineilm s~ ™

5 Ammophenol(BDH) - sulphuric
Sieved without further purification.

ANMNJunction-of the external

N —Determination of

usingjt*dearadatt---- ,ALDRICH) were used as received

PhenoKBOHI and Sulp»»* «*<

without further purification.

Electrochemical degrade " ChlOride<ALDRICH),Silver
strate(BDH), Tin
Potassium n,tr Hydrochloric acid(KOBIAN) were

Sulphuric aci~0® ~' ""
ther purification-

JSed as received without any W



2.5.0 OBJECTIVES OF THE_RESEARCH

. . , _LIHv was to investigate how Polyaniline
The objective of thé stLlay g y

i A, jtp electrod Id be stabilized b
P,\n"s electrodeposited on a carbon grrgrr)]mtg electrode cou © stabliized by

A . Kctratpq Accordingly the following
afachment of of surface active substrates.

Investigations were carried out,

> e in +he presence of Phenol and P-

> Stabilisation of the Polyaniline films m P
aminophenol.
iit , ified carbon graphite electrode on the
" The effect of lead modified
o« A Polvaniline-
electrochemical degradatio
in A cnwor modified carbon graphite electrode on

0 The effect of Lead, Tin and Si
_ ~isO investigated

the rate of degradation wa
+hP rate of degradation was also

iV) The effect of solution PH
degradation data an attempt was made to
investigated and from t pOlyanilne film from Kinetics.

f rthe pK ol

derive an expression ° N technologically relevant to

H that this study
It is expec e FIPCtrochemical Energy storage

he n other things,
IrProvement of amon chemical synthesis and in other

As*ems, photoelectrodes,cata V jon sensing Reference

of new types

Ireas such as in the developme

AModes.
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PBESmMmG<~"*"AAN \ d by ovcw «"
« v e P olM ,B i« «
Polyanilme rontainin9 0/1
rt , :n a solution shown in curve A,
-0 20 v to 0.70 v " ilttartqr’n°9rarn (I:J
exultant C)/E"% volta eaks occur at 6% v an
uric acid. The r reducti°n P
nation and f
e 17. The PAN ° ferred to a
, B then tran
‘“v," sp* ,wevPAN « * e — w ;a n a - 1> - e
The PpAN /] p_aﬁ,}/)gp]oRPenO 7 curve 5 The P-
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itti ti"a aveSr
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The oxidation peak for p-aminophenol has been attributed

revi :
Previously to a two electron process leading to the formation of a

Ui s L . 94 .
qQuinoneimine (Ql) derivative as shown 1IN scheme 1l 7. Studies were

| on polyaniline electrochemical

c .
onducted to ascertain the influence of @

1.0 V. Polyaniline films were

d .
egradation at potentials of upto

oM sulphuric acid and varying

tr -
ansferred to solutions containing 1.

e.,0.01 ,0.02, and 0.04 M. On each occasion a

c )
oncentrations of PAP i.
The potential was cycled from -

f
reshly prepared PAN film was used-

resultant cyclic volt-ammograms

0.2 v to 1.0 v at 20 mv/s and the

ed.
there was a decrease in the peak current

In all the cases:
r fresh pAN film was prepared in a

Wi
th each subsequent cycle.
ansferred to a solution containing only 1.0 M

Sim;i
Milar manner and then tr
cled between -0.2v

SUlphuric acid (no PAP). The potential was then cy
Itant cyclic voltammogram recorded. A

to
1.0 v and the resu
hown in Tab

(s is S le 2. The successive
urren

Co .
Mparison of the peak ©
sured in suc

cessive cycles.

[ ,
Nes correspond to peaK heights M?



Since the film thicknesses are not the same and also as the

Potential prior to oxidation can influence the first oxidation cycle
memory effect), the data for PAN and PAP (0.02 M) has been
Presented in the form of chargé fraction, Q ‘emaining! @ original where, Q
oiginal Fepresents the initial switching charge as shown in Table IlI.

TABLE . OxIDATIVE PEAK CURRENTS (MA) OBSERVED _IN
U ARYING CONCENTRATIONS OF PAE

—

NUMBER | PAN(NO PAP PAP PAP

OF CYCLES | PAP) (0.01) (0.02) (0.04)

1&_—‘—'1'5"/""1"7// 1.7 2.0
2 1.45 1.4 1.4 1.7
3 1.05 1.1 1.15 1.5
a 0.75 0.91 0.95 1.3
° 0.55 0.75 0.8 1.1
° 0.4 0.65 - 0.9
; _ : 0.8

U :
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From the i
results shown IN Table Ill, it is apparent th
at the

decrea
se in the PAN oxi
oxidative peak current (hei
height of peak
above its

apparen
t base) is | i
east in case of 0.04 M PAP
) and greatest in
the case

wh
ere we have no PAP.

char
ge left on n th
PAN degradation is greater in the case where P
e P-

amin
ophenol i
| is present. [t s important 10 mention that as the fil
Inm
n computation of the charge under the

deca
Y approaches completio

Voltam
mogram becomes less reliable-
NS FOR PAN AND PAP

TAB
LE
IV. THE CHARGE FRACTIO

PAP (0.02)

NUM
BER OF CYCLES | PAN

\\§N“‘—___—_—_——*————‘
___’__,,,._‘
0.86

1 0.70

2 0.57 0.63

3 0.41 -
0.33 0.29

to how the PAP depresses the

in terms of the fact that oxidation

a chemical form in the polymer that is

at
ver .
Y positive potential creates
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amino

N Ch:fr\enol, the film can relieve the "oxidative stress" by transferring

- ge to PAP before the irreversible degradation OCCUrS. For this to
ieved, the p-aminophenol need not be bound to the film for this

zable substrate should show

effect
to
operate, hence any readily oxidi

the
same effect.
EGRADATION:

31.0 __"'//,
.0 PH
ENOL STABILIZA riION OF POLYANILlNE D

electrodeposited on the working electrode

0.2 v 1 0.75 v in a solution

Polyaniline was

e by cycling the potential from
sulphuric acid. The polyaniline film

n 4 1.0 M
ing 0.1 M aniline an 1.
only 1.0 M sulphuric acid

on containing

w

{ 3s then transferred t0 @ soluti
n :

T° aniline monomer), and the potential cycled from -0.2 v to 0.75 v.
he scan rate was 20 mV/seC. in all cases StUdied, there was a

k currents with each

rea . .
se in the oxidative and reductive pea
n of peak current (oxidative) with time is

Subs

e

quent cycle. The variatio
as polished and

A. The ele
eady describe

nol in 1.0M sulphuric acid

sh
own in Fi
n in Figure 19, CUrve ctrode surface W

ited as

d. The film was then

a fr
es .
h film electrodepos alr

0.75 Vv at 20mv/s, and the
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resulting cyclic vol

oxidative

conditions,

pla .

ced on film th'\ckness ,
Su . .

ggest a link petwee" the im degrd
9

_ The results &€

oxidative pe current

3 A min

decrease of the
X 0 m
f po\yan'\\ine on

polyaniline cas® (2

o3 mA in Ded

phenol (1 X 1

potenti
ential to positive en

v
esearchers s086 to N

ab
ove data it

Results d'\SCUSSe

tha
t P—aminopheno\ also

Possib
ssible that, p\ el '0\
hne by

Oxj .
idative stress
70



CURIE A Femas)

A X

=

030

020.

N1s.

M.

\ 4

s W 60 70 )

10 70 30
[ ME (mins)
me for a solution containing 9 mm Phenol.

j i
Variation of peak current with T



Fresh films of polyaniline were prepared as already

discussed, and then degraded in solutions containing 18 mM and 27
MM phenol in 1.0 M sulphuric acid (concentration constant) and the
The resulting cyclic

Potential cycled as described  before.

Voltammograms are shown in Figure 21 and 22. The polyaniline film
thicknesses calculation based on the assumption that a charge of 0.91

X 10°® Mm% were 1.2 X 10* M, 1.99 X

Cem? gave a thickness of 7
mM, 18 mM, and 27

10% M, and 1.41 X 10 M for the films used in 9

™M phenol respectively.
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coated electrode in a

for a polyaniline °, "5 0.85v at a scan

Cyclic voltammetric respon”o| Potential range -

solution containing
rate of 20rnV/s.

coated electrode in a

for a polyaniline 54 .85y at a scan

netric re s p J pmential range
ling '8""" P
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Cyclic voltammetri
solution containi

scan rate O

¢ response for
ng 27mm phenol.

f 20mV/s.
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potential range -0.2v to 0.85v at
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TABLEV: FRACTIONAL CHARGES OF A POLYANILINE FILM IN

VARYING CONCENTRATIONS OF PHENOL

Cycle 9 mM phenol 18 mM phenol 27mM phenol
L Charge( X 10)
1 5.981 9.841 6.974
2 5.904 7.915 5.134
3 2.995 6.418 4.022
4 2.096 5.5662 3.423
5 1.797 4.706 2.367
6 1.069 3.679 2.353

t observation from the data presented in

A very significan
Table V is the fact that, the fractional charge left after the first six
Sycles for the bare polyaniling i 9 mM, 18 mM and 27 mM phenol, are
189, 37%. and 34% respectively, But after the first six cycles the
OXidative and reductive peak currents for mixtures containing phenol ( 9

't show any significant change unlike the

MM, 18 mM and 27 mM) don
e in peak current, continues
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TABLEV: FRACTIONAL CHARGES OF A POLYANILINE FILM IN

VARYING CONCENTRATIONS OF PHENOL

Cycle 9 mM phenol 18 mM phenol 27mM phenol
Chargel X 10%)
-
1 5.981 9.841 6.974
2 5.904 7.915 5.134
3 2.995 6.418 4.022
4 2.096 5.562 3.423
5 1.797 4.706 2.367
6 1.069 3.679 2.353
-

nificant observation from the data presented in

A very sig
tional charge left af

ter the first six

Table v js the fact that: the frac
in 9 mM, 18 m

ut after the first six cycles the

M and 27 mM phenol, are

Cycles for the bare polyaniliné:

pectivelY: B

18%, 379%, and 34% res
ontaining phenol ( 9

. ixtures C
Oxidative and reductive peak currents for mix

n't show any significant change unlike the

MM, 18 mM and 27 mM) do
here the dec

ca rease in peak current, continues
se of bare polyaniline W

u .
Ntil when the fraction@
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3.1.1 CALCULATION OF THE PK VALUE FROM DEGRADATION

DATA.

Fresh polyaniline films were electrodeposited from

Solutions containing 0.1 M aniline and 1.0 M sulphuric acid as already

discussed. The films were then degraded by transferring them to

Solutions containing different sulphuric acid concentrations i.e.,no aniline
Monomer. The potential was cycled from -0.2 v to 0.75 v. The rate of
Change of oxidative peak current Was then plotted as a function of acid

Concentration and the slope computed: The results are shown in Table

VI,
PEAK CURRENT

CHANGE OF OXIDATIVE

TABLEVI: RATE OF F OXIl

{MA/MIN) VERSUS ACID CONCENTRATION [H¥]

e Slope (mA/min) Acid concentration Mol/L
S e,
-1.36 X 107 0.1
1.27 x 107 1.0
-1.19 X 107 2.0
-1.06 X 107 4.0
-0.92 X 107 5.0




ON OF THE PK VALUE FROM DEGRADATION

3.1.1 CALCULATI

DATA.

Fresh polyaniline films were electrodeposited from
solutions containing 0.1 M aniline and 1.0 M sulphuric acid as already
discussed. The films were then degraded by transferring them to
huric acid concentrations i.e.,no aniline

solutions containing different sulp

was cycled from -0.2 v 10 0.75 v. The rate of

Monomer. The potential
s then plotted as a function of acid

Change of oxidative peak current wa

omputed. The results are shown in Table

Concentration and the sloP® c

VI
F OXIDATIVE PEAK CURRENT

TABLE vi: RATE OF CHANGE 0]

MA/MIN VERSUS ACID CONCENTRATION HE]

i Slope (mA/min) Acid concentration Mol/L
//—*‘_

| K

1.36 X 10° (13 )

1.27 X 107 2-0

1,19 X 107 4-0

1.06 X 10” L

0.92 X 10
s |
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One obvious observation from the results depicted in Table

Vi is that the lowering the solution pH slows down to some extent the

degradation of polyaniline. This is Ot suprising given the fact that as

93 which are associated with

can be related bY the equation :

(14)
eak current, [H Jeoin 1S the acid

.on and A is the intercept in the plot

he lin€. Expressnon {14) can

¢ both sides of the equation

|
®ading to the followind expré :
(15)
r
(6-R2
Log [ HV‘ ]wh! = Log A (16)
H .ol is the pH of the external
PH o = Log(/’gll yi where P

SO‘UtiOn_
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But during the oxidation of polyaniline at very positive

potentials ca. above 0.75 V, deprotonation of polyaniline nitrogens

occurs as shown in Scheme | °¢ Due to the protonation/ deprotonation

equilibria, the internal film pH is not the same as the external solution

oH i.e., pH.y # PHean. Where PHson and PHeay represents external

solution pH and pHpan the internal film pH respectively. Based on

scheme I11%%; one observes that, on oxidation of the polyaniline to the

’

imine form, we deprotonate the polyaniline nitrogens. Some of the

protons will escape out of the film into the solution via the grotthus
mechanism . while others will remain in the film to compensate for

anionic charges resulting from anions still in the film.

a measure of the ratio of [H*lin the film to

Suppose P IS

that in the external solution: then

(17)

”[H‘ ]I’.-L\‘ = [H ]mln
The val f p will range from 0<P< 1.0 in our case. The internal film
ue of p

PH will thus be given bY
(18)
i A
pHI‘A,\' = ;LOg (ﬂ)
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But by definition the pK value of an acid group MH is the

negative logarithm of the equilibrium constant k(for the dissociation

iline nitrogen will be
equilibria 97). Therefore, the pK value for the polyani g

given by:
(19)
1 All-a]
K = —|Log
i fr[% a[O-A]J
Where a is the degree of dissociation.
When a = 0.5, then
(20)
w1 A
PR = Z Lo 5y
or »
1
PK = = Log |¢l
3
Where .
0= 4
G- A4
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From the data expressed in Table VII; A = 1.37 X 10° mA/min and A
= 8.86 X102 The calculated pK values for the polyaniline films in
different concentrations using expression (7) are tabulated in Table VI
below:

TABLE VII: POLYANILINE PK VALUES AS A FUNCTION OF

EXTERNAL SOLUTION ACID CONCENTRATION.

HT) pK (x1/p)
\_‘

0.1M 3.94

1.0M 2.95

2.0M 2.70

4.0M 2.50

5.0M 2.30

If we assume an apparent pK value of 4.0 for the

i°“09enic group in polyaniliner similar to the value obtained for the
onogenic group -NH- in anion exchangers from pH ttration curves™,
. ternal solution concentration
then th function of the X
e value of p as @ tu

Will be expressed in Table VIl
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From the data expressed in Table vil; A = 1.37 X 10 mA/min and A

= 8.86 X10°. The calculated pK values for the polyaniline films in

different concentrations using expression (7) are tabulated in Table Vil

below:
S AS A FUNCTION OF

TABLE VII: POLYANILINE PK VALUE
EXTERNAL SOLUTION ACID CONCENTRATION.

[H'] pK (x1/p)
[
0.1M 3.94
1.0M 2.95
2.0M 2.70
4.0M 2.50
5.0M 2.30
= |
If assume an apparent pK value of 4.0 for the
we
btained for the

polyaniline, gimilar 10 the value O

ion exchangers from

external solution concent

'onogenic group in o
pH titration curves -,

i .
Onogenic group .
ration

then the value of p as @ /!

Will be expressed in Table VIl
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LUE OFp AS A FUNCTION OF EXTERNAL

TABLE VIIl: THE VA
SOLUTION CONCENTRATION FOR PK VALUE OF 4.0

[H] p
— E—

0. 1M 0.98

1.0M 0.74

2.0M 0.68

4.0M 0.62

5.0M 0.58

s definition of p, we observe that the

Based on the previou

s that of external solution as [H*] in the

i
Nternal film pH approache

ses. The continuing decrease in the value of p

e
Xternal solution decrea
[H ¥ lpan is relatively constant. The

suggests that

as + .
[H*],,,, increases.
iven the fact that the

fact that [H* ]pan I8 significant is not suprising g

fi
Im volume is quite small.

g1



TABLE Vill: THE VALUE OF p AS A FUNCTION OF EXTERNAL

SOLUTION CONCENTRATION FOR PK VALUE OF 4.0.

(H"] p

0.1M 0.98
1.0M 0.74
2.0M 0.68
4.0M 0.62
5.0M 0.58

Based on the previous definition of p, we observe that the

¢ of external solution as [H'] in the

internal film pH approaches tha

s. The continuing decrease in the value of p

external solution decreas®

as [H*]_ increases suggests that [H " lpan 18 relatively constant. The
soin 4

s not suprising given the fact that the

fact that [H*]pan 1S significant i

film volume is quite small.
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AL DEGRADATION OF METALLATED

3.2.0 ELECTROCHEMIC

POLYANILINE.

3.2
N ELECTRODEPOSITION OF LEAD

was thorougly polished as already

The carbon electrode

olution containing 0.1M lead nitrate and

described and dipped into @ 3

The lead was electrodeposited by cycling

0.1 M Potassium nitrate.
to 0.0 Vv at 2
e 23.

omv/s. The resulting cyclic

between -0.8 V

m is shown in Figur

voltammogra
gives the highest

The first scan peak but subsequent

educed areé at 1

g and depositing lead a

he same peak height. This

scans though much T
t the electrode

her the strippin
m or that after
the lead deposits block the

suggests that, eit
the first deposition the

s . oy .
urface is at an equilibriv

ive, becauseé

e .
lectrode becomes inact
, . 98 T

the solution - he absence O

f a nucleation

*seeing
| normally associated

electrode from
oW overpotentia

puted 1O the |
e stripping peak (anodic) at

loop can be attri

with the electrodeposition of Ieadgg. Th
0.47 vis symmetrical showing that the metal is easily removed.
polyaniline Was deposited 0N @ carbon graphite working

g the potent

5l from .0.2v to 0.75v in a solution

electrode by cyclil



arbon electrode in a

Ry
gllre
2. Cyclic voltammetrlc response for a pare c
solutiol containing 0. Lead (1D nitrate and 0.1 M potassium
tential 7 e -0.8vto 0.0v at a scah rate of 20mVi/s.
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COIltain'n ili n | pllL" c ac d (see F [ | |
| g O1M an”lne a d M SUI l l ( lgU e O) h
* e

oxidation a :
nd reduction peaks for polyaniline occurred at approximatel
ately

0.19v

a .

nd 0.03v respectively. The electrochemical proces
ses

reponsi
ble for these peaks have been discussed in detail by se |
vera

Il the analyses had the

resear 71,98 .
chers _ The polyaniline films used in a

Sam ; . . .
e thickness i.e., oxidative charge of approximately 3.36 X 1072

CCl‘n'2 und . . .
,under the oxidativeé peak. This charge corresponds

ness of 2.58 x107'M, based on the

a .
Pproximately to @a thick

a : .
pproximation that 0.91 cem’? corresponds 1o @ thickness of 7 X10

niline modified electro
trate and 0.1M potassium nitrate.

Spp 100
. The polya de was then transferred to a

s .
olution containing 0-1M lead(ll) ni

-0.8v to 0.4v, at a scan rate of

T

he potential range wWas from
The positive potentia
polyaniline®®.  We observe

| limit in this case was

1
Omv/sec (see Figure 24)-

r . .
estricted to 0.4v tO avoid degradation of

lead deposition

t the cathodic limit. The

at approximateiy -0.52v,

Co
mmencement  of
large current

c .
haracterized by a large current @

drogen evolut We observe lead

o .99
an partly be attributed 10 hy ion .

mately d a polyaniline oxidation

-0.1v an

di . .
ISsolution peak at approx!

s under the lead deposition/dissolution peak

Peak at 0.42v. The charg®
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5 x 107 Cem? and 5.68 X 107 Com’

during the first scan are 1.8
m the chargé ratios that the dissolution

res i :
pectively. It is apparent fro
position- During the second scan the

0
f lead clearly outstrips its de
X 107 Cem™.

ov
erall charge under the lead dissolution peak is 1.99

ycle), there is no substantial increase in

0
n subsequent scans (2M-4" c
ution/deposition peaks, suggesting a

th
e charge under lead dissol
uni . . .
iform deposntlon/dlssolutlon process.
to note that the polyaniline oxidation

It is important
30 mv as compared to

tively by about 2

cen shifted posi
serve a decreaseé in the

Potential has b
We also ob

th M H I3 B4
e unmodified polyaniline case.
n continued cycling. The decrease in the

0 " . .
Polyaniline oxidation peak O
ts the presence of residual

c
urrent envelope with cach cyclé: sugges

I .
ead in the polymer-
s electrodeposited and once

polaniline wa

A fresh film of
again transferred into 2 solution similar 1o that discussed in figure 24.
ntial [imit was increased to 0.8v, @ potential at which
e 25). Lead

T :

he positive pote

Polyaniline will degrade ©" continued cycling (see€ figur
We observe a large

d N
eposition commences at @

i
NCrease in current tOWa'dS
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evolution. We observe a lead dissolution peak corresponding to a

charge of 1.23 X107 Ccm™ at 0.1v and a broad peak in the potential

region where oxidation of polyaniline occurs (at approximately 0.2v).

On continous cycling the dissolution peak shifts towards negative

potentials, a pointer to the fact that the electrode surface is not

restored to the same state after each cycle. It is interesting to note

that on subsequent scans, The polyaniline electrochemical

characteristics are completely masked or absent.

Also worth noting, is the complete disappearence of the

capacitative effect of the polyaniline film indicating/suggesting a

Possible bridging of the lead topcoat with the carbon graphite

electrode by the lead deposited in the polymer matrix>>.  This

the subsequent voltammetric response

Probably explains why
graphite electrode. Normally in the

approached that of lead on carbon
one observes peaks attributed to

Case of unmodified polyaniline,
ystematic degradation of polyaniline

Quinonederivatives and also sees S

redox properties when the former is subjected to potentials above
In view of this, itis possible that the quinone

appr0ximate|y 070 V97.
ative band observed at 0.20 V and

Peak is included in the proad oxid
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€ 2. response for a Polyaniline coated electrode in a

0.1 M Lead (Il) nitrate and 0.1 M potassium
0Ovto 0.8v at a scan rate of 10mV/s.

Cyclic voltammetric
solution containing
Nitrate. Potential range 0
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its conti . )
ntinued formation is suppressed by the lead electronegativity. To

verif .
y the latter assertion, a fresh polyaniline film was

elec -
trosynthesized and then transferred to the same solution (0.1M

lea ; .
d (I} nitrate and 0.1M potassium nitrate). On this occassion the

potential limit did not include the range where we observe lead

deposition and dissolution /.€-, 0.0 V to 0.8 V. The resultant cyclic

voltammetric response is shown in figure 26. During the first scan, we
observe polyaniline oxidation peak at 0.17 V and a quinone
oxidation/reduction peak at 0.66 V /0.55 V. Clearly this observation

suppression  quinone formation

I' . .
inks lead electronegativity to the

and/or electrochemical characteristics.

3.2.2 £LECTRODEPOSITION OF TIN

t electrodeposited o
e and 1.0m Hydrochloric acid.

Tin is firs n a bare carbon electrode
from a solution of 0.1M Tin (Il ehtorid
or scans between 0.0 - 0.8 v at

%
oltammograms weré recorded f

ution and deposition peaks are observed

20mv/s (Figure 27). Tin disso!
leation Ioop98 crossing at

at'0.40 v and 0.61 v respectively with & nte

eak IS well for
For the deposition peak only the

med with all the scans having

0.53 v . The stripping P

the same potential and peak current.
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| bon electrode in a
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R Cyclic Vo"am.m-emc :ef\/'l) Tin (i) chloride and 1.0 M Hydrochloric
solution containing 7% ‘o 45 ¢ ov at a scan rate of 20mVis.

acid. Potential range -
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e for a Polyaniline coated electrode in a
Cyclic voltammetric re*pon. chlorjde and 10 M Hydrochloric

solution containing 0.1 ' o 8v at a scan rate of 20mV/s.
acid. Potential range -O.Sv
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first scan has a higher peak current. Subsequent scans i.e 2™ to 20t

are the same %2,

A fresh polyaniline film was then electrodeposited on the

working electrode as already discussed. The film was then transferred
to a solution containing 0.1 M Tin{ll) Chloride and 1.0 M Hydrchloric

acid. The potential was cycled from -0.8 v to 0.8 v. The cyclic

Voltammetric response is shown in Figure 28. We observe tin

dissolution/deposition peaks at approximately -0.52 v/-0.64 v and a

Polyaniline oxidation and reduction peak at 0.22 v and 0.0 v

Tespectively. We further observe peaks at 0.42 v, 0.74 v and 0.70 v.
3

d to quinone derivatives®>.  One

These peaks can be attribute

interesting aspect of this result is that,in the case of tin the latters'

electrochemical activity does not suppress the formation of quinone

lead. The persistence of the

derivatives as was the case with
Capacitative effect due to the polyaniline suggests the presence of a
It is also important to

limited amount of tin in the polymer matrix.
k during the first scan.

Note the very large polyaniliné oxidation pea
e attributed to the metal

ductivity can only b

This improved con
ote that during the first scan

Modification. It is also important ton
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0.1 M Tin () chioride and 1.0 M Hydrochloric
Ov to 0.8v at a scan rate of 20mV/s.

Cyclic voltammetric
solution containing
acid. Potential range 0.
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after holding bare polyaniline at the reduced end the peak current is

usually larger than that of subsequent scans (memory effect), a

. ... hat. been attributed to the solvent population in
phenomenon which has oee

. .nn Hiirina the first scan cannot be
the film 93.The very large response during

attributed solely to this process.

, au :t wimiim m msasm S
Hic g m manua miss tim bbv

tiaiisfpf jptj jo tMte sarrfti solUT.on.
~u.0 Tin eisctroaCtiV/8 region), WG no longer observe
to 0.8 v (excluding the im
nn first scan (see figure 29). This
a large polyaniline oxidation pn.
n about the role of tin in relation to the
enhances our assertio

polyaniline oxidation peak in Figure 28.

3 23 ELECIEQDEPOSIILON O E*Y IE

A nitrate solution is used for the study of the deposition

electrode wasthoroughly polished and silver

of silver. A bare carbon nnilVi
. n in a solution containing 0.01 M

A . .
was electrodeposited hY/ scanning in ;

Nitrate. Scansbhetween-0.20 v and
Silver Nitrate and 3-OM

a Has shown in W » diIsso'u,,°"
0.75 v were recorde
051 v and 0.37 v respectively. The

deposition peaks occur a rnptvrical
: formed and the dPP* <»" peak « assym.ty
stripping peak is well torn



with tailing. The peak current decreases after each susequent scan

indicating that more silver is deposited than was dissolved.

Figure 31 and 32 show the cyclic voltammetric response

for polyaniline films having oxidative charge of 3.568 X 102Cem™? and

7.30 X 102Ccm? respectively. The thickness of these films were

thus, 7.30 X 10’M and 5.62 X 10'M respectively in both cases (i.e.,

for thick and thick film). The only obvious difference is that the
current envelope is broader in the thick film case. It is also important

to note that this current envelope due 10 the capacitive effect of
polyaniline persists even on continuous cycling. This implies that we

tion of silver in the polyaniline matrix %  We

have very limited deposi

e silver dissolution and deposition peak decreases

also observe that th

cling, probably suggest
ging the electrode surfaces. This

. i hat we are not depositi
on continuous cy ing T positing

large quantities of silver and/or chan

observation holds true for both thin and thick films.
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Cyclic voltammetric response for Polyaniline coated electrode
solution containing 0.01 M Silver nitrate and 0.5 M Potassium nitrate3
Potential range -0.2v to 0.8v at a scan rate of 1QmV/s (THIN FILM)

X3
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CHAPTER 4

4.0.0 CONC1 USIOIMS AND RECOMMENDATIONS.

4.1.0 CONCLUSIONS.

The results obtained suggest that there is a possibility of

controlling the electrochemical degradation of Polyaniline films in the

presence of P-aminophenol. This would in essence allow the use of

Polyaniline at positive potentials above 0.7V.(SCE)

The results also show that readily oxidisable substrates should

relieve the OXId]atlve estflpesas rbfl t[]?c Polyyamlme film as shown by Phenol

which. stabilises it E‘f/ Elcttllrﬁ‘a as a charge sink. From the various

) .+ mnC|C|hIe to obtain the relevant kinetic data on the
experiments it is possio

_ o XAhrh allows the determination of the order of the
degradation process w

film reactions from the pK values

L d can also suppress quinone formation and hence the

o. .h, PdV.ni.ne Mo.,.ice,ion

, ctahilise the latter at potential s above 0.7 V(SCE).

with lead can thus stabilis
. does not appear to suppress quinone formation,

Tin, on the other hand does n
_ Hified Polyaniline film showed improved conductivity,
but the Tin modified roiy
. aniline film does not present any new or significant

Silver modified Polya
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Characteristics from those of unmodified Polyaniline. |t js apparent that
a

the electrochemical behaviour of the unmodified Polyanjline depends o
n

the spatial distribution of the deposited metal i.e. whether the electrod
e

'S @ metal particulate composite structure, Metal /polymer/metal

sandwich e.t.c..

It is therefore expected that this study will be technologically
relevant to the improvement of among other things, Electrochemica]
Energy storage systems, as photoelectrodes, as Catalysts, in

Electrochemical synthesis, to the study of the corrosion of metals and in
Other areas such as in the development of new types of ion sensing and
reference electrodes..
4.2.0 RECOMMENDATIONS
Further work to determine a proper and complete
understanding of the growth and degradation characteristics of these
conducting films (e.g., the potential window at which the cyclic redox
process will be more efficient), will establish an appropriate environment
for the synthesis and use of such films. The structures of the metal
modified Polyaniline film should be studied using XPS techniques to

determine whether the electrochemical behaviour of the Polyaniline

depends on the spatial distribution of the metal.
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