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| Abstract

Modification of electrode matrices with conducting copolymer was attempted. The
electrodes thus modified were examined for their performance in carrying out
same standard electrochemical redox processes on therr surfaces.

Pt electrode was modified with the films of

I} conducting polymers, viz., FAN!, CHi-PANI, FABA and PP

i} conducting copolymers, vz, PANIf CH3-PANI, PANIPP, PANI/PARA
iiiy polymeric compasites, viz., PANKCHs-PANISIO,, PANIPPISIO,

The film of conducting polymers, copolymers and the composites were prepared
by the simple one step electrochemical means. Corresponding monomer(s),
inorganics were kept in electrolylic solutions and deposited a palymeric film onto
the Pt substrates either by sweeping the potentials or by constant potential mode.
The film thus grown onto the Pt surface were free-standing depending on the
thickness of the deposit grown.

The modifier matrices were characterized by a wide range of experimental
techmgues including UV-Vis and IR spectrascopy, d¢. conductance and
scanning electron microscopy. IR spectral analysis yieided characteristic bands
confirming the presence of polymeric and inorganic components. UV-Vis optical
spectra of the samples showed strong absorption maxima in ultraviolet region
and ancther band in the visible region that are attnbutable for conductive
palymeric component The electrical conductivity of the samples was measured
in their compressed solid state The electrode matrices that are synthesized in
this study are found to be fairly conductive and their conductivity falls in the range
of conventional semiconductors The surace morphology of the maodified
electrodes was examined. The matrices showed dissimilar surface marphology
from granular to fibril. The dissimitar surface morphology showed different
electrode activity of the matrices.

The electrode matrices thus modified were found to be electroactive both in
aqueous and non-agueous solvents The polymaric electrodes in the appropnate
electriylic media exhibited doping-dedoping phenamenon corresponding to the
palymeric oxidation-reduction processes, respeclively. This result indicates the
charging-discharging capacities of modified electrodes,

The electrolylic matrices were then used as modified electrode. The redox
processes Fe®™ — Fe® + e and HQ — Q + 2H" + 26" were perfarmed on their
surfaces The madified electrodes thus prepared in this study were found to be
Capable of performing the redox processes efficiently. The effects of solvent and
film thickness on the performance of the modified electrodes were also
investigated. The present study clearly revealed that conducting copolymer
modified electrode could be a good replacement for the costly noble Pt eleclrode
In terms of cost, availabilty and ease of techniques for preparation and
application in a real system.
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1.1 Fundamental Aspects of Electrochemical Prog#ss \

q

A. Design of Electrochemicai Techniques

Electrochemistry involves the smdy of spontaneous Gxidatié‘ﬁt}' =8
generate an slectrical current and the study of non-spontaneous oxidation-reduction reactions
that are forced to occur by the passage of an electrical current. In both cases, the conversion
between chemical and electrical cnergy is carried out by electrochemical cell. The

arrangement of an efectrochemical cell is briefly discussed below:

i) Elecirochemical cell: The electrochemical cell consists primarily of the electrodes and the
electrolyte. assembled in a compartment. Comumonly a glass frit, separator, or membrang may
be incorporated to isolate the anolyie from the catholyte. Three electrodes are commonly
etnployed: a working electrode that defines the interface under study, a reference electrode
which maintains a constant reference potential, and a counter {or secondary) electrode which
supplies the current. The cell must be designed so that the cxperimental data are determiged

by the praperties of the reaction at the working electrode.

i) Working electrode: Desigm of working electrodes is diverse. Most comunonly the working
electrode is a small sphere, small disc, or a short wirg, but it could also be metal foil, a single
crystal of senuconductor ot metal, an e¢vaporated thin filkm, or a powder as pressed discs or
pellets. An cssential feature is that the electrode ‘should not react chemically with the solvent
or solntion components. In principle, the electrodes can be large or small, but there arc
commonly experimental reasons why the electrode area should be relatively small
(<0.25 cn'). Moreover, it should preferably be smooth, as the geomeatry and mass mansport
are then better defined. Wide rauges of solid materials are used as elecrrodes, but the most
common ‘inert” solid electrodes arc lead, vitreons carbon, gold and platinum. In order to
oblam consistent results with solid clectrodes, it is important to establish a satisfactory
clcctrode pretreatment procedure that cnsures a reproducible state of oxidation, surface
morphology and freedom from adsorbed impurities. Electrodes are polished on cloth pads

unpregnated with diamond particles down to 1 um aud then with alumina of fixed grain size

down to 0.05 pum.
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iii) Counter electrode: The purpose of the counter clectrode is to supply the current required
by the working electrode without in any way limiting the measured response of the cell. 1t is
essential that the electrode process is decomposition of the clectrolyte medium or

oxidation/reduction of a component of ihe electrolytle so that current [lows readily withoul

the need for a large overpotential,

The counter electrode should not impose any characteristics on the measured data, and in
consequence it should have a large area compared to the working electrode. Moreover, as
also noted above, its shape and position are important since these determine whether the
working electrode 15 an equipotential surface, and counsequently it is preferable to avoid a

separator in the cell.

iv) Reference electrodes: The role of the reference electrode 15 to provide a fixed potential
which does not vary during the experiment {e.g. it should be independent of current density}.
In most cases, it will be necessary to relate the potential of the reference electrode to other
scales, for example to the normal hydrogen electrode (NHE), the agreed standard for

thermodynamic calculations.

In potentiostatic experiments the potential between the working electrode and reference
electrode is confrofled by a poientiostat, and as the reference half cell maintains a fixed
potential, any change in applied potential to the cell appears directly across the working
glectrode-solutiou interface. The reference electrode serves the dual purpose of providing a
thermodynamic reference and also isolates the working electrode as the system nnder study.
In practice, however, any measuring device must draw current to perform the measurement,
so a good reference elecirode should be able to maintain a constant potential even if a few

microamperes are passed through its surface.

In practice the main requirement of a reference electrode is that it has a stable potential and
that it is not substantially polarized during the experiment. Hence it is common to nse the
highly convenient aqueous saturated calomel electrode (SCE) in many experiments in all

solvents. Even so0, a very wide range of refereuce electrodes have been used in non-agueous
W

solvents.
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Potential of some common reference electrodes are listed in Table 1.1.1.

Table - 1.1.1 Potential of soine typical reference electrodes in agueous solutions at

208K

Conunon name Electrode composition Potential /
V ys NHE

SCE Hg/He,Cl, sat KCl +0.241

Calomel Hg/Hg,Cl,, 1 mol dm™ KCI +0.280

. Hngg;SO4, sat Kgso.g +0.640

Mercurous sulphate | 0 90 0.5 ol dm H.SO, +0.680

Mercurous oxide, Hg/HeD, 1 mol dm™ NaOH +0.098

Silver chloride Ag/AeCl, sat KCI +{,197

A preat deal of modemn electrochemisiry is carried out in non-agueous solvent media, and
often aqueous reference electrodes can be used at the expense of an unknown aqueous-non
aqueous junction potential. In acetonitrile, the calomel electrode is unstable, and the most

frequently used reference electrodes are Ap/AgCl or Ag/Ag .

v) The electrolytic solurion: The electrolytic solution is the medium between (he electrodes
in the cell, and it will consist of solvent and a high concentration of an ionised salt as well as
the electroactive species; it may also contain other materials. complexing agents, buffers, ctc.
The supporting electrolyte is used (a) (o increase the conductivity of the solution and hence
to reduce the resistance between the working and counter electrodes (to avoid undue Joule
heating), to help maintain a uniform current and potential distribution, and te reduce the
power requirement on the potentiostat), and also to minimise the potential error due to the
uncompensated  solution  resistance. With appropriate  precautions, electrochemical

experiments are possible in almost any medium. Table 1.1.2 lists some widely used media.
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Table 1.1.2. Comunon solvents and media for electrochemical experiments.

1 Water
Aqueous soluticns of many salts and/or complexing agents at various pH Buffered
and unbuftered media.

2 Other protonic solvents
e.g acetic acid, ethanol, methangl, hquid HF

3 Aprotic solvents
e.g. acetonitrile, dimethylformamide, dimethylsulphoxide, sulphur dioxide, ammonia.
propylene carbonate, tetrahydrofuran. Many studies use as electrohyvtes RiN" X, R= CH;,
C>H; or C4Hs, X=Cl04, BFy, PFg, or hatide won. Media difficult to buffer.

4 Mixed solvents
Particularly mixtures of water with ethanol. acetronitrile, etc. Again, these media may
be buffered or unbuffered, contain many electrolytes, ete.

5. Molten salts
g.2- NaCl, KCVNaCKLICl eutectics ete.

Electrode reactions can be extremely sensitive to impurities in the solution; for example,
organic species are often strongly adsorbed even at 107 mol dm™ bulk concentration from
aqueons solutions. Henee salts should be of the highest available purity and/or recrystallised,
solvents should be carefully purified, and solutions nwst be carefelly deoxygenated.
Purification and drying of non-aqueous sclvents have been described elsewhere [1. 2] in

some detail.

vi) Instruementation: The elecmochemist’s armoury is based on electronic apparatus desigued
to control/measure the charge passed (coulostal/integrator, current {galvauostar/current

follower} and potential (potentiostat/high inpedance voltmeter) in an electrochemical cell.

Potentiostat: The potentiostat is a device for controlling the potential between the workiug
electrode and the reference electrode at a {ixed and selected potential (commonly we also

wish to programme this potential with time).
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Galvanostar: The simplest way to obtain a constant current is to apply a voltage from a fow
output impedance voltage sources across a large resistor in series with the cell. The current
will be given by the ratio £,/R (provided resistance R is very large compared with the

impedance of the cell}).

B. Processes at Electrode Surface

A sohd conducting materials must be present to provide the site for each electrochemical
reaction. These materials are called electrodes. The electrodes at which oxidation ocours is

tcrmed as the anode. The other electrode, the cathode, is the site of the reduction process.

i} Electrode reactions: An electrode reaction is a heterogeneous chemical process involving
the transfer of electrons 1o or from a surface, penerally a metal or a semiconducter. The
electrode reaction may be an anodic process whereby o species is oxidised by the loss of

electrons to the electrode, e.g.

2H.Q —de” — O;+4H" 111
Ce’ - — Ce* 1.2
207 ~26 — Ci 1.1.3
Ph+ SOF = 2¢ — PbSO, 1.1.4
241+ 3H,0 — 66 — ALO; + 6H® 115

By cotvention [3], the current density, 7, for an anodic process is a positive quantity.
Converscly, the charge transfer may be a cathodic reaction in which a species is reduced by

the gain of electrons from the electrode, e.g.

Fe'" + ¢ — Fe* 1.16
Cu''+2¢ — Cu 1.1.7
AH2O + 27 — Iy + 20H 118
Pb); + 4H" + 8§04 + 2&° — PbSO, + 2H.0 1.1.%

2CH; = CHCN + 2H,0 4+ 2¢” — {(CHyCHCN) +20H 1 1.10
and the current density for a cathodic proccss is a negative quantity. The diversity of
¢leclrode reactions can already be seen from Lquation (1.1.1.-1.1.10): the electroactive
species may be organic or morganic, neutral or charged, a species dissolved in solution, the

solvent itself, a film in the electrode surface, or indeed, the electrode materials itself.

b {3
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Moreover, the product may be dissolve in solution, in a gas, or a new phase on the electrode

surface. The many typc of clectrode reactions are alse illustrated it Fig. 1.1.1.

Elecrolysis 1s only possible 1n & cell with both an anode and a cathode, and, because of the
need to maintain an overall charge balance; the amount of reduction at the cathode and

oxidation al the anode mnst be equal.

i) Mass rransport: In general, in clectrochemical systems, it is necessary to consider three

modes of mass transport; namely,

(a} Diffusion: Diffusion is the movement of a species down a concentration gradient, and it
must occur whenever there is a chemical change at surface. An electrode reaction converts
starting material to product (O—R), and hence close to the electrode surface there is always a
boundary layer (up to 107 cm thick) in which the concenrrations of O and R are & function of
distance from the clectrode surface. The concentration of O is lower at the surface than in the
bulk, while opposite is the case for R, and hence O wili diffuse towards and R away from the

clectrode,

(b} Migration: Migration is the moment of charged species due to a potential gradient, and it
is the mechanism by which charge passes through the cleetrolyte; the current of electrons
through the extermal circuit must be balanced by the passage of ions through the solution

between the electrodes (cations to the cathode and anions to the anode).
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It is, however, not necessarily an mmportant form of mass transport for the electroactive
specigs even if it is charpged. The forces leading to migration are purely electrostatic, and
hence the charge can be camried by any ionic species in the solution. As a result, if the
elecirolysis is carried out with a large excess of an mert glectrolyte in the solution, this

carries most of the charge, and little of the electroactive species is transported by migration.

¢} Conveetion: Convection is the moment of a species duc to mechanical forces. It can be
eliminated. at least on a short timescale (it is difficult to eliminate natural convection arising
from densily difference on a lenger time, Lc.> 103} by carrving out the electrolysis in a
thenmostat in the absence of stiming or vibration. In industrial practice, it is much more
common to stir or agitate the electrolyte or to flow the electrolyte through the cell. These are
all forms of forced convection and, when present, they have a very large influence on the

current density.

1.2 Some lmportant Electrode Materials
A. Metals

Metals are crystaliine solid materials consist of metal atoms distributed in a delinite pattern
resulting from their close packing. The types of close packing arrangement depend upen the
size and electronic confipuration of the atoms involved in the formation of crystal lattice.
Since the metal atoms arc all in direct contact with one another in the lattice and their valence
electrons are in identical energy states, it is believed (hat the electrons are free to migrate
between atoms. Metal atoms have an excess of low energy orbital vacancies. These vacancies
enable valence electrons to move from near a certain nucleus to near any other nucleus where
their position remains indistinguishable from the first. Thus, metals may be pictured as a
collection of positive atomic cores embedded [ a [luid of electrons or sea of electrons. For
this fluid, of ¢lectrons, metals are good conductors of electricity and heat. Metals have

metallic luster; they are malleable, ductile and high melting points.

Metals have simple crystal latiices since metallic bonding envisages closest packing of
atoms-one layer above another. Mefals may have any system of seven common crystal

systems. Fe, Cu, Al, Ag, Au etc are the most comunon metals which are very useful to ns.
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B. Semiconductors

Seruiconductors arc special kind of materials which have the properiies of semiconductivity,
an electrical property of materials. A relatively small group of elemcents and compounds have
an important electrical properly, semiconduction, in which they are neither good electrical
conductors nor pood electrical insulators. Instead, their ability to conduct electricity is

intermediate. 81, Gie, impure ZnQ, inpure NiO are some examples of seniconductors.

The magnitude of conductivity in the simple semiconductors fall within the range 10° 1o 10
Q "' em’'. This intermediate range corresponds to band gaps of less then 2 eV, Both

conduction electrons and electron holes are charge carriers in a simple semiconductor.

In 2 semiconductor element, the energies of the valence electrons, which bind the crystal
together, lie in the highest filled energy band, called the valence band, The empty band
above, called the conduction band., is separated from the valence band by an energy gap. The
magnitude of the energy gap or the width of the forbidden enerzy zone is characteristic of the

lattice alone and varics widely for different crystals.

The mansfer of an electron from the valence band to the conduction band requires high
excitation encrgy to overcome the potential barrier of the forbidden enerpy zone.
Consequently, such elements behave like an insulator at low temperatures. The application of
heat or light energy may give enough energy to some clectrons in the valence band to eacite
themn across the forbidden zone into the conduction band. These electrons in the conduction
band are now frec to move and can carry electricity (Fig. 1.2.1).

Semiconductors are of two kinds such as

{n) Intrinsic semiconductor

(i)  Extrinsic semiconductor

(i) Intrinsic semiconductors : If a pure, elemental substance shows the semiconducting
properties, it 15 called intrinsic semiconductor, Pure Si, Ge shows these semiconducting
properties. For these, semiconduction results from the thermal promotion of electrons from a
filled valence band to an empty conduction band . There, the electrons are negative charge

carmiers. The removal of electrons from the valence band produces electron holes which are

A

10
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positive charge carrier and identical to the conduction electrons (Fig. 1.2.] (a). This overall
conduction scheme is possible because of the relatively small energy band gap between the
valence and conduction bands in silicon. If & is the conductivity of semiconductor theu for

intrinsic semiconductor, we can write:

& =nq (L + o) 1.2.1

Where, n — density of conduction electrou
q — charge of single carrier
M. — camer mobility of electron

1,—> carrier mobility of hole

(i) Extrinsic semiconductors: Extrinsic semiconduction results from impurity additions
known as dopants, and (he process of adding these components is called doping. These types
of semiconductors are cxtrinsic semiconductors. At toomn teinperature, the conductivity of
semmiconductors results from electrons and holes introduced by impurities in the crystal. The
presence of an impurity lowers considerably the activation energy necessary to transfer an
glectron from the valence band to the conduction band. This indicates that the ground state
encrpies of such easily excited electrons musl lie in the forbidden energy region. Two such
discreate energy levels, known as donor levels and acceptor levels, may be miroduced into
the forbidden encrgy zone at a small interval of energy below the conduction band or above
the valance band (Fig.1.2.1 {b)). Donor levels give rise to electrons in the conduction band,
whereas acceplor levels fead to the formation of holes in the valence band. Impurity of 5.
with B, P, NiQ, Zn0Q, are the examples of extrinsic semiconduetors. Extrinsic semiconductors

arc of two kinds such as p-type extrinsic semiconductor and n-type exminsic semiconductor.
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p-type extrinsic semiconductors: The p-type semiconductor is obiained when the Impurity
atoms have fewer valence clectrons (han the silicon or germaninm atoms of the original
crystal. When a trivalent element such as B, Al, Ga, In is substituted for St atom, the
structure will be locally incomplete and the impurity atorn will acquire an extra electron from
a nearly bond in the latlic to approximate the terahedral cloud distribution of the latice, This
creales a positive hole localized near the impurity, which will attempt to neutralize itself by
taking an electron from another neighboring bond. Then, again a hole is formed in place of
this electron and it will neutralize itself by taking another electron from ihe next neighboring
bond. Such way the positive holes carry electricity in the extrinsic semiconductor. So it is

called p (1.e. positive) type semiconductor (Fig, 1.2.2) Cu;0 also p-type semiconductor.

n-type semiconductors: The n-type semiconductor arises from substitution of Impurity
atoms having more valence electrons than Si or Ge atoms. Elements such as P, As, Sb, and
Bi have fivc valence electrons, When such an element is substiluted for a silicon atom, four
of its five electrons will enter the inler-atomic bonds, but the fifth electron will be only
slightly artracted by the excess of the positive charge on the nucleus. Thermal agitation even
at room temperature 1s sufficient to transfer this electron to the conduction band. Since
conductivity is due to the motion of electrons in the conduction band, s semiconductor is
called n-type and the impurity is called the donor (Fig. 1.2.2). Titanium dioxide or titania is a

non-stoichiometric transition metal oxide and behaves as n-type semiconductor [4].

There are three naturally occurrmg crystal phases of titanium dioxide: rutile, anatase, and
brooklite. Most of the electrochemical and photocatalytic work to date have been performed
on rutile or anatase, or a mixture of the two. Both rutile and anatase have tetragonai unit
cells, and both structures contains slightly distorted TiQ; octahedral. Rutile is
thermodynamically more stable than anatase at room temperature; the free energy change for

antatase to rutile is 5,4 kJ/mol [5].
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Fig. 1.2.2: Types of impurity semiconductors {a) n-type (b) p- type.
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The absorption and reflection properties of rutile have been studied extensively, At 4K, the
short wavelength absorption edge for rutile 15 410 min (bandgap energy = 3.05 eV} [6, 7]. The
lowest energy electronic absorption at 3.05 eV is an indirect transition. On the other hand, the
bandgap of anatase is reported as 3.2 eV [8]. The absorption coefficients for both crystal

phases are reported as ~10° em™ at 340 mn [9].

Uliraviolet radiation below ~390 nm stimulates valence-band electrons in Ti0- particles that
are suspended in contaminated water. These electrons are promoted to the conduction band
(e &), creating holes in the valence band (h'y). These electron / hole pairs can either
recombines, producmg thermal encrgy, or interact with the external environment to perform
oxidation and reduction reaclions.

hv
TiO,— Ti0; (e h' )

C. Polymers

Polymers are giant molecules composed of hundreds or thousands of the basic structural unit
which is coniposed of a limited nnmber of atoms strongly bonded together. This basic unit is
called monomer. Polymers are chain like and macromolecules. The repeat unit {or basic unit)
of the polymer is usually cquivalent or nearly equivalent to the monomer. In some cases the
repetition is linear, much as a chain is built vp from its link. In other cases the chains are
branched or 1aterconnected to from three dimensional networks. The length of the polymer
chain is specified by the number of tepeat units in the chain. This is called the degree of
polymerization. Starch, protein, lignin, cellulose, silk etc. are natural polymers and
polyaniline (PANT), poly-o-toluidine (CH:-PANI). polvaniliue/poly-o-toluidine (PANI/CH,-
FANI), polyaniline/poly-o-tolmdine/silica (PANI/CH3-PANESIOZ), polypyrrole (PP,
polyaniline/polypyirole (PANI/PP), polyaniline/polypyrrole/silica (PANT/PP/SI0s), Poly 2-
amino benzoic acid (PABA), polyaniline/ poly-2-amino benzoic acid (PANI/PABA). poly-o-
toluidite / poly-2-amino beuzoic acid (CH;-PANLPABA), polyethylene, nylou, synthetic
rubber polypropylene etc. arc e example of synthetic polymers. Some polymers are

conductor of electricity although most of the polymers are nou-couductor or insulator.
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Polymers can be classified in different ways depending on (heir use, structure, origin and
property Depeanding on the nature of the polymers a broad ciassification is diagramically

shown heiow:

Polymer

'
; ' '

Natural Llastomers Synthetic

; |
; ’ ; : | .

Prateins  Polysaccharides  Resins Gums Conducting Non-conducting
polymers polymers

.
, }

Thermoplastic Thermosetting

{1) Natural polymers:

Natural polymers usually have more complex structure. They are classified as (a) proteins (b}

polysaccharides (¢} resins (d) gums.

{a} Proteiny: Proteins are essential for life. All characieristics commanly attributed to living
things such as reproduction, growih, mevement, metabolism and sensory perception, aic
entirely dependent on the function of proteins, Proteins are synthesized hiologically as linear

polymers of twenty amino acids.

() Polpsaccharides: Polysaccharides are carbohydrate polymer in which monosaccharides
(glucose. fructose etc.) residues are linked directly through glycosidic linkages. They are
found in animal, plant and microbial kingdoms, where they may serve for energy storage, as

structural materials.

(¢) Resins: A neutral resin in any of varous solid or semi-solid amorphous, [usible,

flammable natural organic substanges that are usually transparent or Iranslucent and

16
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yellowish to brown, are formed especially in plan fecretions, are electrical non-cenductor and

are used chicfly in medicine, vamishes, pristing inks, plastics and sizes.

(d) Gunis: Gums are very complex, amorphous substances of a polysaccharide nature. They
contains very small amounts of Ca, Mg, K wilh the composition of C, H and O. They are

used in pharmacy and industry.

(IF) Elastomers:

Elastomers can either be natural or man made. Like fibres, clastomers are considered apart
from other polymeric materials becanse of their special properties. Unlike fibres, elastomers

do not in general lend themselves to uses. Elastomers must be amorphous when unsteetched.

(111} Synthetic polymers:

Synthetic polymers are man made. They are synthesized in the laboratory by applying heat,
pressure or catalyst (imitiators). They are of two kinds, such as (a) conducting polymers and

(b} non-conducting or insulator polyimer.

(a} Conducting polymers: During the last two decades, a new class of organic polymers is
synthesized which conduct electrical current. These polymers are called conducting polymers
[10]. In peneral polymers are insulating materials having conductivities ranging from 1077
Semi! for polyvinyl chloride to 10 Scm™ for polytetrafluro-ethylene, which are many
orders of magnitude below compare to the conductivities associated with metals (>10° Sem’
"). As a result, polymers have found wide spread acceptance in a myriad of insulating and
structural applications through out the electronic industry. One of the carliest approaches to
make polymers conducting is to prepare a composite of polymers and a conductive filler,
such as metal powder, praphite powder, flake or wire ete. Conductive fillers remaiu
embedded more or less evenly dispersed in the polymer marrix and conduct electric current.
But these composites can not be regarded as conducting polymers because the polymers
present in such composites are non-conducting [i1-14]. When anions Iike Cl, CI0,, BE,

etc. are doped chemically to erganic polyimers, their clectrical conductivity increases. Again

 $a
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when silicon dioxide is dopped in to these plymers, their stability is increased although its

eleclrical conductivity may be decreased.

(b) Nen-conducting polymers: The polymers which cannot carry clectricity are non-
conducting polymers or msulation polymers, they are of two kinds, such as (i} thermoplastic

(ii) thermoseting.

(i) Thermoplastic: A thermoplastic polymer is onc that is capable of being repeatedly soften
by heating and hardening by cooling through a characteristic temperature range, and that in
the softencd stale can be shaped by flow into articles by molding or extrusion. Thermoplastic
applies to those materials whose change upon heatiny is substantially physical.

(i) Thermosetting: A thermosetting polymer is onc that is capable of being chan ged into a
substantially infusible or insoluble product when cured by heat or other means. The cured

polymer may be termed thermoset.

D. Composites

Since 1963, a distinct discipline and techuology of composite materials begun to emerge.
That 15 80% of all research and development on composites have been done since 1965 when
the Air Force launched its-all out development program to make high performance [iber
composites a practical reality. There are two major reasons for the revived interest in
composite materials. One is that the increasing demands for higher performance in mansy
product areas specially in the acrospace, nuclear energy and aircraft fields is taxing to the
limit our conventional monolithic materials. The second reason, the most important for the
long run is that the comnposites concept provides scientists and engmeers with a promising
approach to designing, rather than selecting, materials to meet the specific requirements of an

application.

The term “compesite’ refers to something made up of various parts or elements. In definition
of compositc depends on the siructural level of the composite we are thinking about. At the
submicroscopic level that of simple molecules and crystal cells all materials composed of
bwo or more different atoms or elements would be regarded as composites. This would

include compounds, alloys plastics and ceramics. Only the pure elemeuis would be excluded.

18
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At the microscopic Jevel (or microstructural level) that of crystals, polymers, and phases g
compositc would be a material composed of two or more dillerent crystals, molecular
struclures, or phases. By this dcfinition, most of our traditional materials, which have always
been considered monolithic, would be classified as composites. At the macro stractural level
which is mest useful for composites, the definitions of composites is thai they are a mixture
of macro constituent phase composed of materials which are in a divided state and which
generally differ in {form and/or chemical composition. Note that, conlrary o a widely held
assumption, this definition does not require that a composite be composed of chemically
different materials, although this usvally the case. The mote important distinpuishing
characteristics of & composite are its geomeinrical features and the fact that its performance is
the collective behavior of the constituents of which it is composed. A composite material can

vary i composilion, structure, and properties from one point to the next inside the material.

The major constituents used in structuring composites are fibers, particles, laminas, {lakes,
filters and matrix. The matrix, which can be thought of as the body constituent, gives the
comnposite its bulk form. The other four, which can be referred to as structural constituents
determine the character of the composites internal structure. A special type of composite,
fiberglass embedded im a polymer matrix is a relatively recent invention but has in a few
decades, become a commonplace material. Characteristic of good composites, fiberglass,
provides the ‘best of both worlds’, it carries along the superior properties of each component,
producing a product that is superior to either of the components separately. The hih strength
of the small diameter glass fibers is combined with the ductility of the polymer matrix to
produce a strong material capable of withstanding the normal loading required of a structural

material.

1.3 Brief History of Conductive Polymers

The discovery in 1973 that poly sulfur nitride (SN}, was ntrinsically conducting provided a
proof that polymers could be conducting and thus greatly stimulated the scarch for other
conducting polymer [15]. During the last two decades, a new class of organic polymers has
heen devised with the remarkable ability to conduct electrical current. These class of

matetials are called conducting polymers [16].

i%
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One of the carliest approaches to make (he polymers condnctive is 1o prepare a compaosite of
polymers and conductive filler, such as, metal powder, graphite powder, flake or wire etc.
Conductive fillers remain embedded more or less evenly dispersed in the polymer matrix and
conduct electric current. But these cump{)sifes cannot be reparded as conducting polymers

because the polymers presents in such composiles are nen-conducting [17-20].

In 1964, W. A Little [21] synthesized a superconductor at root temperature with polymeric
backbone and large polarizable side groups which led the discovery of new organic

compounds with high electrical conductivity.

In ihe early 1980s, cxciternent ran high when several prototype devices based on conductive
polymers. such as rechargeable batieries and current rectifying p-» junction dicdes [22] were
announced. Among the many polymers known to be conductive, polyacetylene (PAT),
polyaniline (PANI), polypyrrole (PP} and polythiophene (PT) have been studied most
intensively [23-29]. However, the conductive polymer that actually launched this new field

of research was PAT.

Research has been expanded into the studies of heteroatornic conductive polymers because of
their better chemical stability and the intcrest in the polaron and bipolaron conduction
mechanism [30, 31]. Among the heteroatomic polymers PP, PT and PANI have been studied
extensively.

In 1968, Dall*Olio ez. ol [32] published the first report of analogous electrosynthesis in other
system. They had observed the formation of brittle, {ilm like pyrrole black on a Pt electrode
durmy the oxidation of pyrrole in dilute sulfuric acid. Conductivity measurements carried out
on the isolated solid statc materials gave a value of 8 Scm’™'. In addition, a strong ESR signal
was evidenced of a higl number of unpaired spin. Earlier, in 1961, H. Lund [33] had reported
in a virtually unobtainable publication that PP can be produced by electrochemiical

polymerization.

In 1979, Diaz er. a/. [34] produced the first flexible and stable PP film with high conductivity
(100 Sem’™). The substance was pulymerized on a Pt clecirode by anodic oxidation in

acetonitrile. The kmown chemical methods of synthesis [35-37) usually preduced low
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conductivity powders from the monomers. PP formed at the clectrode surface and could be
pecled off as a flexible, relatively dense and shiny blue-black film. This polymer is

characterized not enly by its high conductivity but also by its high stability.

During the [980s, PANI was subjected to intense structural, physical, and electrical
characterization, using modern experimental techniques. A brief survey, out of numerous

Teatures and studies made on PANI is presented below:

A, Stroctural Features

Organic conducting polymer, PANI, is being studied more and more, and up to the recent
years has been the centre of considerable scientific interest. However, PANT is not really a
new material and its existence has been known for the past 150 YEars or over. since it hiad

already been made by Runge in 1834,

PANI has been described in many papers [38] usually as ili-defined forms such as ‘aniline
black® emeraldine, nigraniline, efe. svnthesized by the chemical or electrochemical
oxidation of  aniline. Figure 1.3.1 shows the idealized oxidation state of PANI]:
leucocmeraldine, emeraldine, pemtgraniline and emeraldine salt. Different stuctures resulf in
different clectrical behaviours of the material. Fmeraldine salt is a partially oxidized
compound, protonated, with electrical conducting characteristics. Leucoemeraldine is a fully
reduced compound with clectfical insulating characteristics. There are no doubls bonds
between the aromatic rings and the N-H groups. Emeraldine base is an insulating compound,
partially oxidized with fow N-H groups in the main chain. Emeraldine ch anges frotm insulator
to conductor when it is protonated with proton donor acids, such as, hydrochloric acid. This

change is one of the wost interesting properties of PANI.
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Fig. 1.3.1 Representation of idealized oxidation states of PANT,
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The structure of emeraldine PANI can be changed to emeraldine salt by removing an electron
from the N-H group. Pernigraniline is a fully exidized compound without conducting
charactenistics. There are no N-H groups in the structure. The level of protonation 1n the
structurc causes dramatic changes in the conductivity. The base form of the polviner in the::,

cineraldine oxidation state (y = 0.5}

E@Q%@@}}

which contains equal number of alternating reduced,

H H
| |
@N —@—N- and oxidized —@—N @:N-

repeat units can be protonaled by dilute aqucous acid to produce the corresponding salt

(A=anion}
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which is belicved to exist as polysemiquinong radical cation [39-40].
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The polymer exhibits conductivities of ~1-5 5 e’ when approximately half of its nitrogen

X

aloms arc protonated as shown above.

B. Methods of Preparation

PANI is generally prepared by direct oxidation of aniline using an appropriate chemical

oxidant or by electrochemical oxidation on different elecirode materials.

Various chemical oxidizing agents have been used by different authors: potassium
dichromate {41, 42], ammonium persulfate or peroxydisulfate [43, 44], hydrogen peroxide,
ceric nitrate and ceric sulfate {43, 46]. The reaction js mainly carried out in acid mediom, in
particular sulfuric acid, at a pH belween 0 and 2 [41, 42]. However, MacDiarmid et al. [43,
44] used hiydrochloric acid at pH L. Genies e &l. [47] used a eutectic mixture of hydrofluoric
acid and ammonia, the general formula of which is NHiF: 2.3 HF, for which the pH is

probably less than 0.

When aniline is mixed with the cheinical oxidant in a reaction vessel and left for a cenain
period of time (the duration of which depends on the temperature and the concentration of
activc species), (he solution gradually becomes colored and a black precipitate appears [48].

The coloration of the solvent is possibly due to the formation of soluble oligomers.

Anodic oxidation of aniline on an inert metallic electrode is the most current method for the

electrochemical synthesis of PANIL This method offers the possibility of coupling with
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phvsical spectroscopic techmigue such as  wvisible, IR, Rapmn, -ellipsometry and

conductimerry, for in sitw characicrization.

The anodic oxidation of aniline is gencrally effected on an inent electrode material which 1s
usually Pt [49, 50]. However, several studies have been cammied out with other electrode
malerials: won [51], copper [32], zinc and lead, chrome-gold [33], palladiumn [54] and
different types of carbon vitreous. pyrolic or graphite [53] or on semiconductor [56, 57).
When the polymerization is carried out at constant current, a maximum currenit density of 10

ma cm "~ {s rarely exceeded.

The conducting polymers, CHa-PANI, PP, and the copolvmers as well as the composites can

also be prepared by both chemical [58-71] and electrochemical polymerization [72-104].

C. Applications

Conducting polymeric materials prepared by electrochenuical polymerization of a number of
mononers have recently received considerable attentton because of the large variety of their
potentizl applications such as in energy storage [105], batteries [106,107], clectrocatalysis

[108,109], gas sensors [110-114], and biosensors [115-120).

PANI can be used as matenal for modified electrodes [35, 121], as a corrosion inhibitors for
semiconductors in photoclectrochemical assemblies {122]-in microelectronics [123] and as
electrochromic material [124]. The application which has inspired most interest is i the area
of clectrochenucal batteries. The possible use of PANI as active anodic material is in

rechargeable batteries [38].

More recent systematic studies have been undertaken by numerous groups [24, 44, 122} on
the possible use of FANI as an active clectrode material. These investigations deal with the

behavior of PANI in agueous and organic media as a function of the mode of synthesis.

24
\rf



Introduction

1.4 Theoretical Aspects of Experimental Techniques

A, Cyclic Voltammetry

Electrochemical process is widely used in the polymerization of organic polymer. Most of
the system for elecorochemical polymerization consists of a compartment where three
electrodes are dipped into the solution conlaining monomer and electrolyte solution,
Appropriate polential is applicd to the working clectrode for polvmerization of the
monomers. The potential of the working electrode, where deposition of the polymer film
takes place, is controlled versus the reference clectrode using a feed-back circuit or a
potentiostat. Feed-back circuit drives the current between the working and counter electrodes

while ensuring that none passed through the reference elecirode circuit.

The nature of the working electrode is a critical consideration for the preparation of these
filns. Since the films are produced by an oxidative process. it is important that the electrode
is not oxidized concurrently with the aromatic monomer. For this reason, most of the

available films have been prepared using a platinum or a gold electrode,

Potentiostatic, galvanostatic and potential sweep techniques such as cyelic voltammetry are
widely used for electrochemical polymerization of aromatic compounds. In potentiostatic
technigue, a constant potential is applied to the working electrode which is sufficient to
oxidize the monomers to be polymerized on the electrode. In galvanostatic process, a
conslant current density is maintained to polymerize the monomers while film thickness can
be controlled in the similar way as described for potentiostatic technigue, On the other hand,
cyclic voltarunetry involves sweeping the potential between potential limits at a known
sweep rate. On reaching the final potential limit, the sweep is reversed at the same scan rate
to the initial potential and the sweep may be halted, again reversed, or alternatively continued

further. In such experiments, cell current is recorded as a funciion of the applied potential.

B. Tofra-red (IR) Spectroscopy

Emission or absorption spectra arise when melecules undergo transition between quantum

states corresponding to two differcnt internal encrgies. The energy difference AE between the
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states is related to the frequency of the radiation emitted or absorption by the quantum
relation

Al = hv 1.4.1
where # — planck’s constant, v — frequency. Infrared frequencies have the wave length
range from 1 um to 50 (m and are associated with molecular vibration and vibration-rotation

speetra. Detection of chemical groups and bonding are done by the typical spectra.

In polymer, the IR absorption spectrum is often surprisingly simple, if one considers the
number of atoms mvolved. This simplicity results {irst from the fact that many of ithe normal
vibrations have almost the same frequency and therefore appear in the spectrum as one
absorption band and second, from the strict sclection rules that prevent many of the
vibrations from causing absorptions. Samiples were introduced as KDBr pellets. A block

diagram of an IR spectrophotoineter is shown 1 Fig. 1.4.1,

C. Ultraviolet-Visible Spectroscopy (UY-Vis)

Electromarmetic radiation of suitable frequency can be passed through a sample so that
photons arc absorbed by the samples and changes in the electronic energies of the molecules
can be bronght about. So it is possible to cffcct the changes in a particular type of molecular
cnergy using appropriate frequency of the incident radiation. When a beam of photons passes
through a system of absorbing species, then we can write

o

e f 1.4.2

where, I — intensity of photon beam
dl — reduction of miensity
dx — rate of photon absorption with distance (x)} traversed

a —» absorption co-efficient of the material
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Fig. 1.4.1- A block diagram of an IR spectrophotometer.
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Now 1if L, is the inilial intensity at thickness 1 = 0 and [ is the transmitted radiation at x = 1,

then by integration, we can write

in {%:rzf 1.4.3

For polymers and polymeric composites, UV-Vis spectrum is taken to measure the impurity
level, band gap energy etc. The spectra of the present samiples were recorded on a2 UV-Vis
recordimg spectrophotometer in the wave length range 300-800 nm. A schematic dia oram gf

UV-Vis spectrophotometer is shown in Fig. 1.4.2.

D. d. e. Conductivity

The conductivity of polymer or polymeric composites depends on dopant level, protonation
level of an oxidized matrix and moisture coutent of the sample. Electrical resistivity of the
polymer sampies may be ineasured by two probe and four probe techniques, However, the
clecirical conductivity measurement employed the ohm’s law

Ed=R 1.4.2
where I is the current in amperes, E is the potential difference in volts, R s the resistance in
ohms. The reciprocal is termed the conductance, this is measured in Siemens (S) which is
reciprocal of ohms (ohm™"). The resistance of a samples of length L., and cross-sectional area
A, 1s piven by

R = plid 1.4.3

where pp is a characteristic property of the material termed as resistivity. L and A will be
measurcd respectively in cm and then p refers to ¢m cube of the material and

p=RAL 1.4.4

The reciprocal of resisiivity is the conductivity, (Tormerly specific conductance)

K=1p ar K =1/R4 1.4.5
which is in 8] units, is the conductance of a one ¢m cube of substance and has the units

ohm’' cm” or S ¢cm’ [60].

In this experiment, the powdered samples were pressed to rigid solid mass by pressing from

the both sides of the mass. The two electrodes of microvoll were then connecled with solid

28 .

mass and resistivity was measured directly from the microvoli
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E. SEM Technique

The scanming electron microscope (SEM) uses a finely focused beam of electrons to scan
over the area of intcrest. The beam-specimen interaction is a complex phenomenon. The
electrons actnally penetrate to the sample surface, jonizing the sample and canse the release
of clectrons from the sample. These electrons are deteeted and amplified into a SEM image
that consists of Back Scattered Electrons and Secondary Electrons. Since the electron beam
has a specific energy and the sample has a specific atomic structure, different imape will be

collected from different samples, even if they have the saine geometric appearance.

The specimen stage of SEM allows movement of the specimen along 3 axis. The basic stage
is controlled manually by micrometers and screw-type adjusters on the stage door. The
motorized stage has motors driving the X, Y, Z and rotation controls, all with manual over

ride.

The stage can be tilied over 90°, The tilt axis always intersects the electrou optical axis of the
column at the same height (10 mm). When the specimen positioned at this height, the
specimen can be tilted in the cucentric plane. This means that during tilt, almost no image
displacemient occurs. The tilting mechanism can be locked for more stability at high

magmification.

1.5 Aim of the Present Research

A good progress has been made in preparing conducting pelymers with well defined
struclure as addressed by the early workers. Interest in the electrical properties of highly
confugated polymers has increased rapidly. PANI is unique among the other conducting
polymer that ils electrical properties can be reversibly controlled hoth by charge-transfer
doping and protonation. On the other, PP another well studied conducting polymer also show
high electrical properties by charge-transfer doping. The wide range of associated electrical,
electrochemical and optical properties coupled with good stability made PANI and PP

potentialiy atiractive for application as electronic materials.
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Metal and semiconductor particles comprise a fundamentally and technologically intercsting
class of materials. These are exiensively nsed as electrode materials both in solid and
solution phase. For example. anode or cathede materials of battery are a metal or
semiconductor. In the catalytic reactions, these are used to promote the reaction process.
Mowever, metals and semiconductors are very costly and raprdly exhausting from the nature.
Thus, it is now a pressiug need to develop alternative materials to replace these costly metals.

Conductive polymers arc the class of materials which exhibit excellent semiconducting

propertics.

Thus, in the present work, alternative elecirode materials based on conduciing polymeric
matcrials are synthesized with a vigw for their viahle application in the elecirode system.
Because of the superior electrical properties of the conductive polymers, it is expected that
the polymeric electrodes could be a good alternative to the conventional noble metal

electrodes.
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Experimensal

2.1 Materials and Devices
A.  Chemicals

Analytical grade chemicals and solvents were used throughout the work and were used as
received unless stated otherwise. The monomers aniline, o-toluidine and pyrrole were
distilled prior to use in polymerization reactions. Doubly distilled water (H,0} was used as
solvent to prepare most of the solutions utilized in this work except for UV analysis where N,
N-dimethyl formamide (DMF) was emploved as solvent. The important chemicals and
solvenis utilized throughout the experiments are lisied below:

1} Aniline [E. Merck, Germany]

ii) o-toluidine

iit} Pyrrole

iv) 2-amino benzoic acid

v) Silica

vi) Sulphuric acid {97%) [E. Merck, Germany)

vil) N, N-dimethyl formamide [B. Merck, Germany)

B. Instruments

Analysis of the samples performed in this work employed the following devices:
1} Potentiostat / Galvanostat / Conlombmeter [ HABF 501, Hokuto Denko, Japan]
1) X-Y recorder [F-5C, Riken Denshi Co. Ltd, Japan]
iii)  Infrared specirophotometer [IR-470, Shimadzy, Japan]
iv}  UV-visible spectrophotometer [UV-1601 PC, Shimadzu, Japan]
V) Scamning clectron microscope [ Philips XL 30, Holland]
vi)  Autoranging microvolt [Keithley 197 A, USA]
vil)  Digital balance [FR-200, Japan]
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2.2 Electrochemical Preparation of the Film Electrodes

The electrochemical synthesis and characterization of PANI, CH;-PANI, PANI/ CH,-PANI,
PANI/CH3-PANI/SIO;, PP, PANI/PP, PANI/PF/SI0;, PABA, PANLPABA and CH,-
PANVPABA films were carried out at room temperature in a standard three-electrode one-
compartment ¢lectrolysis cell. A schematic representation of the electrochemical cel)
employed in this work is illustrated in Fig. 2.2.1. The ccll consisted of a 0.5 cm’ workmg
clectrode (WE) made of platinum (Pt), a 0.50 om’ Pt foil counter electrode (CE} and a
saturated calomel electrode (SCE) as the reference (RE). Prior to each experiment, the
workmg Pt electrode was carefully polished with line—grained abrasive paper, followed by
rinses n distilled water and 5 min inunersion in concentrated nitric acid (HNQ.), before it
was finally dried on clean laboratory tissues. The reproducibility of cxperimental results was
greally improved with this pretreatment of the working electrode. The films were prafted
onto the working Pt electrode either by sweeping the potential or constant potential mode.
Vollarmetric sweeps were always started in the anodic direction from 0.0V at 100 mV/s,
unless stated otherwise. A Hokuto Denko (HABF 501] electrochemical measurement systern

provided necessary potential and current contral,

A, Polvaniline {PANI}

PANI [ilm was prepared on the Pt working electrode by the ordinary anedic polarization
method [1-6]. The working Pt was the anode and counter Pt foil was used as the cathode. A
0.8M sulphuric acid (H.SOy) in distilled H>O containing 0.5 M aniline as well as a mixture of
CHiCN-water containin 0.5 M aniline and 0.1 M LiClO, were used as the electrolytic
solutions. Electrolysis was carried out either by sweeping the potential between —0.2 ¥ and
+1.0V vs SCE at a scan rate of 100 mV/sec. After polymerization, the potential of the PANI
film coated Pt clectrode was held at 0.0V until the cathodic current disappeared to dedoped
the PANT film. The film as grown and dedoped, was washed several times in distilled water
to remove any traces of monomer or any other reactants or by—products that might be

produced during electrolysis.
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B. Poly-s-tolnidine (CH,-PANI)

CHs-PANI films were deposited on the Pi electrode from agueous electrolytic solution
containing 0.5 M o-toluidine and 0.8M H.SO, and also from another electrolytic solution
containing 0.5 M o-toluidine, 0.1 M LiClO, and mixture of CH;CN-water at room

temperature, The film was coated onto the Pt surface by potential sweeping method.

In the cycling method, the potential was swept from —0.2 V to +1.0 V vs SCE at a scan rate
of 100 mV/sec. In the preparation of the film, a polentiogalvanostat {(Hokulo HABF 501)
with function—generating ability were used for generation of potential and supply of current,
The current—potential response was recorded ina  X-Y recorder (F-5C, Riken Denshi), The
film grown onto the Pt elecirode was dedoped and washed several times in distilled water a5

stated previously.

C.  Copolymer: Polyaniline/Poly-o-toluidine (PANI/CH;-PANI)

Klectrochemical deposition of the PANIFCH;-PANT film on the Pt substrate emploved
potential sweeping method. The technigue involves scanning between the potential range
—0.2 and +1.0 V vs SCL at a scan rate of 100 mV/sec. The PANI/CH;-PANT film was grown
by anodic oxidation of menomers from an agueous electrolytic solution containing 0.8 M
H>S504, 0.5 M anilinc and 0.5 M o-toluidine. A blue film appeared on the working electrode.
The film thus formed was dedoped and washed carefully, according to the procedure
described earlier. The potentiostat/galvanostat employed provide the necessary current and

potential generation,

D. Composite: Polyaniling/Poly-o-toluidine/Silica (PANI/CH;-PANI/SIO,)

Aqueous colloidal suspension of silica was prepared by adding 2.0 g of silica particles to
double distilied watcr (400 mL) followed by beating the mixture for iwo hours. The resulted
dispersion was then allowed to settle for two hours. During this span of time relatively bigger
silica particles were sedimented at the botiom of the container. The smaller particles remain
in the system and dispersed colloidally. The colioidal solution was then decanted and used
for PANI/CH;-P ANI/Si0; composite preparation.

A0

-
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Fig. 2.2.1: Three electrode system for electrochemical measurements.
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PANI/CIH;-PANISIO; films were deposited on the P electrode from aqueous electrolytic
solution containing 0.5 M aniline, 0.5 M o-toluiding and 0.8M H,;S80, in prepared agueous
suspension ol ¢colloidal silica at room temperature. The film was coated onto the Pt surface
by potential sweeping method. In the cycling method, the potential was swept from —0.2 V to
+1.0 ¥V v SCE al a scan rate of 100 mV/sec. In the preparation of the film, a
potentiogalvanostat (Hokute HABF 501) with function—generating ability were used for
generation of potential and supply of current, The current—potential response was recorded in
a  X-Y recorder (F-5C, Riken Denshi), The film grown onto the Pt electrode was dedoped

and washed scveral times in distilled water as stated previously.

E. Polypyrrole (PP}

The clectrochemical formation of the PP fitn employed an electrolytic aqueous solution
contaming 0.5 M pyrrole and 0.1 M LiClO,. The content of the elecirolytic solution was
subjected to electrolysis in the elcotrochemical cell. Electrolysis was performed as before by
sweeping the potential between —0.2 V and +1.0 V vs SCE at a scan rate of 100 mV/sec.
During clectrolysis, anodic polymerization of the Pt electrode in the electrolytic media results
a deposition of a compact film on the electrode. The filin thus formed was dedoped and

washed repeatedly to remove undesired specics.

F. Copolymer: Pelvaniline/Polypyrrole (PANI/PP)

PANI/PP {ilms were depositcd on the Pt electrode from aquecus elecirolytic solution
contatning 0.5 M aniline, 0.5 M pymole, 0.1 M LiCIO, and 0.8 M H,;S0, at room
temperaiure. The film was coated onto the Pt surface by potential sweeping method. In the
cycling method, the potential was swept from —0.2 V to -+1.0 V vs SCE at a scan rate of 100
mV¥/sec. In the preparation of the film, a potentiogalvanostat (Hokute HABF 501) with
function—gencrating ability were used for generation of potential and supply of current. The
current-potential response was recorded in a X-Y recorder (F-5C, Riken Denshi). The film

grown onto the Pt electrode was dedoped and washed several times in distilled water as

4‘

stated previously.
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G. Composite: Polyaniline/Polypyrrole/Silica (PANI/PP/SIO,) |

Aqueous colloidal suspension of silica was prepared as described before. PANLPP/SIO,
filins were deposited on the Pt clectrode from agueous electrolytic solution containing 0.5 M
aniline, 0.5 M pyrrole, 0.1 M LiClO, and 0.8M H,SO, in prepared agueous suspension of
colloidal silica at room temperature, The film was coated onlo the Pt surfice by potential
sweeping method. In the cycling method, the potential was swept from —0.2 V to +1.0 V s
SCE at a scan rate of 100 mV/sec. In the preparation of the film, a potentiogalvanostat
(Hokuto HABF 501) with function—generating ability were used for generation of potential
and supply of current. The current—potential response was recorded ina  X-Y recorder (T-
5C, Riken Denshi). The film grown onto the Pt electrode was dedoped and washed several

tiines in distilled watcr as stated previously. |

H.  Poly-2-amino benzuic acid (PABA)

The electrochemical formation of the PABA film employed an electrolytic aqueous solution
contaiming 0.5 M 2-amino benzoic acid and cone. H,S0,. The content of the electrolytic
solution was subjected to clecirolysis in the electrochemical cell. Electrolysis was performed
as before by sweeping the potential between —0.3 V and +1.0 V vs SCE at a scan rate of
100 mV/sec. During electrolysis, anodic polymerization of the Pt electrode in the clectrolytic
media results a deposition of a compact filin on the electrode. The film thus formed was

dedoped and washed repeatedly 1o remove undesired Specics.

L. Copolymer: Polvaniline/ Poly-2-amino benzoic acid {PANI/PABA)

PANI/PABA films were deposited on the Pt electrode from aqucous electrolytic solution
containing 0.5 M aniline, 0.5 M 2-amino benzoic acid and 0.8M H,50, at room temperature.
The film was coated onto the Pt surface by potential sweeping method. In the cycling
method, the potential was swept from —0.2 V to +1.0 V vs SCE at a scan rate of 100 my/sec.
In the preparation of the film, a potentiogalvanostat {Hokulo HABF 501) wilh
function—generating ability were used for gencration of potential and supply of current, The

current—potential respouse was recorded in a X-Y recorder (F-5C, Riken Denshi}). The filn
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grown onto the Pt electrode was dedoped and washed scveral times in distilled water as

stated previously.

J. Copolymer: Poly-g-tofuidine / Poly-2-amino benzoic acid (CH;-PANLPABA)

The electrochemical formation of the CH;-PANI/PABA film employed an electrolyvtic
aqueous 0.8M H:50, solution containing 0.5 M o-toluidine and 0.5M 2-amino benzoic acid.
The content of the clectrolytic solution was subjected to clectrolysis in the electrochemical
cell. Electrolysis was perfonmed as before by sweeping the potential berween 0.2 V and
+1.0 ¥V vs SCE at a scan rate of 100 mVisec. During electrolysis, anodic polymerization of
the Pt clectrode in the electrolytic media results a deposition of a compact film on the
clectrode. The filin thus formed was dedoped and washed repeatedly to remove undesired

SpECLES. ,

2.3 Spectral Analysis

A, Infra-red Spectra

The samples, PANI, CH:-PANI, PANICH;-PANI, PANI/CH;-PANI/SIO,, PP, PANIPP and
PANTPP/SIO0; were oblained clecirochemically, as described in seetion 2.2, as thin films
grafted on the Pt clectrode, which can be scratched off the Pt electrode, tinsed and dried.
They were crushed (o powder and used for IR measurements. IR spectra of the studied solids
were frequently obtained by mixing and grinding a small portion of the materials with dry
and pure KBr crystals. Thorongh mixing and grinding were carried out in a morar by a
pestle. The powder mixture was then compressed in a metal holder under a pressure of 8—10
tons to make a pellet. The pelict was then placed in the path of TR beam for measurements.
IR spectra of all the studied samples were recorded by an IR spectrophotometer in the region

of 4000-400 cm’,

B.  Ultra Violet—Visible Spectra

UV-Vis spectra of the samples, PANL, CH,-PANI, PANUCH:-PANI, PP and PANT/PP were

recorded by dissolving the solids in DMF. The solutions were made by dissolving small
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amount of each solid in 50 mi. of DMF. The dissolution employed 30 min senication in an

ultrasonic bath to allow appreciable cxtent of dissolution. The sample solutions exhibited
deep color in some cases. Thus, to ensure preferred dilution of the sample solutions for this
spectral measurcment, the solntions were diluted with DMF to a visible extent in such a way
that the optical density remains within the range 0.5 to 1.0, The sample solution was placed
in the sample holder while the reference holder was filled with the DMF solvent. The Liy-
Vis spectral analysis of the samples emploved a double beam spectropholometer altached
with a synchronized personal computer (PC) for recording the spectral data. All the optical

analysis were performed at room temnperature to within 30° {+ 2"C.

2.4 Electrical Conductivity Measurements

The smdy of electrical conduetivity of the solids at room temperature was carricd out by a
conventional two point-probe method {7,8). For this purpose, the dried and powdered solids
were compressed mechanically in a transparent plastic tube as illustrated in Fig. 2.4.1. A few
centimeters long plastic tube having diameter 1 mum was taken for loading the salids in it.
One end of the tubc was tightly closed with a copper {Cu) wire having the same diameter as
that of the tube. The sample was then pushed gradually inside the tube and compressed
mechanically from the other end of the tube by another piecc of same wire. Eventually the
mass become tightly compressed havinp a very rigid structure that on further pressing did not
change the length of the compressed mass. In this position, the other end of tobe was made
closed by the similar wire. The two Cu wires at the two ends pressed tightly in such a way
that ensures an adequate contact between the sample and the wires. The wire poles were used
for electrical contact to pet the voltage drop between the two ends of the sample under
mvestigation. An auto ranging microvolt was employed for the conductivity measurements.
This equipment allows reading directly the resistance of the sample. Thus, koowing the
obscrved resistance, the specific conductance of each studied sample was calculated out by
nsmg the standard relation mentioned in chapter 1. The measurement was conducted at

laboratory temperature (~ 30°C).
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Fig, 2.4.1: The construction for the measurement of the two
peint-probe conductivity.
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2.5 Analysis of Surface Morphology

Scanning electron microscopic technigue was adapted to analyze the snrface morphology of
the samplcs. The wet mass of PANI, CHy-PANI, PANICH,-PANI, PANICH;-PANI/SIO,,
PP, PANI/PP and PANEPP/SIO; were coaled onto the stainless steel (Fe) elcctrode as filns.
The films thus coaled were then dried nader sacuum before subjected to their surface
analysis by SEM. Thc samples were loaded to the SEM chamber where these were kept
under evacuation of 107 to 107 torr for about 30 min. Then a very thin layer of gold, about
few nanometers thick, was sputtered onto the sample surfacc to ensure electrical conductivity
of the sample surface under smdied. The sample was then placed in the main chamber to
view 1t surface image. A Thilips XI. 30 SEM armrangement was employed for this analysis.
The tmage of the surface morphology is recorded in a PC that interfaced with the main SEM
syslem. The operation systemt performed all the analvsis under ambient almospheric

conditions.

2.6 Doping-Dedoping Technigue

The synthesized film clectrodes, viz., PANI, CH;-PANI, PANI/CH;-PANI, PANI/CH;-
PANT/S:0,, PP, PANVPP and PANI/PP/SI0, were doped and dedoped electrochemically by
the conventional anodic and cathodic treatment of the working elecirode [9]. The doping-
dedoping process was performed in a single compartment threc-clectrode cell under ambient
atmosphere (Fig. 2.2.1). The films of PANL, CH5-PANI, PANICH;-PANI and PANI/CHa-
PANISIO; were grown onio the Pt cleetrode thick (10 cycle) deposits and the Gims of PP,
PANI/PP and PANI/PP/SIO; were prown onto the Pt electrode thin {1 cycle) deposits, The
film thus deposited was then rinse repeatedly to remove any traces of monomer or other by-
products. To perform doping-dedoping process, the rinsed film electrode was then placed m
the cell containing monowmer free electrolytic solution only, A potential sweeping from —0.2
to +1.0 ¥V was allowed with a scan rate of 100 mV/sec. Indeed. the doping and dedoping

process of the films were observed to be occurred within the potential range scanned in this

experiment.
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Results and discussions

-

3.1 Electrochemical Preparation of the Modiflied Electrodes

A.  Polyaniline (PANI}

Anodic oxidation of aniline on the ineri metallic clectrodes is the most current
elcetrochemical method for the synthesis of PANI. This method is used since clectrochemical
methods [1-9] offer some advantages over classical chermical methods [10-15]. The anodic
oxidation of aniline is generally affected on an inert material, which is gencrally Pt [16-22].
In the present work, electrochemical synthesis of PANI was carricd out by anodic oxidation
of aniling onto a Pt electrode in agqueous solution. Typical CV of electrochemical
polymerization of aniline is given in Fig. 3.1.1, On sweeping the first poteutial cycle from —
0.2 10 +1.0 V vs SCE at a scan rate of 100 mVs™, a sharp rise in current is seen at a potential
ca. +0.85 V indicating the oxidation of aniline to vield PANI [23, 24]. A thin deep blue film

was seen on the Pt surface.

As the sweeping repeated Fig. 3.1.2, 1e., m the second and subsequent cycles, the peak
current increases further indicating the formation of more deposits of PANI on the substrate.
Potential cycling was repeated upto 5 cycles for the deposition of a thin film of PANL The
anodic pecak at ca. +0.2 V is observed from the second scan, This peak can be assigned to the
oxidation of PANI film deposited on the electrode corresponding to the conversion of amine
units to radical cations in the polymer chain [25-26]. The deep blue color of the {ilm turned
to greenish-yellow when potential sweep approached to the cathodic direction at ca. +0.0 ¥V

or lower, |

Figure 3.1.3 also represents the CV of clectrochemical polymerization of aniline under
smular electrolytic conditions; here polymcrization was allowed fo grow on the Pt upto 10
cycles. As the PANI film got thicker, the characteristic peaks seem to be less prominent or at
least broadened and also their positions are shifted. However, the colour changes of the thick
film also occur 1n the similar fashion as described for the thin PANI {ilm. The Pt electrode

thus coated with the PANI 1iln is referred hercafter as PANI electrode.
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Fig, 3.1.1: CV {1 cycle) during electrochemical synthesis of PANT in aqueous solution
{0.5M aniline + 0.8M H;S0).
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Fig. 3.1.2: CV (5 eycle) during electrochemical synthesis of PANI in agueons
solution (G.5M anriline + .86 H:50;).
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Fig. 3.1.3: CV {10 cycle} during electrochemical synthesis of PANI in
aqueous solution (0.5M anitine + 0.8M H;50u}.




Results and discissions

The results Figs. 3.1.1 — 3.1.3 arc summarized the following table;

PANI: Prepared in HoO media (0.5M aniline + 0.8M H,50,)

3.D Monomer FPalvmer Polvmer Color Yield
Matrix oxidation oxidation reduction : ]
. ‘ : Oxid" | Red
potential (Doping) {Dedoping)
_ . state | state
(V) potential (V} | potential (V)
PANI _ blue | red high
+0.85 -+ 0.05
(1 cvele) black
PANI +0.85 to +0.9 | +0.2 to +03]-H0.05 to -0.1|decp |grecnish | high
{5 cveles) | (shift to +ve i | (shift to +ve in | (shilt to -ve in | bluc vellow
the subsequent | the subscquent | the subsequent |
cycle} cyele) cycle) I
PANI 4+0.85 to +0.95 | +0.2 to +0.4 | +0.05 to -0.2|deep |greenish | high
{10 (shift to “+ve | (shift to +ve|(shift to -ve|blue | yellow
cycles) from the | from the | from the
seccond cycle) | second cycle) | second cycle)

If the polymer thickness increases, the polymer oxidation (doping) and reduction (dedoping)

still occur indicating lhe electroactivity of the polvimer. However, the oxidation and reduction

potentials of the polymer are shified. Potential shifiing 1s reasonable because the reaction for

the Tirst cycle is occurred directty on the Pt surface. But after the first cycle, Pt is covered by

the polymer film and the reaction for the second cycle 13 done on the polyner covered Pt

surface. As the cycle increases, Pt surface covered with more polyimer film and activity of the

Pi surface may vary. As a result potential shift {for the monomer oxidation, polymer

oxidation and reduction} with the increase of cycle may arise due to the dissimilar activities

of the bare Pt and polymer covered Pt surface.




Resulis and discissions

During electrochemical oxidation (doping), the anions in the solntion become corporated
into the polymer to compensate ihe positive charges in the chain while in the reduction
(dedoping) processes, (e incorporated anions get removed out of the polymer film [27-29].
In case of PANI, miost of the authors proposed that the redox processes appeared in its CV
are associated to the protonation as well as to the insertion of anion m the filin [1, 24, 25, 30~
311,

Fffect of the diffcrent solvents (c.g., propylene carbonate, y-butyrolactone, acctonitrile etc.)
on the clectiopolymerization of aniline was studied before by early workers {32]. In the
present work, electrochemical synihesis of PANI was also carried out by anodic oxidation of
aniling onto a Pt clectrode in CH,CN-water and DMF-water containing LiCIQ0; for both
CasCs.

Typical CV of electrochemical polymerization of aniline in CHiCN-water is given in Fig.
3.1.4. On sweeping the first potential cycle from —0.2 to +1.0 V ws SCE, a sharp rise in
current is seen from the potential +0.6 V indicating the oxidation of aniline to yield PANI. A
thin deep blue film is seen on the Pt surface. As the sweeping repeated Fig. 3.1.5, i.e,, m the
second and subsequent cycles, the peak current decreases, which indicates the decrease of
PANI deposition on the substrate. Potential cycling was repeated upto 5 cycles for the
deposition of a thin film of PANI. The anodic peak at ca. +0.2 V 15 observed from the
second scan. This peak can be assigned to the oxidation (doping) of PANI film deposited on
the electrode. The deep blue color of the {ilm turned o greenish-yellow when potential
sweep approached to the cathodic direction at ca. +0.0 'Y or lower.

CV of electrochemical polymerization of aniline in DMF-water is given in Fip. 3.1.6. On
sweeping the first potential cycle from —0.2 to +1.0 V vs SCE, a sharp risc in current is sgen
al a polential ea. +0.5 ¥ mdicating the oxidation of aniling to yield PANI. A thin deep blue
filin is seen on the Pt surface. As the sweeping repeated Tig. 3.1.7, i.e., n the second and
snbsequent cycles, the peak cumrent decreases, which indicates the decrease in conductivity of
PANI deposition on the sobstrate. Potential cycling was repeated upto 5 cycles for the
deposition of a thin film of PANI. The anodic peak at ca. +3.2 V is observed from the
second scan. This peak can be assigned to the oxidation of PANI film deposited on the
glectrode. The deep blue color of the film tumed to greenish-yellow when potential sweep

approached to the cathodic direction at ca. +0.0 V or Jower.
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-2 0.0 032 04 0.6 (.3 1.0
Electrode Potential (V)

Fig. 3.1.4: CV (1 cycle) during electrochemical synthesis of PANI in CH3CN-water
solatien in presence of LiCiOy4 {0.5M aniline + 0,14 LiCl0,).
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Fig, 3.1.5: CV (5 cycle) during electrochemical synthesis of PAN] in CHZCN-water
solution in presence of LiCIOy {(0.5M aniline + 0.1M LiClOs).
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The results Fips. 3.1.4 — 3.1.5 are summarized the following table:

PANI: Prepared in CH:CN - H,O media (0.5M aniline + 0.1M LiClO,)

3-D Monomer Polymer Polymer Color Yield
Matrix exidation oxidation reduction _ :
, _ . Oxid" | Red’
potential {Doping) {Dedoping)
. . state state
(V) potential {V) potential (V)
PANI +0.55 _ -0.2 deep | greenish | very
(1 cycle) blue yellow low
PANI +(3,55 4.2 .2 deep | grecnish | very
(5 cycles) (strong peak) blue yellow low

The electrolytic medium mfluences greaily on the polymer formation (yield}. Very thin film
can be seen ever after several cycles during polymerization. The absence of acid in

electrolytic media could be the reasou for low polymerizatiou.
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02 0.0 02 0.4 0.6 0.8 10
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Fig. 3.1.6: C¥ (1 cycde) during electrochemical synthesis of PANT in DMF-water
solution in presence of LiCLOy (0.5M aniline + 0.1M LiCIOy).
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Fig. 3.1.7: C¥ (§ cycle} duriﬁg electrochemical synthesis of PANT in DMF-water
solution tn presence of LiClO,4(0.5M aniline + 0.1M LiCIO,).
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The results (Fig. 3.1.6 — 3.1.7) are summarized the following table:

PANL: Prepared in the DMF - H,0 media (0.5M aniline + 0.1M LiClO,)

3-D Monomer Polymer Polymer Color Yield
Matrix oxidation oxidation reduclion ‘
. 1 . Oxid" | Red”
potential (V) {Doping} {Decdoping)
) ) state | sfate
potential {V) | potential (V)

PANI +0.55 B -0.2 docp | greemish | very
{1 cycle) {very weak) | blue | yellow | low
PANI +0.55 +0.2 -0.2 deep | greenish | very
{5 cycles) (weak peak) { (very weak) | blue | yellow | low

Polymerization was very low due to the absence of acid. The solvents CH;CN and DMF have
also influence on the polymer oxidation and reduction processes. However, the
polymerization potentials for both the solvents are seemed to be identical. The polymer
seemns to be less electroactive with DMF solvent. CH;-FANI was also prepared by varying
thickness and electrolytic solvent and shows similar phenomenon as that of PANT e.g., wilh
varying thickness, potential shift of the CHs-PANI oxidation and reduction occur. By
employing different sotvents in tic synthesis of CH;-PANI, clectroactivity of the film found

to be affected.

B. Poly-o-tolnidine {CI1;-PANI}

The conducting polymer, CH;-PANI, can bc prepared by both chemical [33-39] and
electrochemical polymerization [40-45]. In the present work, electrochemical synthesis of
{CH;-PANI was carried out by anodic oxidation of o-toluidine onto a Pt electrode in aqueous
solution. Typical CV of electrochemical polymerization of o-toluidine is given in Fig.

(3.1.8). On sweeping the first potential cycle from —0.2 to +1.0 ¥V vs SCE at a scan rate of
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100 mVs™, a sharp rise in current is seen at a potential ca. +0.8 V indicating the oxidation of

e-toluiding to vicld CH;-PANI [41]. A thin deep bluc filin is seen on the Pt surface.

As the sweeping repeated Fig. 3.1.9, ie. in the second and subscquent cycles, the peak
-::11rrel1t decreases further indicating less case of the formation of CH3-PANI on the substrate
with decreasing conductivity. Potential cycling was repeated upto 5 cycles for the deposition
of a thin film of CH;-PANI. The anodic peak at ca. +0.42 ¥V is observed from the sccond
scan. This pcak can be assigned to the oxidation of CH;-PANI! film deposited on the
electrode. Whereas the cathodic peak at ea. +0.4 V is observed from the first scan (bat can be
assigned to the reduction of CH3-PANI film deposited on the electrode. The deep blue color
of the film turned to greenish-yellow when potential sweep approached to the cathodic

dircction at ca. <04 V or Jower,

Figure 3.1.10 also represents the CV of elecrochemical polymerization of o-toluidine pnder
similar electrolytic conditions; here polymerization was allowed to grow on the Pt upto 10
cycles. As the CH3-PANI films got thicker, the characteristic peaks seein to be less prominent
or at least broadened and also their positions are shifled. FHowever, (he colour changes of the
thick tilm also occur in the similar fashion as deseribed for the thin Ci,-PANI film. The Pt
electrode thus coated with the CHy-PANI filin is referred hereafier as CH,-PAN] electrode.
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Fig. 3.1.8: CV {1 cycle) during electrochemical synthesis of CH3-PANI in aqueous
selution {0.5M o-toluidine + ¢.8M H;S50;).
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Fig. 3.1.9: CV (5 cycle} during electrochemical synthesis of CHs-PANI in afqueous selution
(0.5M o-toluidine + (.83 11,50,).
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Fig. 3.1.10; CV (10 cycle) during electrochemical synthesis of CH:-PAN1 in aqueous
solution {(.5M o-toluidine + 0.8¥ H,50).
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Results nnd discrissions

Effect of the diffcrent organic solvent on the synthesis of CH;-PANI m both electrochemical
and chermical methods were studied before [37, 40]. In the present research, electrochermical
synthesis of CHi-PANT was also carmied out by anodic oxidation of o-toluidine onto a Pt

electrode in CH;CN-water and DMF-waler containing LiCl0O, for both cases.

Typical CV of clectrochemical polymernization of o-toluidine in Ci{;CN-water is given in
Fig. 3.1.11. On sweeping the first potential cycle from —0.2 to 1.2 V ws SCE, a sharp rise in
currcnt is scen at a potential ¢a. +0.6 V indicating the oxidation of o-toluidine to yield CH,-
PANI. As the sweepmg repeated, 1.e., m the second and subsequent cycles, the peak current
decreases, which ludicates the decrcase W the formation of CH3;-FANI en the substrate.
Potential cycling was repeated upto 5 cycles for the deposition of a thin film of CHs-PANL.
A thin deep blue film is seen on the Pt surface. The anodic peak at ce. +0.3 V is observed
from the second scan. This peak can be assigned to the oxidation of CH3;-PANI film
deposited on the electrode. Whereas the cathodic peak al ca. -0.1 V is observed from the first
scan thal can be assigned to the reduction of CHs-PANI film deposited on the clectrode. The
deep blue color of the film turned to greenish-yellow when potential sweep approached to the

cathodic direction al ca. +0.0 Y or lower.

CV of electrochemicat polymerization of e-loluiding 1n DMF-water is given in Fig. 3.1.12.
On sweeping the first potential cycle from ~0.2 to +1.1 ¥V vs SCE, a sharp rise in cnrvent is
seen at a potential ce. +0.0 V indicating the oaidation of o-tolwiding to yicld CHi-PANI. As
the sweeping repeated, i.¢., in the second and subsequent cycles, the peak cnrrent decreases,
which indicates the decrease in the deposition of CHz-PANI on the substrate. Potential
cyching was repeaied upto 5 cycles for the deposition of a thin film of CH;-PANI. A thin
deep blue film 15 seen on the Pt surface. The anodic peak at ca. +0.3 V is observed from the
second scan. This peak can be assigned to the oxidation of PANI filim deposited on the
electrode. Whereas the cathodic peak at ca. +0.0 V is observed from the first scan thal ¢an be
assigned to the reduction of CH;-PANI film deposited on the electrode. The deep blue color

of the film fumed to greenmish-yellow when potential sweep approached to the cathodic

direction at ¢, +0.0 V or lower.
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Fig. 3.1.11: CV (5 eycle) during electrochemical synthesis of CHs-PANI in CHLCN-
watcr solution in presence of LiC10y (0.3M o-toluidine + 0,16 LiClOy).
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Fig. 3.1.12: CV (5 cycle) during efectrochemical synthesis of CHy-PANT in DMF-water
solution in presence of LiC104(0.5M o-toluidine + 0.1% LiClOy}.
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C. Copolvmer: Pelvaniline/I’ oly-¢-Toluidine (PANI/CH;-PANI)

The large-scale application of PANI is sometimes limiited by the insolubility of its protonated
state and the difficulty of processing by conventional methods. This shoricoming has usually
been overcomne by the syathesis of various PANI copolymers [46, 47]. Copolymer of antling
with 3-aminophenyl-boric acid [48] has been reported earlier. Recently, poly-o-toluidine has
attracted attenfion because it has been reported to exhibit better solubility [49] and possibility
[30] than polyanmiline [51, 52]. Copolymerization of aniline with toluidine is one of the best
methods to modify the solubility of polyaniline and to combine the advantapges of CH:-PAN]

with PANI, There are only a few reports about copolymerization in the literature [53-37],

During this research, PANICHs-PANI was synthesized electrochemically on platinum
substrates under cyclic voltammelric conditions in agucous solution. Typical CV of
(‘g clectrochentical copolymerization js given in Fig. 3.1.13. On sweeping the first potential
™ cycle from —0.2 to +1.0 V vs SCE al a scan rate of 100 mVs™, a sharp rise in current is seen
g at a potential cor. +0.8 V indicating the oxidation of monomers to yield the copolymer [7, 41].

= Athin deep blue film is seen on the Pt surface.

As the sweeping rcpeated Fig. 3.1.14, fe., in the second and subsequent cycles, the peak
current decreases further indicatmg the formation of less deposits of the copolymer on the
substrate with decreasing conductivity. Potential cycling was repeated upto 5 cveles for the
deposition of a thin film of PANI/CH;-PANL The anodic peak at ca. +0.45 V is observed
from the second scan. This peak can be assigned to the oxidation of PANI/CH.-PANI {ilm
deposited on the electrode. Whereas he cathodic peak at ca. +0.38 V is observed from the
first scan that can be assipned to the reduction of PANI/CH;-PANI film deposited on the
electrode. The deep bluc color of the film turncd to greenish-vellow when potential sweep

approached to the cathodic direction at ca. +3.0 V or lower.

Figure 3.1.15 also represents the CV of electrochemical polymerization of aniline/o-toluidine
nnder similar electrolytic conditions; here polymerization was allowed to grow on the Pt upto

10 cycles. As the copolymer film got thicker, the characteristic peaks seem to be less

=z

prominent or at least broadened and also their positions are shifted.
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Fig. 3.1.13; C¥ (1 cycle} during electrochemical synthesis of PANT/CH;-PANI in
aqueous solution (1.5M aniline + 6.5M o-toluidine + 0.8M H:50,).
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Fig. 3.1.14; C¥ (3 cycle) during electrochemical synthesis of PANICH3-FPANT in
agueons solution (0.5M aniline + 0.5 e-toluidine + 0.8M H;S0.).
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Fig. 3.1.15: CV {10 cycte) during electrochemical synthesis of PANFCH;-PANI in agneons
solution {0.5M aniline + 9.5M o-toluidine + 0.8M H;50,).
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The results (Fig. 3.1.14 and Fig. 3.1.17} are sunmuarized the following table:

Copolymer: PANICH:-PANI (Fig. 3.1.14)

prepared in aqueouws selution (0.5M aniline + 0.5M o-touidine + 0.8M H.50,)

Composite: PANI/CH;-PANISI10, (Fig. 3.1.17}
prepared in agquecus solution (0.5M aniling + 0.5M o-touidine + 0.8M H,S0. -+

colloidal Si0,)

3-D Matrix | Monomer | Polymer Polymer Color Yicld
oxidation oxidation reduclion
potential (Doping) {Dedoping} Oxid” | Red"
(V) polential (V) | potential (V) | Stale state
PAN! bluc reddish | high
{1 cycle) +0.85 +0.2 +0.05 black (stand
alone)
CHs- PANI deep greenish | high
(5 cycles) +0.80 t0.42 +0.40 blue vellow {stand
alone)
PANI/CH,- +0.40 deep greeimish | high
PANI blue vellow (moder
(5cycles) | +0.85 +0.40 (sirong) 1
CIES . .
! +0.20 AlEly
stand
{strang)
alone)
PANT/CHa,- +(.35 blucish | greenish | high
PANI/SIO,
100, +0.75 10,40 {slrong} (stand
(5 cycles) 1 +(1.20 (less alone)
strong)

Although changing the functionality, all the four matrices show excellent electractivity

exhibiting promnent oxidation-reduction process. However, their electrochemical potentials

scem to be nearly identical.

D. Composite: Polyaniline/Poly-s-Toluidine/Silica (PANI/CH;-PANI/SIO,)
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A number of allempls were taken previously to prepare polyaniline/silica composite by both
chemical and electrochemical method [58-62]. But no attempt has vet been taken to preparc
polyanihine/poly-o-toluidine/silica  composite by any of the menlioned two methods.
Electrochemical synthesis of PANI/CH3-PANLSIO; was carried out for the first time by
anodic oxidation of monomers onto a Pt clectrode in aqueous solution containing colloidal

s1lica.

Typical CV of electrochemical polymerization of composite is given in Fig 3.1.16 On
sweeping the first potential eycle from ~0.2 to +1.0 V vs SCE at a scan rate of 100 nVs™. 4
sharp risc in current 15 seen at a polential ca. +0.75 V indicating the oxidation of monomers

o y1eld the composite. A thin deep blue film is scen on the Pt surface,

As the sweeping repeated Fig, 3.1.17, Le., in the second and subsequent cyeles, the peak
current decreascs though formation of more deposits of the copolymer on the substrate takes
place. Potenlial cycling was repeated upto 5 cycles for the deposition of a thin {ilm of
PANI/CH;-PANLESIO,. The anodic peak at ce. 110.4 'V is observed from the second scan,
This peak can be assigned to the oxidation of PANI/CH4-PANI/S104 filin as deposited on the
electrode, Whereas the cathodic peak at ce +0.35 V 15 observed from the first scan thal can
hc assigned to the reduction of PANI/CH:-PANI/SIO; [ilm that deposited on the electrode.
The deep blue color of the film wirned to greenish-yellow when potential sweep approached

to the cathodic direction at ea. +0.0 V or lower,

Figure 3.1.18 also represents the CV of clectrochemical polyincrization of aniline/o-
toluidinefsilica under similar electrolytic conditions; here polymerization was allowed to
grow on the Pt upto 10 eveles. As the copolymer film got thicker. the characleristic peaks
seem (0 be less prominent or at least broadened and also their positions are shifted. However,
the colour changes of the thick film also occur in the similar fashion as described before. The
Pt clectrode thus coated with the PANI/CH;-PANI/SIO; filn is reforred heveafler as
PANI/CH;-PANI/SI0, electrode.
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I 0.5 mA eam’

-0.2 0.0 {12 0.4 0.6 0.8 1.0
Electrode Potential (V)

Fig, 3.1.16: CV (1 cyele) during electrochenical synthesis of PANI/CH-PANISIO; in
aqueous sohition (colloidal 510, + 0L5M o-toluidine + 0,83 H-50,).

IG,S mA cm?

(ORE PR B S ,
0.2 (.0 0.2 0.4 0.6 0.8 1.0 |

Electrode Potential (V)

Fig. 3.1.17; CV {5 cycle) during electrochemica! synthesis of PANI/CH3;-PARI/Si0; in
agqueous solution {colloidal 8i0; + 0.5M o-toluidine + 0.8M H.50),
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-02 0.0 02 - 04 06 (.8 1.0

Electrode Potential (V)

Fig. 3.1.18: C¥ (10 cycle) doring electrochcmical synthesis of PANT/CH;-PANIL/SIO;
in aqueous solution (colloidal Si0; + 0.5M o-telnidine + 0.53 11,50,).
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E.  Polypyrrole (PP)

Polypyrrole has been subject of a great number of studies due to the low oxidation potential
of the respective monomer, relatively easy method of preparation from agueons solutions,
high stability and good electrical conductivity [63-65]. The electropolymerization of pyrrole
has been ealensively reporied on noble metals such as Pt [66-68] and Au [69, 70] as well as
on different forms of carhon [71-73]. Besides, polypyrmole coatings on a variety of other

metals, i.¢. Cu [74-76], Zn [77-79], Ti [80], Al [81] aud Ni [82] have also been reporizd.

In the present work, electrochemical synthesis of PP was carried out by anodic oxidation of
pymole onte a Pt clectrode in aguecous solution. Typical CV of electrochemical
polymerization of pyrrole is given in Fig. 3.1,19. On sweeping the first potential cycle from —
0.2 to +1.0 V vs SCE at a scan rate of 100 mVs™, a sharp rise in curent is seen af a potennal
ca. 10.62 ¥V indicating the oxidation of pyrrole to yield PP. A thick deep black film is seen on

the Pt surface.

F. Copolymer: Polyaniline/Polypyrrole (PANI/PP)

There is very Ttie literature on the formation of polyaniline-polypyriole copolymers. It has been
reporied that the copolymer can be formed by depositing palyamline layer chemically on the
electrode followed by electropolymerization of pwirole in the matrix [83,84]). Electrochemical
copolvmerization  of pymole and aniline has alsc been reported [85-88]. Recently,
electropolymerization of polyamline-polypyrrole from orpanic acidic medium has also been

reparted

It this work, PANL'PP was synthesized electrochemically on a Pt substrates under cyclic
voltammetric conditions in aqueous solution coutaining LiClO, as elecirolyte. Typical CV of
electrochemical copolymerization is given in Fig. 3.1.20. Ou sweeping the first potential
cycle from —0.2 to +1.0 ¥V w5 SCE at a scan rate of 100 mVs™, a sharp rise in current is seen
at a potential ca, +0.82 V indicating the oxidation of monomers to yield the copolymer. A

thin deep blue filin is seen on the Pt surface.
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[ 0.9 mA cm” /

i /

Electrode potential (V)

Fig. 3.1.19: CV (1 cycle} during electrochemical synthesis of PP in 2gueous solution
(0.5 pyrrole + 0.1M LiCl0y),

I 0.9 mA cm? TN

-0.2 0.0 0.2 0.4 0.6 08 1.0

Electrode potential (V)

Fig, 3,1,20: CV (1 cycle} during electrochemical synthesis of PANI/PP in aqueous
solution {0.5%1 aniline + 0.5M pyrrole + 0.1M LiCI0, + 0.8M H,S0,).
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G. Composite: Polyaniline/Polypyrrole/Silica (PANI/PP/SiOy)

No attempt has yet been taken to prepare polyaniline/polypyrrole/silica composite by any of
the mentioned two methods. Electrochemical synthesis of PANIPP/S10; was carried out for
the first timc by anodic oxidation of monomers onte a Pt electrode in aqueous solution

containing colloidal silica.

Typical CV of electrochemical polymerization of composite is given in Fig. 3.1.21. On
sweeping the first potential cycle from —0.2 to 1.0 'V vs SCE at a scan rate of 100 mvs'. a
sharp rise in current js seen at a potential ca. +0.78 ¥V indicating the oxidation of monomers

to yield the composite. A thin deep blue film 1s seen on the Pt surface.

H. Poly-2-aminobenzoic acid (PABA)

Atlempt has been taken to prepare poly 2-aminobenzoic acid by electrochemical means for
the first time by anodic oxidation of monomers anto a Pt ¢lectrode in aqueous solution.
Typical CV of electrochemical polymerization of o-toluidine 1s given in Fig. 3.1.22. On
sweeping (he first potential cycle from —0.3 to +0.9 ¥ s SCE at a scan rate of 100 mVs', a
sharp rise in current is seen at a potential ce. +0.55 V indicating the oxidation of 2-

aminobenzoic acid to yvicld PABA. A thin greenish {ilm is seen on tie Pt surface.

As the sweeping repeated Fig. 3.1.23, ie, in the second and subsequent cycles, the peak
current decreases although more deposits of PABA on the substrate was seen. Poteutial

cycling was repeated upto 5 cycles for the deposition of a thin film of PABA.

Figure 3.1.24 also represents the CV of electrochemical polyimerization of 2-aminobenzoic
acid under similar ¢lectrolytic conditions; here polymerization was allowed to grow an the Pt
upto 10 cycles. As the FPABA filin got thicker, the charactenistic peaks seem to be less
prominent or at least broadened and also their positions are shifted. However, the colour
changes of the thick film also occur in the similar fashion as described for the thin FABA
film. The Pt electrode thus coated with the PABA film is referred as PABA electrode in the
next part of the thesis.

?2‘
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Electrode Potenial {V)

Fig. 3.1.21: CV (1 cycle) during electrochemical synthesis of PANL/PP/SI0; in aqueous
solution (cotloidal silica + 0.5M aniline + 0.5M pyrrole + 0.1M LiClO,4 + 0.8M H;50,).
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Fig. 3.1.22: CV (I cycle) during electrochemical synthesis of PABA in agueous solution
{0.5M 2-aminobenzoic acid + 0.8M H;80).
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L PR

Electrode Potential (V)

Fig. 3.1.23: CV (5 cycle) during electrochemical syntitesis of PABA in aqueous
solution (0,5M 2-aminohenzoic acid + (.8M EH;850,).

l 0.5 mA cm™

Elcctrode Potential {V)

Fig. 3.1.24: CV (10 cycle) during electrochemical synthesis of FABA in aqueous solation
(0.5M 2-aminobenzoic acid + 0.8M H;S0,). ' ,f""\
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Polypyrrole: PP (Fig. 3.1.19}
prepared in aqueous selution {.5M pyrrole + 4, 1M LiC10,)

Coploymer: PANI/PP {Fig. 3.1.20)

prepared m agueous solution (0.5M pyrrole + 0.1M LiCIO, 4 0.8M H;50, +
0.1M LiCIO,)
Composite: PANFPP/SI0, (Fig. 3.1.21)

Prepared m agueous solution (colloidal 810; + 0.5M aniline + 0.5M pytrole +

0.8M H,80,+ 0.1M LiC10,)

3-D Mateix | Monomer | Polymer Polymer Color Yield
oxidation oxidation reduction
) ] ] Oxid" Red"
potential {Doping) (Dedoping)
] ) state state
(V) potential (V) { potential V)
PP Not Not blue Slightly
+0.62 high
{1 cycle) observable observable Irlack fade
PANI/PP Not Not dee Slight]
+0.82 P 2 e
{1 cycle) observable cbservable blue fade
PANLPP/ deep
_ Not Nol Shightly | bigh
310 +0.78 blue
obscrvable chservable fade
(1 cycles)

PP film is very hard comparcd to that of PANI and the film and the film is attached verv
strongly to the electrode substraie. Polymer oxidation-reduction processes are not observable.
But the matrix is electrically conductive as can be seen from ihe CV. Becanse of the hard
morphology, the oxidation (doping) and reduction {dedoping} processes conld be slow or
difficult because durmg oxidation and reduction, electrolyte ions are entered and rejected,

respectively, from the polymer matrix. However, from analysis of the CV’s, it 1s clear that

2
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Ll bl
monomer oxidation potentials of the matrices are different, though the other parameters are

gither “not observable™ or “changed slightly™.

I. Copolymer: Polyaniline/Poly-2-aminobenzoic acid (PANI/PABA)

No attempt has yet been taken 1o prepare polyaniline/poly-2-aminobenzoic acid copolymer
by any of the earlier mentioned two methods. Clectrochemical synthesis of PANIPABA was
carried out for the first time by anodic oxidation of monomers onto a Pt electrode in agueous

solution ¢ontaining.

Tn this work, PANI/PABA was synthesized clectrochemically on a Pt substrate under cyclic
voltammetric  conditions in  agueous solution. Typical CV  of electrochemical
copolymerization 1s given in Fig. 3.1.25. On sweeping the first poteniial eycle from ~0.2 to
+1.0 V vy SCE at a scan rate of 100 mVs™', a sharp rise in current is seen at a potential e,
+0.9 V indicating the oxidation ol monemers to yicld the copolymer. A thin deep blue film

wius seen on the Pt surface.

As the sweeping repeated Fig. 3.1.26, ie., in the second and subsequent cycles, the peak
current increases further indicating the formation of more deposits of PANI/PABA on the
substrate. Potenttal cycling was repeated upto 5 cycles for the deposition of a thin film of
PANIPABA. The anodic peak at ca. +0.25 V is observed from the sccond scan, This peak
can be assymed to the oxidation of PANI/PABA film deposited on the electrode

corresponding to the conversion of amnine units to radical cations in the polymer chain,

Figure 3.1.27 aiso represents the CV of electrochemical polymerization of aniline and
2-aminobenzoic acid under similar electrolytic conditions; here polymerization was allowed
to grow on the Pt npto 10 cycles. As the PANI/PABA film got thicker, the characteristic
peaks seem to be less prominent or at least broadened and also their positions are shified. The
Pt electrode thus coated with the PANIPABA film is referred as PANIPABA electrode in

the rest of the thesis.
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Fig. 3.1.25; CV (1 cycle) during electrochemical synthesis of PANI/PABA in aqueous
solution (0.5 aniline + 0,5M 2-aminobenzoie acid + 0.8M L[;50,).
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] 14 0 mA cm’™

Electrode potential (V)

Fig. 3.1.27: CV (10 cycles) during electrochemical synthesis of PANLPABA in agucous
solution (0.5M aniline + 0.5M 2-aminobenzoic acid + 0.8M 11;50,),
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[ 5.0 mA cm’”

Electode Potential (V)

Fig. 3.1.26: CV (5 cycles) during electrochemieal synthesis of PANI/PABA in aqueous
solution (0.5M aniline + 0.5M 2-aminobenzeic acid + 0.8M H.504).
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I Copolymer; Poly-g-toluidine /Poly-2-aminobenzoic acid (CHy;-PANI/PABA)

Electrocheimical synthesis of CH;-PANI/PABA was carried out for the Tust time by anodic
oxidation of monomers onto a Pt electrode in aqueous solution. During this research, CHs-
PANIPABA was synthesized elcctrochemically on platiniun substrates under cyclic
voltammetric  conditions in  aqueous sohiion. Typical CV  of electrochemical
copolymerization is given in-Fig. 3.1.28. On sweeping the first potential cycle from -0.3 to
+1.0 V ws SCE at a scan rate of 100 mVs™, a sharp rise in current is seen at a potential ca.
+0.8 ¥ indicating the oxidation of monomers to yield the copolymer. A thin black film is

gscen on the Pt surface.

As the sweeping repcated Fig. 3.1.29, ie., in the second and subsequent cycles, the peak
current decreases however the formation of more deposits of the copolymer on the substrate
took place. Potential cycling was repeated upto 5 cycles for the deposition of a thin {ilm of
CHs-PANI/PABA. The anodic peak at ca. +0.3 Y is observed from the second scan., This
peak can be assigned to the oxidation of CH;-PANI/PABA film deposited on the elecirode.
Whereas the cathodic peak at cet. +0.4 V is observed from the frst scan thal can be assigned

to the reduction of CH:-PANITARA film deposited on ihe clectrode.

Figure 3.1.30 also represents the CV of electrochemical polymerization of o-toluidine/2-
aminobenzoic acid under simnilar electrolytic conditions; here polymerization was allowed to
grow on ihe Pt upto 10 cycles. As the copolymer film got thicker, the characteristic peaks

seem to be prominent though they broadened and also their positions are shalted.
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Fig. 3.1.28: CV (1 cycle) during electrochemical synthesis of CH;-PANI/PABA in aqueous
solution (0.5M o-toluiding + 0.5M 2-aminohenzoic acid + 0.8M H;50,}.

[ 05 mAcm™
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Fig. 3.1.29: CV (5 cycle) during elecirochemical synthesis of CH:-PANL/PABA in aqueous
sofution (0.5M o-toluidine + 0.5M 2-aminabenzoic acid + 0.8M H:50,).
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Fig. 3.1.30: CV (10 cycle) during efectrechemical synthesis of CH;-PANLIFABA in aqueous
solutien (0.3M #-toluidine + 0.5M 2-aminobenzoic acid + 0.8M H;S30y).
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The results (Fig. 3 1.22, Fig. 3.1.25 and Fig. 3.1.28) are summarized the following table:

Paly 2-aminobenzoic acid: PP {Fig. 3 1 22)
Prepared in agueous solution (0.5M 2-aminobenzoic acid + 0.8M 11;504)
Coploymer: PANITABA (Fig. 3.1.25)
Prepared in aqueous solution (0 5M aniline + 0.3M 2-aminobenzoic acid + 0.8M Hy804)

: CH;-PANI/PABA (Fig. 3.1.28)

Prepared in aqueous solution solution {0.5M o-tolmdine + 0 5M 2-aminabenzoic acid +

0 &M 11,504)

3-D Matnx Monomer | Polymer Polymer Color Yield
oaldation | oxidation reduetion
potential | {Daping) { Dedoping) Oxid" | Red” state
() potential (V) | potential (V) state
PABA Green | Yellowish
+0 55 - 005 low
{1 cycle) greet
PABA/PANI +0 45 Dcep Reddish
+0.9 - high
{1 cycle) +0 05 blue green
PABA/CHs- Blue- _
high
FANI +0.8 - +0.38 black -
{1 cycles)

PABA and its co-polvmers PABA/PANL and PABA/CH;-PANI have rarely been studied earlier,

Although, the matrices are electrically conductive, their oxidation-reduction prucesscs are not well

evidenced, e g reduction process 15 well exhibiled, while its oxidation process is not well observatle

Thus, systematic study of these matrices appears to be less mformative However, in the present

work, altempt has been taken to study these matrices though limited for only a few experiments,




Resulrs and discussions

3.2  Characterization of the Electrode Matrices

A. Infra-red Spectral Analysis

In the present study, a number of solid electrode matrices were synthesized IR spectra of a solid
pravide useful qualitative structural wnformation. In order to get some insight about the structure of
mairices studied, IR spectral anolysis was performed. Typical IR spectra for PANLCH:-PANLSIO;,
and PANI/PP/Si0: are presented in Fips. 3.2.1 and 3.2 2, while the observed and standard bonds
assigned Jor different fanctional groups are summarized in Table-3.2.1 and 3.2.2. The assignment of
the bands has been made on the basis of some standard literature [89-92] and previous studies [93-

99]
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Tahle-3.2.1: Observed and standard I sbsorption bands assigned for different functienal

groups for the samples stodied.

Ffunctional Standard Observed absorption bands (cm™) Probable assignment
groups absorption PANI CH;- PANI/CHa-
band range PANI PANI/SI0):
(cim™)

Free O-H 3590-3740 3600 3710 3735 O—-H sireiching  vibration,
water may be present

N-H 3300-3500 3423 3431 3438 Aromatic secondary amine
may be present

C=C 1450-1600 1520 1544 1560, 1492 | C=C stretching in aromatic
nuclei

C~N 1250-1350 1303, 1340 1218 C—N stretching in aromatic

1236 amine
C-H HO0-000 823, 850, | 750, 890 | 850, 745 C~H  deformation,  mhono
900 substitured benzene
C=N 1640-1690 1650 1645, 1655 =(C=N stretching m imine
1680

5i~0 201, 1111 - - 1109 Presence of silica

C-H {in | 2850-2960 - 2836, 2856, 2900 | C—H stretching in —CH,

—CHs) 2900

Ar-H ~3030 - 3028 3023 Ar—H stretching in

a-tolwidine
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Talle-3.2.2: Observed and standard IR absorption bands assigned for different functional

groups tor the samples studied,

Functwonal

Standard

Observed absurption bands {cm™)

Prabable assignment

EICUpPS absorption PANI pp PANI/PP/S10;
band  range
{em™")
Fiee O-t] 3590-374¢ 3600 3712 3049 (O-H stretching vibration;
water may be present
N-H 3300-3500 3423 3444 3411 N-H stretching; aromatic
secondary amine may be
present
C=C 1450-1600 1520 1544 1560 (=C stretching in aromatic
nuclei
={’-H 11801300 1303, 1250 1200 =C—H in plane deformation
[235
=C-11 690-200 823 IR 820 =C-H out of plane bending
510 BRI, 1111 - - 1109 Fresence of silica
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B. Ulira Violet - Visible spectroscopy

Ultraviolet -Visible (1V-Vis} specira of doped PANI, CH3-PANI, PANL/CH;-PANI, PP, and
PAN/PP samples in TXMF solutions at room lemperature are given in Fig. 3.2.3- Fig. 3.2.7.

The UV-Vis spectrinn of PANI is depicted in Fig. 3.2.3. From the spectrum, it i:uu be scen a
strong at absorption 271 nm. Further a shoulder at around 800 is also obscrved. The peak at
271 nm should correspond to the interband transition, [.c., transition between valance band
and conduction band. The encrgy associated with this transition is the band gap energy | ].
The shoulder may be associaled with other phenomenon occuered in the pap state. Similar
phenomenon was also observed in ig. 3.2.4 for the spectrum of CIT;-PANL In this case, two
absorption peaks are well deflined. The peaks are observed at 272 nm and 602 am. The |
tormer peak is ussociated with interband transition while the other one corresponds to the
mid gap state transiion | ]. This transiton is responsible for polymer conductivity by
forming polaron and bipolaron as mid gap gap statc [ ]. In fact, polaron step is a radical
cation, L.e., contains one eleclron whereas bipolaren is a dication, i.e., electronless. Af low
dopping level polaron formation takes while at highly dopped state, hipolaron furmation
predominates. However, beeause of the greater stability a bipolaron is favored over polaron.
Figure 3.2.5 shows the UV-Vis speetrum of the copolymer PANI/CH,;-PANL in DMF |
solvent. For this sample, the interband transition is observed at 292 mm compared to that of
PANT (at 271 nm). Thus, the higher wavelength corresponds smaller band gap and hence
should be more conductive than PANT matrix. Again mid gap transition occurred at 733 nm
corresponding to polaronic and bipolaronic (sales. Comparing the present result with that of
PANDand CH;-PANL, 1t seems that absorption spectra of the PANI/CH;-PANI sample shows

a reasonuble differences from PANI and CH;-PANI suggesting different electrical property

of the PANI/CH;-PANI matrix. The speciral results are summarized in the Tollowing Table-
323,

The UV-Vis spectrum of PP is shown in Fig. 3.2.6. The valence band to conduction band
transition for PP was observed at 270.5 nm and other weak absorption was found to be
observed at 661.5 nm which believe to be responsible for the PP conductivity by I"orlﬁing
polaron and bipolaron as mid-gap state. It is indecd to be noted that the dissolution of PP in

DMF was not satisfactory. The poor dissolation of PP may result weak absorption as 2

go *




Results and discussions

observed for PI. However, {urther atteimpt was made to gﬂ% spectral results for the PANI/PP
copolymer. The samplc in DMF results the absorption spectrum given in Fig. 3.2.7. Similar
to PP and PANI spectra, 1wo absorptions at 27(.5 and 661.5 nm can be seen in this case too.
Thus, it is expeeted (hat the copolymer PANLPP should have electrical properties similar or

close 1o that of PANI or PP. The spectral data for these samples are listed in the Table-3.2.3

‘Table-3,2.3: UV-Vis speciral data for the samples siudied.

Wavelength (no)
sSample i
Inierband transition wid pap transition
PANIT 2710 -
CHz-PANI 27210 2920
PARNICH;-PANI 292.0 753.0
Fr 270.5 661.5
PANI/PP 270.5 6G1.5
1,200 . .
100 .\ ]
HJ l
w h
=
5 .
= b
2 nsny Y
< o
i _
"\_._,_\_\_‘_““-x .
_oao ) 1
2500 004 600 0 goap

Wave length (nm)

Fig. 3.2.3: UV spcetrumn of PANI,
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C. d. c. Twao Point-probe Conductivity

|
Electrical conductivity of the samples PANI, CHs;-PANI, PANI/CH;-PANI, PANICH;-
PANISSIO, were measured by employing conventional iwo point-probe methods [100]. The

vacuum dned samples were compressed to a rigid mass and stored in vacuum desiceators till

the conductance measurement commenced.

The measured conductivity of PANL, CHy-PANI, PANFCH;-PANI, and PANTCH-PANESI O, ware
found to be 1.94x107 &, 3.225%107 8, 2.421x107 § and 1.29x107 & respectively. The measured
conductance of CH3-PANT seems to be higher than that of PANIL This mmight be duc to the presence
of methy] group. Methyl group can rclease electrons to benzene ring and thus can enhance the
eleciron density available for wansitions, resulting higher conduclance of CHi-PANL DBut the
conductance ol the copolymer PANI/CH;-PANI was found 1o be in berween of the individual
polymers In the polymer matrix, conduetive path for the charge carricrs could be modified by the
presence ol the two manomeric units and thus resulis a different electrical conductance as observed
in the piesent study. The conductance of PANI/CIL-PANI/SIO; is again lower than that of the
copolymer PANICH-PANL 'I:his might happen due to the insertion of insulating silica particles in
the copolymer matrix. The decrease in conductivity might be due to the partial blockage of
conductive path by the insulating silica parlicles dispersed in the PANI/CH;-PANI/SIO» matrix,
simmlar decrease in mndﬁctiv{l}f of PANT was also reported by the Zhang e ef [101] when Fe;Oy

nanoparticles were embedded in the polymer.
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D. Scanning Electron Micrascopy

In order to examing the surfuce morpholopy, scanning eleciron microscopy appears to be the
best choice becnuse of its potential for precise analysis of al sohd surface. Chemical
composition and morphological structure of a material stronply depends on the mode of
synthesis, be it chemical or electrochemical, on the synthetic conditions such as pH.
concentration of reactants and products, chemical nature of oxidani, oxidalion polential etc
[102]. Thus, a variety of chemical structure and morphology of a material is possible. ln the
present work, all the polymers were synthesized elecirochemically under different electrolyte
conditions. Flgure 3.2.8 shows the SEM 1mages of {a) PANI, (b} CH-PANI, (c) PANI/CH:-
PANI, {d) PANI/CH-PANESIO;, electrode surfaces. [t can be seen thal & grain-like
morphalogy appears when PANI is prepared electrochemically from electrolytic solution
containing H.SO, and the surface s quite unitormly covered with the PANI fiber, Fibril
morphology for PANI synthesized electrochemically was also reported previously [103]. In
case of CH;-PANI the surface morphology appears to be comnpact by close binding of the
fibrils and grains. The surface unilormity and homogeneity seem to be different compared to
that of PANI. On the other hand, when copolyiner of PANICH:-IPANI was synihesized, s
surlace morphology appears to be rigid solid body like the pieces of stone. The resulting
surface scems to be rather non uniform and the particles are randomly dispersed on the
surface. The composite, PANI/CH3-PANI/SIOy, on the other hand formed f(luke like
morphology, packed together and made the whole surface fully covered with [lakes, The
ST'M obscrvations thus predicled quite dissinular surface morphologies of the studied
samples. The observed dissimilar morphological features of PANI. CH,-PANI, PANI/CH;-
PANI, PANI/CIi;-PANI/SIO; supgests that their cloctrode behavior for electrochemical

processes could be dilferent.

Iigure 3.2.9 shows the SEM mmages of (1) PANL (¢) PP, (f} FANI/PF and {g) PANT/PP/S103;
electrode surfaccs. In contrast to the Nibril morphology of PANI il can be seen from the
surface morphology of PP that the small granules formed on the surface and distributed
randomnly on the surface having different particle size. The present SEM observation for PP
is consistent with a carly work reported elsewhere [104]. On the other hand, when copolymer

of PANI/PP was synthesized, the surface morphology secms lo be uncovered. Only fow
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granules stack on the different location of the surface. This observation suggests the
difficulty in the formation of the copolymer PANI/PP. The surface of thc compositc,
PANI/PP/SIO;, shows a non-uniform but fully covered with the grains. In some places big
deposits of the grains is also observed. This observation clearly suggests that incorporation of
silica has modified the deposition mechanism of the matix. However, the SEM observations
clearly suggest that the surface morphology of the matrices studied iy quile different from

each other and expected o exhibit dissimilar ¢lectrade behaviar,
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Fig. 3.2.8: SEM microgrophs of {u} PANI, (b) CH3;-PANI, (c) PANICH-PANI] npd
{d) PANL/Ci;-PANL/SI0;
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Fig. 3.2.9: SLLM micrographs of of (a) PANI, () PP, {) PANUI/PP
and (g) PANIPP/SIO;
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33 Performance of the Modilied Flectrode

33.1 Electrochemical Doping — Dedoping Proeess

A PAN] Electrode:

The electiochemical behavior, ie. dopine—dedoping procosses, of the PANI film electrade was
examined by cyvelic voltametry in agueons 0.8 M HyS0, solution. For this purpose PANE lfhim was
deposited on the Pt electrode by sweeping the potential three times between the potential -0.2 and 1.0
¥ at a scan rate of 100 mV/Sce. The film thus cosled on to the Pl electrode was washed several times
with distilled watcr and then immersed in an aniline free aqueous 0.8 M H,S0, solution. A Ly pical
C¥ of the PANI film is shown in Fig, 3.3.1. 1t can be seen from the figure that the CV of the present
system s composed of two redox couples. This behavior indicates the proscnee of vailable
cleclroactive region in the PANI film [105]. The result of present CV is identical with a pretious
study suggesting thal the oxidation of the TANI film takes place at the potentials +0.22 V and +0.80
V at which electrolyte anion s doped into the polymer film while the corresponding reductions of the
film take place at +0.03 and +0.74 ¥ where dedoping of the electrolyte anion ocewrs, On SWoCping
the bare Pt electiode (without PANI film) from —0.2 to +1.0 V in 0.8M H;S04, no such praks are
abserved. 'he oxidation and reduction waves are not symmcinical as can be seen in the CV {ig
3.3.1). 1he shape of the two peaks and the difTerence in the peak potcnuals sugweest that the
elecirochemical reaction is quasi-reversible and that there are differences between the reduction and
oxidation kinetics [106]. The redox process of PAN] in agueous H;S04 electrolytic solution may be
interpreted as follows:
(Polymer” X))+ e 5 Polymer® + X~

{(Polymer” X7) is the oxidized polymer obtained through doping process and polymer ”is the 1educed
polymer and X7 is the electrolyte anion (SO,

The redox reaction of the PANI film js accompanied by a color changes. The film appedrs 45 a deep
blue color when the cleeirode potential is reached al +0.22 ¥ and turns to a transparen: greenish-
yellow when 11 15 switched to ~0.2 ¥, The color changes oeewr evenly threughout the film with no
evidence of region with different reactivity, Similar observation for color change with PANI inats

redox process has also been reported previously [107),

B. CII;-PANT Electrode:
Figure 3.3.2 shows the CV of CI:-PAN] Glm (3 cycles) on a platinum elecirode in an aqueous
solution containing 0.8 M H2804. Alike the CV of PANI, the CV of CH3-PANI is also composed of

g
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Fig, 3.3.1: CV of a PANI film (3 cycles) on a Pt electrode in aqueous solufion confaining

0.8 M H;S0,.
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Fig. 3.3.2: CV of a CH3-PANI {ilm (3 cycles) on a Pt electrode in agueous

solution centaining 0.8 M H,;S0..
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two two redox couples. This nature of CV confirms the presence of variable electroactive regions in
the polymer. One couple is +0.24 V (oxidation wave) and +0.15 V (reduction wave) and other one is
+0.57 V (oxidation wave) and +0.54 V {reduction wave). However, it seems from the CV’s of PAN]
and CH;-PANI that the shape of redox waves and their potential are not very similar, This may

suggest dissimilar redox activity between the PANT and CH3-PANI electrodes.

C. PANT/CIL-FANI Elecirode:

A copolymer compound of PANI and CHy-PANI was prepared in order to examine its
eleetrnaclivity. The clectrochemical redox behavior ie., doping-dedaping processes of PANI/CEH ;-
PANT [ilm electrode in an agueous solmtion containing 0 8 M I1250C, is shown in Fig. 3.33. Tha CV
ol the PANIFCH3-PAN! film (3 cycles) is scemed to be identical with PANI and CH3-PANIL The
identical nature of the electrode is reasonable, since in its matrix both the PANT and CH:-PANI
components are present. The redox peaks correspond to polymer oxidation (doping) and reduction

{dedoping).

1 PANT/CIL-PANESIO: Electrode:

Figure 3.3.4 shows CV of the composite clectrode having the structure PANL/CH:-PANI/SIO; (3
cycles) in an aqueous solution containing 0.8 M Ho804. A film of the composite was deposited onto
a Pt electrode. The composite electrode also yielded a pair of redox conples that are identical to the
CV’s of PANI and CH3-PANI This result suggest that even afier incorporating insulating silica
paricles in the composite matrix, it can act as an electrode matrix showing normal oxidation

(doping) and reduction {dedoping) of the polymer component of ihe composite electrode.

E. PP Electrode:

The electrochemical behavior of a PP film deposited on the Pt etectmdc-in an agueous solution
containing 0.1 M LiClO, was examined. A tvpical CV is shown in Fig. 3.3.5. The CV involved
sweeping the potential between -0.2 V and +1.0 V vs SCE at a scan rate of 100 myst. Though any
peak in the CV is not secn but gives a continuous high anodic and cathodic current siggesting thal
there must be some processes that gave the current. The contiruous current could be due to the
charging current of the PP ihat deposited on the Pt electrode surface. PP can be switched berween its
oxidized (conductive) and reduced (insulator) states [108]. The oxidation and reduction of a PP film

can be explained by ihe following redox reaction:
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Fip. 3.3.3: CV of a PANI/CH;3-PANI film (3 cycles} on 2 Pt eleetrode in agucoos

selution containing 0.8 M H.SO.,.
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I 0.2 mA

I | 1 I | I

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 3.3.4: CV of a PANI/CH;-PANV/SIO; film (3 cycles) on a Pt electrode in aqueous

solution containing 0.8 M H,50,,
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Fig. 3.3.5: CV of a PP [ilm (1 cycle) on a Pt electrode in agueous solution containing

0.1 M LiCt0Q,,
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+  yCloy

The oxidation is due to doping of C1O4 into the PP backbone while the reduction is due to dedoping
of ClOy". 1t should be noted here that the anions or cations do not behave as electron donating or
accepting species. In the case of electrochemical doping, the cleetron acceptor or domor 15 the
cleetrode itself. In other words, the oxidation or reduction of the polvmer film at the elecirode results
in the anion or cation doping so as to achieve electrochemicat neutrality in the polymer film. The
obscrved current spectrum ol the CV (Fig. 3.3.5) indicates that the PP film can be doped or dedoped
with C104 at different potentials between -0.2 Vio +1.0 V.

F. PANIAP Electrode:

To examne the clectrochemical doping-dedoping behaviors of the copolvmer PANIPP film
electrode in an aqueous selution containing (0,1 M LiClO; and 0.8 M H,50, voltametry rechnique
was adopted and the corresponding CV is shown in the Fig. 3.3.6. The CV of the PANIPP film {1
cyeic) is almost identical to that of PP. However, the charging carrent for the PANLPP seems to be
higher than that of PP. This might be due to the presence of PANT, which itsclf is highly conducting

and thus can give enrrent during potential sweeping as observed in the CV.

. PANTTT/S10; Electrode:

Fig. 3.4.7 shows the CV ol a 'ANLPP/SiO; composite film (1 cycle) on a Pt electrode in aqueous
solution containing 0.1 M LiCIO, and 0.8 M H,S0Q4. The observed CV resembles to that of the
PANIPP electrode. The nsertion of silica into the polymer matiix scemns not to be made any change
in the CV of the PANIPR/SIQ, composile electrode. Since 5:105 is cleetromactive and henee can not
give any current to result any effect on the CV of the PANI/PP/Si0; electrode. Similar observation

was also reported elsewhere.
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. Fig, 3.3.6: CV of a PANI/LP film {1 cycle) on a Pt electrode in aqueocus selutfion containing
0.1 M LiClO, aund 0.8 M H,50,.
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Fig. 3.3.7: CV of a PANI/PP/SI0; film {1 cycle} on a Pt electrode in aqueons sotation
containing 0.1 M LiCl0y and 0.8 M H;50,.
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3.3.2 Elecirochemical Redox Behavior

Llectrodes are the sites where electrochemical oxidation and reduction take place. For the redox
process, clectrodes play the critical and effective role. Usually noble metals, viz., Pt, Au are utilized
mostly as active electrodes. However, because noble metals are costly and their abundance is limited
and thus effort is given to search for new electrode materials. The conductive polyvmers are the class
of materials which are conductive, casy to prepare and iess costly and thus appeared as polentials
candidates for electrode materials. In the present work, Pt electrode is coated with some polymer,
copnlymer and composite films and different redox processes were than studied by using redox
mediz, such as (] M KyFe{CN)gand 0.01M hydroquinone + 0.1 M Na;SQ, as electrolvics
A one electron redox reaction of ferrous (Fe*™) and ferric (Fe'™), shown below was studied by using
K4Fe(CNJ; as an cleetrolyte solution of concentiation 0.1 M.
Fc®t . e=Fe

On the other hand. the following two electron redox rcaction of p-benzoquinons {Q) and
hydroguinonc (QH,), was studied by using the elecirolyte solution of 0.01 M hydroquinene and 0.1
M Na 50,

Q +2II" + Z¢ = QH,

A, Pt Elcetrode
Figures 3.3.8 and 3.3.9 show the redox behavior of a Pi electrode when switched between twa
potential window in different electrolyle media, The results of two CV’s as shown in Figure 3.3.8-

3.3.9 arc summarized in the following I'able 3.3.1:

Table-3.3.1: Redox behavior of a bare Pt electrode

Electrolyte solution Cxidation Potential (V) Reduction Potential (V)
0.1 M KI'c(CN), +0.44 +0.05
[0.0IM HQ + 0.1 M NS0, +0.60 +0.09

When Pt was used as an electrode, the oxidation of Fe*™ o Fe** occurred at the potential of +(1.44
and reduction occurred at 0.05 V. And for the quinone/hydroquinone system the oxidation poteatial
was found at +0.60 V whereas the reduction potential was at 0.09 V. The redox potentials observed

in this study are in good agreement wilh previous repor.

B. PANI Electrode

Next, Pt electrode was modified by coating its surface with PANI film of different thickness. The
PANI film modified Pt electrodes were then investigated for their redox performance by studying
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Fig. 3.3.8: CV of a barc P't elceirode in an aqueous solufion containing .1 M K Fe(CN);.
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Fig. 3.3.9: CV of 2 bare Pt electrode in an agueous solutien containing
0.01M Hydroquinone + 1.1 M Na;80,.
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oxidation reduction provesses on the modified surface. The same electrolytic media, KiFe(CN)s were
also utilized in these experiments. In modifying the Pt electrodes, the PANI films were
clectrodeposited on the Pt surface from an electrolytic solution containing 0.5 M aniline + 0.8 M
H,80, as described in the experimental section. The observed redox parameters of the PANI
modified Pt electrode as obtained from the Figs. 3.3.10-3.3.15 are given in the following Table-3.3.2:

Table-3.3.2: Redox behavior of PANT clectrode (PANI film was prepared from an agueous
solution containing 0.5 M aniline + 0.8 M H:50)

Elcetrolyte solution Thickness Oxidation Reduction
(No. of cycles) Potential (V) Potential (V)
01 M KyFe(CN)s 1 +0.42 . +(.05

5 - -

10 - R
0.0IMHQ + 1 +0.45 +H.16
0.1 M Na;SOyq 5 - -

10 - -

It can be seen from the result that the oxidation potential of the Fe?*/Fe™ system was slightly lower
(+0.42 V) for the modified PANI electrode than that (+3.44 V) for the bare Pt elecirode but the
reduction potential was quite same for both the electrodes. And for the Q/QHz system, the oxidation
potential is much smaller (+0.45 V) for PANI electrode (han that (+0.60 V) for the bare Fi electrode
but the reduction potential is slightly higher. These observations suggest that on the modified PANI
electrode the oxidation of ferrous and hydroquinone could have been easier compared o that on the
bare P{ electrode. When the thickness of the polymer on the Pl elcetrode was jncreased to 5 eycles or
10 cycles there was no such significant redox peak in the CV which counld be due to the high charge
carrving propertics of PANL The current density became larger and thus the redox peaks could be
suppressed by that continuous current. However, (the eurrent shoulder as observed in the CV for thick
PANI films clearly indicatcs that the coated films retained their electro conducting state though the

film pot thicker.

Further, PANI film was prepared from the organic solvents viz., CH;CN and DMT'. The films thus
coated on the Pt electrode were thus employed for investigating the redox activity of the Fe?'/Fe™
and HyQ/Q couples. The result of redox behavior of the mod: fied PANI electrode as shown in Figs.
3.3.10-3.3.11 and Figs. 3.3.16-3.3.19 are summarized in the following Table-3,3.3:
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Fig. 3.3.10: CV of a PANI ¢lectrode (1 cycle) in an agueguns solution containing
0.1 i1 KyFe(CN)g. PANI film was prepared from an aqueous solution
containing 0.5 M aniline + 0.8 M H,S0,.
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Fig. 3.3.11: CV of a PANI electrode {5 cycles) in an aqueous solution containing
0.1 M K Fe{CN);. PANI film was preparcd from an aqueous solution
contzining 0.5 M aniline + 0.8 M H,S50,,
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Fig. 3.3.12; CV of a PANI electrode (10 eycles) in an agueous selution containing
0.1 M K:Fe(CN);. PANI film was prepared from an agqueons solution
confaining 0.5 M aniline + 0.8 M H,50,. 1
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1'ig. 3.3.13: CV of a PANI elcetrode (1 cycle} in an agucous solution containing

0.01 M Hydroquinone + 0.1 M Nay SO, PANI [ilm was prepared fromp
an zquceeus selotion containing 0.5 M aniline + 0.8 M H,50,.
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Electrode Petential (V)

Fig. 3.3.14: CV of a PANI electrode (5 cycles} in an agueoans solution containing
0.01 M Hydroquinone + 4.1 M Na;SO4. PANI film was prepared from

an aqueous solution containing 0.5 M aniline + 0.8 M H.S0,.
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Fig. 3.3.15; CV of a PANI electrode (10 cycles) in an aqueocus solution containing
0.1 M Hydrequinonc + 0.1 M Na;SO4. PANI film was prepared from

an aqueous solution contaiving 0.5 M aniline + 0.8 M H.50,.
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Fig. 3.3,16: CV of a PANI elcetrode (1 cyele) in an aqueous solution containing
0.1 M K Fe{CN)s. PANI film was prepared from a CH3CN solution
confaining 0.5 M anilinc + 0.1 M LiCIO,.
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Fig. 3.3.17: CV of a PANI electrode (5 cycles) in an aqueous solution containing
0.1 M K Fe{CN);. PANI film was prepared from a CII;CN scolution
containing 0.5 M aniline + 0.1 M LiCl0,,
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Fig. 3.3.18: CV of a PANI clectrode (1 eycle) in an aqueouns solutivn containing
0.1 M KiFe{CN);. PANI film was prepared from a DMF solution
containing 0.5 M anilinc + 0.1 M LiClQ;,
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Fig. 3.3.19; CV of a PANI clectrode {5 cycles) in an aqueous solution containing
0.1 M K4 Fe{CN)s. PANI [ilm was prepared frem a DMF solution
containing (.5 M aniline + 0.1 ¥ LiCl0);.
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Table-3.3.3: Redox behavior of PANI electrode {preparcd from different solvents) in an
aqueous solution containing 0.1 I K Fe(CN}¢

Solvent used for | Thickness Oxidation Potential (V) Reduction Potential (V)
the preparation of | (No. of cycles)

PANI

108 M H;50 +0.42 +(.05
solution in H; O - -

01 M LiClO4 +0.55 -0.07

solution in CH;CN
0.1 M LiClOy
golution in DMF

| —| L] —| LA —
1
]

The resndts show that the oxidation of ferrous to {erric occurred at comparatively higher oxidation
potential and reduction of ferric to ferrous occurred at lower potential when PANI was svnthesized
rom a CH;CN solution containing 0.1 M LiCl0Oy4 [t seems that the ease of the redox reaction
decreased when CH3CN is used as solvent for the synthesis of PANIL The solvent may have some
role in the moirphology of the PANI {iims. Indeed, the PANIL obtained from CILCN looks very hard
morphology compared to that ebtained from aquecus medium. The hard morphology of the polymer
could have elfect on the electron transfor associated with the studied redox processes, When PANI
was prepared from DMF solution there was no sigmificant redox peaks observed even at Jlow or high
thickness of PANT, This may be also duc to the sinular solvent clfcct on the PANT mowphology that
result a difficult electron (ransfer between the Pt and PANI substrates. Floweser, dull current

shoulder is appeared, indicating that the coated {ilms are electro conducting.

C. CH;-PANI Electrode

Clecirode modification was further attempted by changing the polymer to CH3-PANIL In this case.
CH3-PANI was prepared from aqueous sohrtion having different thickoess. The CH3-PAKI [ilm was
dcposited on the bare Pt elecirode electrochemically following the similar procedure as mentioned
for PANL The modified CH;-PANI electrode was thus employed for examining the redox activity of
the systems as discussed bellow,

The result of the redox behavior of the modified CHa-PANI electrode as shown in Figs, 3.3.20-33.25

arc summarized in the following Table-3.3.4:
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Fig, 3.3.20: CY of a CH;-PANI electrode (1 cyele) in an aqueous sclution containing
0.1 M K Fe(CN);. CH;-PANI {ilin was prepared from an aqueons
solution containing 0.5 M toluidine + 0.8 M H.50,.
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Fig. 3.3.21: CV of a CH;-PANI electrode (5 cycles) in an aqueous solution containing
0.1 ¥ KsFe{CN);. CH3-PANI filn: was prepared from an aqueous
solution containing 0.5 M teluidinc + 0.8 M H280,.
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Fig. 3.3.22; CV of a CH3-PANI electrode (10 cyeles) in an agueous snlution
containing 0.1 M K Fe{CN};. CH3-PANI [ilm was prepared {rom

an agqueous selution containing 0.5 M toluidine + L8 M H.50,.
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Fig, 3.3.23: CV of a CIL-PANT clecirode (1 eyclc) in an aqueous solution containing

0.01 M Hydroquinone + 0.1 M Na,$0;. CH;-PANI film was prepared from an
aguecus solution containing 0.5 M toluidine + 0.8 M H,50,.
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Fig. 3.3.24; CV of a CH;-PANI clectrode (5 cyeles) in an agueous solution containing
0.01 M Hydrequinone + .Y M Na;S04 CH;-PANI [ilm wuas prepared from an

aqucous solution containing 0.5 M toluidine + (.8 M H250,,
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Fig. 3.3.25; CV of a CII;-FANI electrode (10 cyeles) in an aqueous solution containing
(.01 M Hydroquinone + 0.1 M Na;80y, CH-PANI [ilm was prepared

from an agueous selution containing 6.5 M toluidine + 0.8 M H.SO,,
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Table-3.3.4: Redox behavior of CH3-PANI electrode {CH3-P ANI Tilm was prepared from
an agueous solution containing 0.5 M o-toluidine + 4.8 M H.S0Q)

Electrolyte solution Thickness {Oxidation Reduction
{Mo. of cycles) | Potential (V) Potenttal (V)
0.1 M KsFe(CN), 1 +0.44 +(0.05
3 +0.43 +0.05
HE +0.62 -0.10
GOIM HG + 1 +0.74 +).14
0.1 M Naz50y 5 +0.71 +0.12
i +0.72 +(L06

It is scen from the table that the oxidation and reduction potential of the Fe?™/Fe’* svstem was quite
similar for the modifted CCH3-PANI electrode comparced to that for the bare Pt electrode and PANI
electrode. When the thickness of polymer on Pt was increased the redox potential occurred at higher
potential showing less spontancity that may be duz to the less chance of injection of electrons
through the thick polymer. On the other hand, for the /QH; systemn, (he oxidation potential is much
hgher for CH3;-PANI electrode than that for the hare Pt electrode or PANI electrode but the
reduction potential is slightly lower. These observations suggest that on the modified CH;-PANI
electrode the oxidation of hydroquinone could have been less spontanecus. Reduction of quinene to
hydrequinone occurred at slightly lower potential suggesting higher tendency of being reduced in
casc of CH3-PANI modilied electrode. When the thickness of the polymer on the Pt electrode was
increased to 5 cycles or 10 cycles there was no such significant change on redox potential. The
difference in the redox potential may anse from the dissimitar chemical functionality of the polymcr.
Since in the CH3-TANT matrix, there exist a —CH5 group in the polyiner chain, the redox process may
be altered due o the functionality of the polymer c¢hain and thus results difference in the redox
potential with Cl13-PANI than PANIL

Next, redox behavier of the CHz-PANI modified Pt elecirode as shown in Figs. 3.3.26 - 3.3.27 was
exarmined. CH3y-PANT film was prepared either from a CH;CN solution containing 0.5 M tolnidine +
0.1 M LaClOy, or [rom a DMF solution containing 0.5 M toluidine + 0.1 M LiClQy, The results are
summarixed in the following Table-3.3.5:
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Fig. 3.3.26: CV of 2 CH3;-PANI electrode (5 cycles} in an aqucous solution containing
0.1 M K Fe{CNYe. PANI film was prepared from 3 CH;CN solution
containing 0.3 M toluidine + 0.1 M LiClDy,

Electrode Potential (V)

Fig. 3.3.27: CV of a CH;-PANI electrode (5 eycles) in an aqueouns solution containing
0.1 M K Fe{{N);. PANI [ilm was prepared from a DMF solution
containing 0.5 M toluidine + 9,1 M LiClO,.
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Table-3.3.5; Redox behavior of Cﬁ;-PAHI electrode in an aguecus solution containing
0.1 M K Fe{CN),;

Solvent used for Thickness Oxidation Potential (V) RFeduction Potential {V)
the preparation of | {No. of cycles)
CHs-PANI

0.8 M H;8(0,

L 5 +(.43 +01.05
solution my HzO
61 M LICIO, 5 ] )
soludion in CILCW
01 M LiCIO4 5 ] ]

solution in DME

The results shows that the oxidation and reduetion of ferrous-ferric system occurred at +0.43 V and
+0.05 V respectively when CHy-PANT was synthesized from an aqueous solution containing (.8 M
IT:50;. Bul when CHi-PANI wag prepared from other solutions such as 0.3 M LiCl0y in CHCN or
G.1 M LiCIO4 in DMF there was no such redoa peaks. Since CH;-PANI films were preparcd from
difterant solvents, the resulted [lm may posscss dissimilar morphological structures, The
morphological structure dominates the redox process involving the transfer of electron among the

redox specics of the system employed,

0, PANI/CIN;-PANI Electrode

Electrode modilication was further attempted involving copolymeric film. A copolymeric film of
PANI and CH3-PANI was prepared electrochemically using the corresponding monomers in the
appropriate electrolytic solutions. The Pt elecirode thus coated with PANI/CH;-PANT was emploved
as the modified electrode to examine the redox activity of the electrode for some selecijve systems,
such as Fe*/Fe’* and H,0/Q) couples.

Redex behavier of the PANFCH:-FANI modified electrode, when PANI/CH-PANI Alm was
prepared from an aqueous solution containing 0.5 M aniline, 0.5 M o-tolwdine and 0.8 M .80, as

shown in Figs. 3.3.28-3.3.33 is summarized in the following Table-3.3.6;
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Fig, 3.3.28: CV of a PANI/CH;-PANI elcetrade (1 cycle) in an agqueous solution
coataining .1 M K ,Fe(CN); PANI/CH;-PANI was prepared from an
aqueous selution: containing .5 M H,S0,, 0.5 M aniline and
0.5 M e-toluidine

129.



Results and discussions

l I I [ [

-0.2 0.0 0.2 0.4 0.7

Elcetrode Potential (V)

Fig. 3.3.29: CV of u PANI/CH;3-PANI clectrode (5 cyeles) in an agueous solution
containing 0.1 M K Fe{CN)s. PANI/CH;-PANI was prepared from an
aqueocus solution containing 0.8 M H.SOy, 0.5 M aniline and
(.5 M o-toluidine.
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Fig, 3.3.30: CY of 4 PANI/CH;-PANI electrode (10 cycles) in an aqueous solution
contzining 0.1 M KyFe(CN)g. PANI/CH;-PANI was prepared from an
aqueous solution containing 0.8 M H,50,, 0.5 M aniline and
0.5 M o-toluidine
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Fig. 3.3.31: CV of u PANI/CH;-PANI clectrode (1 cycle) in an aquecus solution
¢entaining 0.01 Hydroguinone + 0,1 M Na:SOy. PANT/CIL-PAN] was
prepared from an agueeus solution containing 0.8 M H,80,,
0.5 M aniline and 0.5 M o-toluidine '
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Fig. 3.3.32: CV of a PANI/CH-PANI clectrode (5 eycles) in an aqueous solution
containing 0.01 Ilydroquinene + 0.1 M Na;S0y4, FANI/CH3-PAN] was
prepared from an aqueous solution containing 0.8 M H,80,,
0.5 M aniline and 0.5 M s-toluidine.
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Fig, 3.3.33: CV of a PANI/CH;3-PANI electrode (10 cycles) in an aqueous solution
containiug 0.01 Hydroquinene + 0,1 M Na,$0,. PANI/CH;-PANI was
prepared from an aqueous solution containing 0.8 M H,S0,,

0.5 M anilinc and 0.5 M o-foluidine,
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Tuble-3.3.6: Iedox behavior of PANI/CH3-PANI electrode (PANI [ilm was prepared from

&n agqueous solution containing 0.5 M aniline + 0,5 M o-toluidine

+ 0.8 M H,50,)
Electrolyte solution Thickness Oxidation Reduction
{No. of cycles) | Potential (V) FPotential (V)
0.1 M E4Fe{CHN); ] +0.56 +0.04
5 +0.50 -0.07
i0 +3.52 -0.04
0.01M HQ + 1 +0.75 +0.12
(1.1 M Nazs0, 5 +0.50 +0.10
i0 +0.55 +0.10

It can be seen from the resull thar the oxidation potential of the Fe? /Fe system was slighily higher
for the modified PANI/CH;-PANI elcetrode compared to that for the PANE and CH3-PANI electrode.
Il indicates that the oxidation of fermous 1o ferric on the PANI/CH3-PANT coated PL electrode will be
shightly less spontaneous. When the saime redox reaction was carried out with nore thicker fitms,
e.g.. hive, ten cycle films, no change in the redox potential was observed. Agajn, fur the Q/QH;
system, ihe oxidation potential 1s seen to be much ugher for PANFCH;-PANI electrode compared to
that for the thicker films (5 eyele, 10 cyele films), However, the observed result clearly indicates that
copolvmer modihed electrode, both the thin and thick, can be used for perfonming the redox
processes studied. So PANI/CH;-PANI coated Pt electrode can easily be used as a new medified
electrode for such two electron oxidation system. Reduction of quinone to hydroguinonc occurred at
shghtly lower potential suggesting beller electrode activity for the PANI/CH;-PANE modified
electrode compared 1o bare Pt electrode. When the thickness of the polyimer on the Pt electrode was

incressed 10 5 eycles or 10 eycles no significant change on redox potential was observed.

K. PANI/CH:-PANI/SIO; Electrode

Llectrode modiflication was also performed with copolymer-inorganic oxide compositz film. A
polymeric composite film of PANI/CH;-PANI/SIO; was prepared by an elecirochemical means. The
composite [ilm was then coated on the Pt electrode as before and the film was used as the electrode

modificr to study the redox behavior of some systems discussed bellow:

To examine the electrochemical redox behavior of the PANLCH;-PANLSIO: modified composite
electrode bath in Fe**/Fe™ and Ha(Q/Q system voltametry technigue was adopted as before. The
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typical C¥V’s arc presented in Figs. 3.3.34 - 3,3.39 and results are summarized in the following
Table - 3.3.7:

Table-3.3.7: Redox behavior of PANI/CHy-PANI/SEO; electrode

Efectrolyte solution Thickness Cxidation Reduction
(No. of cycles) Fotential (V) Potential (V')
0.1 M KyFe{CN); 1 +0.40 +(1.04
5 +0.46 +0.02
10 +0.50 -0.06
Q.0IM HQ + 1 +0.68 +0.10
0.1 M NaS0y 5 +0.51 12
10 +0.54 [ +0.10

The result shows that the oxidation potential of the Fe''/Fe' system is slightly lower for the
modified PANI/CH;-PANISIO; electrode compared to that for the PANI/CH3-PANI coated Pt
clectrode. It indicates that the oxidation of ferrous to ferric on the PANI/CH3-PANI coated Pt
electrode would be slightly easier in this case. When the thicker film electrodes were emploved.
there was no such change in their redox potential. For the Q/QH, system, the oxidation potential is
also slightly lower when PANVCH;3-PANISIO; films coated on the Pt electrode campared (o that for
the PANFCH3-PANI electrode. The CV’s showed slightly higher oxidation potential for the thin film
{1 cycle) compared o that for thicker onc (5, 10 cycle films). It indicates that when the thickness of
the composite on the Pt electrode was incrcased oxidation occurred more easily. Reduction of
quinone to hydroquinone occurred in this case almost at the same potential for the PANI/CHA-PANIT
niodificd electrode. When the thickness of the polymer on the Pi electrode was increased to 5 cyeles

or 10 cycles there was no significant change on redox potential.

F. PP clecirode

Polypyrmole is known to be an excclient conductive polymer having heteroatoms in the monomer
unit. Its use as an electrode material is well addressed by many previous workers, In this work,
attempt was also made to modify Pt clectrode by coating with a PP {ilm onto its surface. PP film was
deposited electrochemically onto the Pt substrate from an appropriate clectrolytic solution. The Pi
electrode thus modified with the PP filin was then utilized to access the redox behavior of the coupls
Fe™*/Fe® and HoQ/Q.
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Fig, 3.3.34: CV of a PANT/CH;-PANF/SiO; electrode (1 ¢yele) in an agueous solution
containing 0.1 M K,;Fe{(CN}q,
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solution containing 0.1 M K;Fe{CN);.
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Fig. 3.3.36: CV of a PANV/CH;3-PANI/Si0; clectrode {10 cycles) in an agueous
solution cantaining 0.1 M K Fe(CN)q.
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Fig. 3.3.37: CV of a PANT/CH;-PANI/SiOs electrode (1 cyele) in an aguecus solution
containing 0,01 Hydroquinone + 0.1 M NazS0,,
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Fig. 3.3.38: CV of a PANI/CH3-PANL/8i0; ¢lectrode (5 eycles) in an agueous
solution centaining 0.0F Hydroquinone + 0.1 M NS0,
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Fig, 3.3.39: CV of a FANI/CH;-PANL/SiO; clectrode (10 cycles) in an aqueous
solution containing 0.01 M Hydroguinone + #.1 M Na50..
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Redox behavior of the modilied PP coated Pt electrode, when PP film was prepared from an agqueous
solution comntaining 0.5 M pyrrole and 6.1 M LiClO, are shown in Figs. 3.3.40 - 3.3.41 and the

resnults are snmumarized in the Mollowing Table-3.3.8:

Table-3.3.8: Redox behavior of PP clectrode

) Thickness Oxidation Reduction
Electrolyle solulion ) )
{No. of cycles) DPotential £V} Potential (V)
(0.1 M K4Fe{CN), i +(1.42 +0.07
0.01M HQ +
1 +0.51 +013
0.1 M Naxs0,

It can be scen from the results that the oxidation potential for the oxidation of ferrous to ferrie was
slightly lower (10.42 V) for the modified PP coaled Pt electrade than that (+0.44 V) for the bare Pt
electrode but the reduction potential was slightly higher in the case of PP electrode. And for the
(J/QHz system, the oxidation potential is much smaller (+0.51 V) for PP electrode than that (+0.60
V) for the bare I't electrode but the reduction potential is slightty higher. These observations suggest
that with the modified PP clectrode, (he oxidation of ferrous and hydroguinone could have becn

easier compared to that on the bare Tt electrode.

(s, PANI/PP Electrode

Then a film of copolymer comprising PANI and PP was synthesized electrochemically and coated as
before onto the bare Pt clectrode to use the coated electrode as a modifier in analyzing the redox
behaviors of the couples Fe*/Fe®* and Ha0/Q in agueous medium. Redox behavior of the PANIRP
coated Pt electrode, when PANI/PP [1lm was prepared from an aqueous solution containing 0.5 M
anitine, 0.5 M pyrrole, 0.1 M LiClOy and 0.8 M H,50, arc shown in Figs. 3.3.42 - 3.3 43. The

results are swnmarized in the following Table - 3.3.%:
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Fig. 3.3.40: CV of 2 PP clcetrode (1 eyele) in an aqueons solution containing
0.1 M K4Fe{CN);. PP’ [ilm was prepared from an agueous
solation containing 0.5 M pyrrole and 0.1 M LiCIO,,
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Fig. 3.3.41: CV of a PP clectrode (1 eycle) in an agueous solution containing
0.01 M Hydroquinone + 0.1 3 Na:SOy. PP [ilim was prepared from an
aqueous solution containing 0.5 M pyrrole and 0.1 M LiClLO,.
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Fig, 3.3.42: CV of a PANI/PP elcctrode {1 eyele) in an aqueous solution containing
(.1 % KyFe{CN),. PANI/PP [ilm was prepared from an agqueouns

solufion containing 0.5 M aniline, 0.5 M pyrrole, 0.1 M LiClO,
and 0.8 M H,50,.
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Fig. 3.3.43; CV of a PANI/PP electrode {1 cycle) in an agnecus sclution containing
0.01 M Hydroquinone + 0.1 M Na;SO,. PANI/PP [ilm was prepared
from an aqueous solution containing 0.5 M aniline, 0.5 M pyrrole,

0.1 M LiCI10O, and (.3 M H,80,.
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Table-3.2.9: Redox behavior of PANLTP clecirode

Electro Oxidation Potential (V) Eeduction Potential {V)

Iyte solution | Bare It | PANI PP PANL/PP | Bare Pt | PANI PP PANLPP
electrode | electrode | electrode | clecirode | electrode | electrode | electrode | elecirode

0.1M +0.44 +(.42 +0.42 +0.57 +(.03 +0.05 +0.07 -0.01

KaFe{CNJg

0.0iM HQ | +0.60 +0.49 +0.51 10151 +(.09 +0.16 0,13 +317

+0, 1M

NaS0,

It can be observed from the result that the oxidation potential of the Fe*'/Fe” couple was much
higher {or the modified PANI/PP clectrode compared to that for the modified PANT and PP coated Pt
elcetrode [t indicates that the oxidation of ferrous to ferric on the PANICH,-PANI coated Pt
electrode will be harder. But for the Q/QH; system, the oxidation potential is much lower for the
modified PANI/PP cleetrode compared to others. The reduction potential of the copolymer electrode
is Jower in the case of Fe'/Fe® system but higher in case of the Q/QH> system. So it can be stated
that TANI/PP coated Pt clectrode can easily be used as a new modified electrode for such two
eleciron oxidation systern because both oxidation and reduction ¢an happen within a small range of

potential.
I1. FANIPP/SiI0; Electrode

The matrix PANIPP was further modified by dispersing Si0; in it. The resulted compositc matrix
PANI/PP/SIOz was then coated onto the Pt surface to use the composite {ilin as an clectrode
modifier. The details of the preparation PANI/PP/SIO; composite has been discussed clscwhere in
the experimental section. Redox behavior of the PANIPP/SIO; coated Pt electrode is shown in Figs
3.3.44 - 3.3.45. The obscrved results are summarized in the following Table-3.3.10:

Table-3.3.10: Redox behavior of PANI/PP/SIQ; electrode

] Thickness Oxidation Reduction
Electrolyte solution ) i
{No. of cyeles) Potential (V) | Potential {V)
0.1 M K4Fe(CN)4 1 +0.44 +(.04
DOIMHQ + i +0.55 +0.16
0.1 M NaaS0, ) '
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Fig. 3.3.44; CV¥ of a PANE/PPI/Si0; electrode (1 eycle) in an agueous solution
contzining 0.1 M KyFe(CN)..
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Fig, 3.3.45: CV of 3 PANVPP/SIO; clectrode (1 cyele) in an aqueous solution
containing 0,01 M Hydroguinone + 0.1 M Na,S0,.
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Using PANLTT/SiO; modilied electrode, the results show a lower oxidation potential {or the
ferrous/ferric  system  but  slightly  higher for the two clectron  transfer  oxidation
quinonc/hydroquinone system. The reduction potenhal was found al slightly igher valoc for
Fe?'/Fe’" system for the modified PANUPP/SIO; coated Pt electrods than that for the PANLPP

electrodes.

I PABA Flectrode

PABA is one of the less studied conducting polymers. However, PABA was utilized in this work to
modify the Pt clectrode and the electrode thus modified was then used 1o contro] the redox processes
for the Fe™'/5e¢® and HaQ/Q couples. Redox behavior of the modified PABA ceated Pt electrode,
when PABA 11lm was prepared from an aqueous solution containing 0.5 M 2Z-amino benzoic acid
and cone. Hy8Oy, as shown in Figs. 3.3.46 - 3.3.48, The results arc summarized in the following
Table - 3.3.11:

Table-2.3.11: Ledox behavior of PABA electrode

. Thickness Oxidation Reduction
Etectrolyte solubon . .
{No. ol cycles) Potential {¥}) Potential (V)
1 +0.50 -0.09
0.1 MK4Fe(CN)s 5 +0.47 +0.05
10 +.45 -0.06

The result shows (bat the oxidation potential for the oxidation of ferrous to ferric was slightly higher
(+0.50 V) for the modified PABA coated 't electrode than that (+0.44 V) for the bare Pt electrode
but the reduction potential was slightly lower in the case of PABA electrode, So the range of
potential that have to apply for this redox reaction somehow increased. When the thickness of the
PADA was increased oxidation occurred at more or less in the simitar potential range. These
observations suggest that the PABA can be used as a modified etectrode to study the redox couple
Fe*"/Fe'™ in agueous solution. The present study also demonstrate that the less studied PABA could
be an efficient modifier and able to act as high as those of well studied conductive polymers like
PANIL PP etc.
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Fig. 3.3.46: CV of a PADA electrode (1 cyele} in an agueous sclution containing
0.1 M KyFe(CN)s. PARA film was prepared from an aguecus solution

containing 0.5 M 2-amino benzoic acid and conc. H.S0O,, O
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Fig. 3.3.47: CV of a PABA electrode (5 cycles) in an aqueous solution containing
0.1 M K;Fe{CN)e. PABA film was prepared from 2n aqueons solufion
containing 0.5 M 2-amino berzaic acid and canc. H,50,.




Results and discussions

-0.2 0.0 0.2 0.4 0.7

Electrode Potential {V)

Fig, 3.3.48; CV of a PABA electrode (10 cycles) in an aqueous solution containing
0.1 M K Fe{CN)e. PADBA Olm was prepared from an aquegus solution
containing 0.5 M 2Z-amino benzoic acid and cone, H;80,.
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J. FANI/PABA Electrede

Study with PABA was further extended by preparing a copolymer with PANI. The copolymer
PANI/PABA film was synthesized electrochemically and deposited onlo a Pt substrate tollowing the
same procedure mentioned carlier, The resulting PANI/PABA film was then used as modified
eleetrode and analyzed the redox behavior for the Fe?'/Fe™ and Hz(/Q couples. Redox behavier of
the modified PANI/PABA coated Pt clectrode, when PANVPARA film was prepared from an
aqueous solution containing 0.5 M aniline, 0.5 M 2-amino benzoic acid and concentrated
H350)4, are shown in Figs, 3.3.49 - 3.3.51. The observed features are summarized in the following
Table-3.3.12:

Tab}c-2.3.12: Redox behavior of PANITABA electrode

) Thickness Oxidation Reduction
Electrolyte solution ] )
(Mo. of cycles) Potential (V) Potential (V)
i +0.45 +0.06
0.1 M Eyglie{CN}; 5 _ -
10 - -

It is observed from the result that the oxidation potential of the Fe?*/Fe’! system was slighthy lower
for the modificd PANI/PABA clectrode (1 cycle) compared to that Tor the modificd PABA coated Pt
clectrode. It indicates that the oxidation of ferrous o femric on the PANI/PADA coated P1 electrode
will be easier than this exidation on PABA electrode. The reduction of ferric iom to ferrous jon
happened at comparatively less negative potential, So it can be stated that PANI/PABA coated Pi
electrode can easily be used as a new modilied electrode for such one eleetron onidation Syslems
because both oxidation and reduction can happen at the lower potential. However, on thickening the
copolymer film the redox response could hardly be obscrved on the PANLITABA flms {3, 10 cycle
thick).

K. CHa-PANI/PABA Electrode

Attempt was also made to synthesis a copolymer of CH3-PANIPABA by adopting the same
electrochemical means and to coat a Pt surface with the film of the copolymer for its use as modified
electrode to detect redox responscs of the Fe™/Fe’* and HaQ/Q couples. Redox behavior of the
modificd CH;-PANI/PABA coated Pt electrode, when CH;-PANI/PABA film was prepared from an
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Fig. 3.3.49: CV of a PANI/PABA electrode (1 cycle) in an agueous solution containing
0.1 M K,Fe(CN)s PANIPADA film was prepared from an agqueous solution
containing 0.5 M aniline, 0.5 M 2-amino benzeic acid and 0.8M H,SO,.
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Fig. 3.3.50: CV of a PANIPABA electrode {5 cycles) in an aqueous solution
containing 0.1 M K Fe(CN);. PANI/PABA {ilm was prepared from
an aqueous solution containing 0.5 M aniline, 0.5 M 2-amino

benzoic¢ acid and 0.8M H,S0,,
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Fig. 3.4.51:
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CV of 1« PANI/PABA cleetrode (10 cycles) in an aqueous solution
containing 4.1 M K Fe{CN);. PANI/PABA film was preparcd from an
aqueous solution containing 0.5 M aniline, 0.5 M 2-amino benzoic
acid and 0.8M H,50,.
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aqueous 0.8M H,80, solution containing 0.5M e-toluidine and 0.5M 2-amino benzoic acid,
are shown in Figs, 3.3.52 - 3.3.54, The resuits are summarized in the following Table - 3.3.13:

Table-3.3.13: Redox bebhavior of CH;-PANI/PABA electrode

) Thickness eeidation Reduenon
Electrolyte solution . .
{No. of cycles) Potential (V) Patenual (V)
1 +0.41 +0.036
0.1 M K4Fe(CN)4 [ +0.41 +§.08
| 10 +(.45 +0.02

It can be seen from the table that the oxidaiion of the Fe*! accurred at sli ghtly lower potential when
the modified CHy-PANIPABA electrode was used instead of PANI, PADBA or PANI/PABA
clectrode. So among the modified clectrodes studied, CH3-PANI/PABA coated Pt electrode 5CCMy to
be suitable for the oxidalion reaction of ferrous ion. The reduction potential of Fe’ for CHs-
PANI/PABA is identified with that of the PANIPARA and less negalne than PABA electrode. So it
can be stated that CH;-PANI/PABA coated Pt electrode can castly be used as a useful electrode
modifier for ane electron oxidation systems because both oxidation and reduction can happen within
a small potential window. Furthermore, the CH;-PANIPABA film seems to be redox responding
even Hs thickness got increased to 3 or 10 evele thick, This might open an opportunity to {ubricate
organic modificd electrodes having 3-D orientations and should have application in ¢leetronics and

opto-clectronic sensing deviees.
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Fig. 3.3.52: CV of a CH;-PANI/PABA electrode (1 cycle) in an aqueous solution
containing 0.1 M K,Fe(CN);. CHy-PANI/PABA Glm was prepared from
an aqucous 0.8M H,S0, selution containing 0.5 M o-toluidine and

(.56 2-amino benzoic acid.
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Fig. 3.3.53: CV of a CHy-PANI/PABA electrode {5 cycles) in an aqueous solution
containing 0.1 M K, Fe{CN)¢. CH;-PANI/PABA [ilm was prepared from

an aqueous 0.8M H,S0, solution containing 0.5 M e-toluidine and

{.5M 2-amino benzoic acid.
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Fig. 3.4.54: CV of a CIL-PANI/PABA clectrode (10 eycles) in an aqueous solution N
containing 0.1 M K EFe{CN). CH;-PANI/PABA Ffilm was preparced from q
an aqueous 0.8M H,80, solution containing 0.5 M o-toluidine and

{.5M 2-amino benzoic acid.
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Conclusion

3.4 Conclusion

T, Vs ;
route for the preparation of conductive

Simple clectrochemical method provides a
fnly:neric film on a working Pt electrode. The films of co-polymer and its composites with
Si0 were also found to be prepared with the clectrochemical technique. The polymeric films
thus preparcd were sufficiently free-standing and adhere to the Pt electrode. The free-
standing It coated polymeric electrodes were found to be good to use as modified electrode

lo carry out some standard redox processes.

UV-Vis and IR spectra of electrode matrices confirmed the presence of conducting polymeric
component and §i0; In the matrices studied, The conductivity of the matrices were measured
by a two poinf-probe technique. The conduclivity of the studied sampies were found 1o be
comparable with that of the conventional inorganic semiconductors sugpesting that these
material can be used as elcctrode like the conventional semiconductor. The morphology of
the electrode surface were invesiigated. Formation of polymer, co-polymer and composite
matrices results dissimilar surface morphologies for each. The dissimilar surface s Very
significant in performing any surface processes on it. Indeed, these polymeric matrices were

ciployed as electrode surface in the present work.

The polymeric electrode matrices showed good electro activity both in aqueous and non
aqueous solvent. The voltunetric teatures confirmed that these polymeric electrodes can be
switched between doped (conductive) to dedoped (insulating) states with concomitant color

change. This result suggests their potential use as the new electrode materials.

ITh:: cleclroactivity of the polymeric matrice were found to be suitable in performing some
redox reaction on their surfaces. The redox reactions for the couple Fe™ / Fe'” and H,Q) /()
were successfully performed on the polymeric electrode surface. The anodic and cathodic
processes involved in these redox reactions were comparable to that performed on the noble
Pt metal surface. Thus, it may be concluded that modification of metal electrode with the
condugting polymeric components resulls in a new class of clectroactive electrode system

which is work friendly both in agucous and non-aqueous media of an electrochemical

systemn. The critical electrochemical conditions hardly afféct the surface of the polymeric '
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clectrodes to resull any deactivation.
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