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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
some standard electrochemical redox processes on thelf surfaces .

PI electrode was modified with the films of
i) conducting polymers, viz., PANI, CH3-PANI, PABA and PP
Ii} conducting copolymers, viz., PANII CH3-PANI, PANI/PP, PANI/PABA
iii) polymeric composites, viz" PANI/CH3-PANIISiO" PANI/PPI$I02

The film of conducting polymers, copolymers and the composites were prepared
by the simple one step electrochemical means. Corresponding monomer(s),
inorganics were kept III electrolytic solutions and deposited a polymeric film onl0
the PI substrates either by sweeping the polentials or by constant potential mode.
The film thus grown onto the Pt surface were free-standing depending on lhe
thickness of the deposit grown.

The modifier matrices were characterized by a wide range of experimental
techniques including UV-Vis and IR spectroscopy, d c. conductance and
scanning electron microscopy. IR spectral analysis Yielded 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 another band in the VISible region that are attnbutable for conductive
polymeric 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 surface morphology of the modified
electrodes was examined. The matrices showed diSSimilar surface morphology
from granular to fibril. The dissimilar surface morphology showed different
electrode activity of the matrices.

The electrode matrices thus modified were found to be electroactive both in
aqueous and non-aqueous solvents The polymeric electrodes in the appropnate
electrlytlc media exhibited doping-dedoping phenomenon corresponding to the
polymeric oxidation-reduction processes, respectively, ThiS result indicates Ule
charging-discharging capacities of modified electrodes,

The electrolytic matrices were then used as modified electrode. The redox
processes Fe2' --+ Fe" + e' and H20 --+ 0 + 2H' + 2e' were performed on their
surfaces The modified 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 presenl study clearly revealed that conducting copolymer
modified electrode could be a good replacement lor the costly noble Pt eleclrode
In terms of cost, availability and ease of techniques for preparation and
application in a real system.
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A. Design of Electrochemical Techniques

- !tl/rodlldion

Electrochemistry involves the study of spontaneous that

generate all electrical current and the study of non-spontaneous oxidatioll-redllction reactions

that arc forced to occur by the passage of an electrical clirrent. In both cases, the conversion

between chemical and electrical energy is carried out by electrochemical celL The

arrangement of un c1ectrochclllical cell is briefly discussed below:

i) Electrochemical cell: The electrochemical cell consists primarily of the electrodes and the

electrolyte. assembled in a compartment. COJlUllOIlly a glass fTit, separator, or memhrUl1C may

be incorporated to isolate the anolyte from the catholyte. Three electrodes are commonly

employed: a working electrode that defines the interface under study, a reference electrode

which maintains a constant reference potential, and a counter (or sccondary) electrode which

supplies the current. Thc cell must be desih'TIedso that thc experimental data are determined

by the properties of the rcaction at the working electrode.

ii) Working electrode: Desih'll of working electrodes is diverse. Most collullonly the working

electrode is a small sphere, small disc, or a short wire, but it could also be metal foil, a single

crystal of semiconductor or metal, an evaporated thin film, or a powder as pressed discs or

pellets. An essential feanlre is that the electrode 'should nOIreact chemically Wilh the sohent

or solution components. In principle, the electrodes can be large or small, btlt there arc

commonly experimental reasons why lhe electrode area should be relativdy small

«0.25 em'). Moreover, it should prcferably be ~mooth, as the geometry and mass transport

are then better defined. Wide ranges of solid materials are used as electrodes, but the most

common 'incrt' solid electrodes arc lead, vitreons carbon, gold and platinum. In order to

obtain consistent results with solid electrodes, it is important to establish a satisfactory

electrode pretreatment procedtlre that ensures a reproducible state of oxidation, surface

morphology and freedom from adsorbed impnrities. Electrodes are polished on cloth pads

impregnated with diamond particles down to 1 f-lmand then with alumina of fixed grain size

down to 0,05 pm.
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iii) Counter electrode: The purpose of the counter electrode is to supply the ClUTentrequired

by the working electrode without in any way limiting the measured response ofthe cell. It is

essential that the electrode process is decomposition of the electrolyte medium or

oxidatiorrlreductionof a component of the electrolyte so that current flows readily without

the need for a large ovcrpotentiaL

The counter electrode should not impose auy characteristics on the measured data, and in

conscqucncc it should have a large area compared to the working elcctrode. Moreover, as

also noted above, its shapc and position are important since these deterrnille whether the

working electrode IS an equipotential surface, and consequently it is preferable to avoid a

separator in thc ccll.

iv) Reference electrodes: The role of the reference electrode is to provide a fixed potential

which does not vary during the experiment (e.g. it should be indepClldentof current density).

In most cases, it will bc necessary to relate the potential of the reference electrode to other

scales, for example to the norma! hydrogen electrode (NHE), the agrced standard for

thennodynamic caleulations.

In potentiostatic experiments the potcntial bet\vecll the working electrode and reference

electrodc is controlled by a potentiostat, and as the reference half cell maintains a fixed

potential, any change in applied potential to the cell appears directly across the working

el~ctrode-solution interface. The reference electrode serves the dual purpose of providing a

thennodynamic reference and also isolates the working electrode as the sy:;temunder study.

In practice, however, any mea,uring device must draw Cllrrentto perfoml the measurement,

so a good reference electrode 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 potcntia! and

that it is not substantially polarized during thc experiment. Hence it is common to use the

highly convenient aqueous saturated calomel electrode (SeE) in many cxperimcnts in all

solvents. Even so, a very wide range of reference electrodes have bcen used in non-aqueous,
solvents.
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Potential of some common reference electrodes are listed in Table I.] .1.

Tablc - 1.1.1 Potential of somc typical reference electrodes in aqueous solutions at

298K

Conuuon name Electrode composition Potential!
V vsNHE

SeE Hw'Hg2Ch, sat KCI +0.241
Calomel H, H ,CI2, I mol dm" KCl +0.280

Mercurous sulphate HglHg2S04, sat KJSO~ +0.640
HglH&SO., 0.5 mol dm"3H,SO. +0.680

Mercurous oxide. HglHgO, I mol dm-' NaOH +0.098
Silver chloride Ag/AgCI, sat KCI +0.197

A great deal of modem electrochemistry is carried out in non-aqueous 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 Agi Agel or Ag/Ag-.

v) The elec/I'OI}1icsolution: The electrolytic solution is the medium between the electrodes

in the ccll, 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, etc.

The supporting electrolyte is used (a) to 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 uiliform current and potential distribution, and to reduce the

power requirement on the potentiostat), and also to miJlllllise the potential error due to the

uncompensated solution resistance. \Vith appropriate precautions, electrochemical

experiments are possible in almost any medium. Table 1.].2 lists some widely used media.
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Table 1.1.2, Common solvents lind media for electrochemical experiments,

1 Water

Aqueous solutions of many salts and/or complexing agents at various pH Buffered

and unbuffered media,

2 Other protonic solvents

e.g acetic acid, ethanol, methanol, liqL1idHF

J Apl'otic solvents

e,g, acetonitrile, dimethylformamide, dimethylsulphoxide, 5ulphur dioxide, ammonia.

propylene carbonate, tetraltydrofuran. Many studies LISea5electroly1esR.,N~X-, R= CHJ,

C!H.<or C4H9,X= Cl04-, BF4',PF6', or halide ion. Media difficult to buffer.

4 Mixed solvents

Pal1icularlymixtures of water with ethanol. acetwnitrile, etc Again, these media may

be buffered or unbuffered, containmuny electroly1es,etc,

5. Molten salt5

e,g. NaCl, KCIiNaCI/LiCIeuteeties etc.

Electrode reactiOllS can be extremely sensitive to Impurities in the solution; for example,

organic species are often strongly adsorbed even at 10.4mol dm.3 bulk concentratIon from

aqueOll5solutions. Hcnce salts should be ofthc highcst available purity and/or rccrystallised,

solvents should bc carefully purified, and solutiollS must be carefully deoxygenated.

Purification and drying of nOll-aqueous solvents havc been described elsewhere [1. 2J in

some detail.

vi) Instrumentation: The electrochemist's armoury is based on electronic apparatus designed

to contro1!measure the charge passed (coulostatiinleb'Tator), current (galvanostatiCUITCllt

follower) and potential (potentiostatlhigh impedance voltmeter) in an electrochemical cell.

Potentiostar __The potcntiostat is a device for controlling the potcntia! between the working

electrode and the reference electrode at a fixed and selected potential (commonly we also

wish to programme this potential with time).

5
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Galvanostat: The simplest way to obtain a constant currcnt is to apply a voltage from a low

output impedance voltage sources across a large resistor in series with the cell, The current

will be givcn by thc ratio E,,/R (provided resistance R is very large compared with the

impedance of the cell).

B. Processes at Electrode Surface

A solid conducting materials must be present to provide tile site for each electrochemical

reaction. Tllese lJlatcrials are called electrodes. The electrodes at which oxidation occurs is

termed 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 to or from a surface, generally a metal or a semiconductor, The

electrode reaction may be an anodic process whereby a species is oxidised by the loss of

electrons to the electrode, e.g.

2 H,O - 4e- ---+ 0, + 4W

Ce'- - e- -, Cc'-

2eT - 2e- ---+ Ch

Pb+ SO,l- - 2e- ---> PbSO,

2AI + 3HlO - 6e- ---+ Al,O, + 6H'

1.11

I , I ,2

I , ] .3

1,1.4

LIS

By convention [3J, the current density, J , for an anodic process is a positive quantity.

Conversely, the charge transfer may be a cathodic reaction in which a species is reduced by

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

F,. - F'"e +e ~ e

2H,0 + 2e- -, l'b + 201-1
PhO, + 4H' + 50,-+ 2e- -> PbSO, + 2H,0

2eft, = CHCN + 2H,O + 2e- ---> (CH,ClhCNh + 2011

1.16

l.1.7

118

1.1.9

1 1.10

and the current dcnsity for a cathodic proccss is a negative quantity. The diversity of

electrode reactions can already be seen from Equation (1. 1.1.- 1.1.10): the electroactive

species may be organic or inorganic, neutral or charged, a species dissolved in Solulion, the

solvent itself, a film in the electrode surface, or indeed, the electrode materials
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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 type of electrode reactions are also illustrated in Fig. 1.1, I.

Electrolysis is only possible in a 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 allhe anode must be equal.

ii) JUass transport: In general, in electrochemical systems, it is necessary to consider three

modes of mass transport; namely,

(a) Diffusion: Diffusion is the moveme11l ofa species down a concentration gradient. and it

must occur whenever there is a chemical change at surface. An electrode reaction COllyerts

starting material to product (O->R), and hence close to the electrode surface there is always a

boundary layer (up to 10-2 em thick) in which the concentrations of 0 and R are a function of

distance from the electrode surface. The concentration of a is lower at the surface than in the
bulk, while opposite is the case for R, and hence a will diffuse towards and R away from the
electrode.

(b) Migration: Migration is the moment of charged species due to a potential gradient, and it

is the mechanism by whieh charge passes through the electrolyte; the current of electrons

through the extemal circuit must be balanced by the passage of ions throllgh the solution

ber..'een the electrodes (catiollS to the cathode and anions to the anode).
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Fe"

(a) SImple dcclmn Iraffifer
Fe"+ e __ F.'.

.j.
c~,o" CI -

"' SolutIOn
Electrode

o

(e) gil' evolution
eg 2CI-.2.- ..•.•C1,

Ele<-irudc
___ Deposlt

gro\\th
Cu
layer

(b) metal deposiuon
e,g,Cu" + 2e'-- Cu

,~
., "'" SolullDn

,. "
"" Fe"

(d) corrosion
e.g Fe - 2.- ..•.• Fe'-

,\ Solulion
AI"

AO "\:.Ekclmdc

AI,O,l
r .""

Fketmde

;
CH'~Cll- 0:

Solllt;OTI

~
;ntermedl3lee HO- PfOudc15

(c) o~ldc 111mrO"'''\I[Oll
2AI+3HoO-6e __ Al,O, +6H> (f) eleC!fOTIuJI\5fer with coupl,d

chemist,,'
2CHo ~ CH - CN + 2H,o ~ Ie"

•••.•(CH, - CH, -eN), + 2OH'

Fig. J .1.1: S(hem»ti( view of some t).p~.Iof ~l~(trode reactions
met in applied and fundamental el~ctrochemistry.
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It is, however, not necessarily till important form of mass transport for the electroactive

species even if it is charged, The forces leading to migration are purely electrostatic, and

hence the charge can be carried by any ionic species in the solution. As a result, if the

electrolysis is carried out with a large excess of an inert electrolyte in the solution, this

carries most of the charge, and little of the electroactive species is transported by mib'TatioIl.

(c) Convection: Convection is the moment of a species due to mechanical forces. It can be

eliminated, at least on a short timescale (it is difficult to eliminate nahlral convection arising

from density difference on a longer time, .i.c.> lOs) by carrying out the electrolysis in a

themlOstat ill the absence of stirring or vibration. In industrial practice, it is mucll more

common to stir or agitate the electrolyte or to flow the electrolyte through the cell. These are

all fiJrms of forced convection and, when present, they have a very large influence on the

current density,

1.2 Some Important Electrode Materials

A. Metals

Metals are crystalline solid material, consist of metal atoms distributed in a deflllite pattern

resulting from their close packing, The types of close packing arrangement depend lIpon the

size and electronic configuration of the atoms involved in the formation of crystal lattice.

Since the metal atoms are all in direct contact with one another in the lattice and their valence

electrons are in identical energy states, it is believed that the electrons are free to mib'Tate

between atoms. Metal atoms have an excess of low energy orbital vacanCies. These '-acancies

enable valence electrons to move from near a certain nucleus to near any other nucleus where

their position remains indistinguishable from the rust. Thus, metals may be pictured as a

collection of positive atomic cores embedded in a fluid of electrons or sea of electrons. For

this fluid, of elcctrons, metals are good conductors of electricity and heat. Metals have

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

Metals have simple crystal lauices s)nce metallic bonding envisages closest packing of

atoms-one layer above another. Metals may have any system of seven common crystal

systems. Fe, Cu, AI, Ag, Au etc are the most common metals which are very useful to ns.

9
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B. Semiconductors

Semiconductors arc special kind of materials which have the properties of semi conductivity,

an electrical property of materials, A relatively small group of elements and compounds have

an important electrical properly, semicondllction, in which they are neither good electrical

conductors nor good electrical insulators. Instead, their ability to condue! electricity IS

iJltenl1ediate. Si, Ge, impure ZnO, impure NiO are some examples ofsemicondlle!ors.

The mah'llitude ofconductivit> in the simple semiconductors fall within the range 10-"to 10,1

n ~j em-I. This intermediate range corresponds to hand gaps of less then 2 e\'. Both

conduction electrons and electron holes are charge carriers in a silllple semicondllctoL

In a semiconductor element, the energies of the valence electrons, which bind the crystal

together, lie in thc highest filled energy band, called the valence band, The empty band

above, callcd 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 energy zone is characteristic of the

lattice alone and varies widely for different crystals_

The transfer of an electron from thc valence band to the conduction band requires high

excitation cnergy to o,ercome the potential barrier of the forbidden energy zone.

Consequently, such elements behave like an in<;ulatorat low temperatures. 1 he application of

heat or light energy may give enough energy to some elcctrons in the valence band (0 eAcite

them across the forbidden zone into the conduction band. The~e electrons in the condllctil)ll

band are now free to move and can carry electricity (Fig, 1.2.1).

Sellliconductors are of two kinds slich as

(i) Intrinsic semiconductor

(ii) Extrinsic semiconductor

(i) Intrinsic semiconductors.. lf a pure, elemental substunce shows the semiconducting

properties, it is called intrinsic semiconductor. Pure Si, Gc shows these semiconducting

properties. For these, semi conduction results from tlle thermal promotion of electrons from a

filled valence band t,o an empty conduction band. There, the electrons are negative charge

carners. The removal of electrons from the valence band produces electron holes which are
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positive charge carrier and identical to the conduction electrons (Fig. 1.2,1 (a). This overall

conduction scheme is possible because of the relatively small energy band gap bet\veen the

valence and conduction bands in silicon. If 8 is the conductivity of semiconductor thell for

intrillsic semiconductor, we can write:

o ""nq (~ + fin)

Whcre, n --> denslty of conduction c1ectron

q --> charge of single carrier

~ --> eamer mobility of electron

fln-> carrier mobility of hole

1.2.1
•

(Ii) Extrinsic semiconductors: Extrinsic semiconduction results from impurity additions

knOlvn as dopants, and the process of adding these components is called doping. These types

of semiconductors are extrinsic semiconductors. At room temperature, the conductivity of

semiconductors 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

electron from the valence band to the conduction band. This indicates that the b'TOundslate

encrgies of such easily cxcited electrons must lie in the forbidden energy region. Two such

discreatc energy levels, known a, donor levels and acceptor levels, may be introduced into

dle forbidden energy zone at a small interval of eneq,,'ybelow the conduction band or above

the valance band (Fig.1.2.\ (b)). Donor levels give rise to electrons in the conduction band,

whereas acceptor levels lead to the formation of holes in the valence band, Impurity ofSi.

with B, P, NiO, ZnO, are the examples of cxtrinsic semiconductors. Extrinsic semiconductors

arc ofm'o kinds sllch as p-type cxtrinsic semiconductor and ll-type exrrmsic semiconductor .

•
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p-type extrinsic semiconductors: The p-type semiconductor is obtained when the impurity

atoms have fewer valencc clectrons than the silicon or germanium atoms of the original

crystal. When a trivalent element such as B, AI, Ga, In is substituted for Si atom, the

structure will be locally incomplete and the impurity atom will acquire all extra electron from

a nearly bond in the lattic to approximate the terahedral cloud distribution of the lattice, This

creales a positive hole localized near the impurity, which will attempt to neutralize itself by

taking an electron from another neighboring bond. TIlen, again a hole is formed in place of

this electron and it will neutralizc itself by taking another electron from the next neighboring

bond. Such way the positive holes carry electricity in the extrinsic semiconductor. So it is

called p (i.e. positive) type semiconductor (Fig, 1.2,2) Cu20 also p-type ~emiCOllductor.

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

Hi have fivc valence electrOIlS,When such an element is substituted for a silicon atom, four

of its five electrons will enter thc inter-atomic bonds, but the fifth electron \vi11be only

slightly attracted by the excess of the positive charge on the nucleus. Thermal agitation cven

at room temperatllre is sufficient to transfer this electrOll to the conduction balld. Since

conductivity is due to the motion of electrons in the conduction band, this semiconductor i,

called n-type and thc impllrity is called the donor (Fig. 1.2,2). Titanillm dioxide or titania is a

non.stoichiomettic transition metal oxide and behaycs as n-type scmiconductor [4).

There are three naturally occurring crystal phases of titanium dioxide: mtile, anatase, and

brookhite. Most oCthe electrochemical al1dphotocatalytic work to date have been performed

on nllile or anatase, or a mixture of the two. Both rutile and anatase have tetragonal unit

cells, and both stmctlHes contains slightly distorted Ti06 octahedral. Rlltile IS

themlodynamically more stable than anatase at room temperature; the free energy change for

antatase to rutile is -5,4 kJ/mol [5).

13
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The absorption and reflection properties of rutile have been studied extensively, At 4K, the

short waveknh'1:h absorption edge for mlile is 410 nm (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-I at 340 Illll [9J,

Ultraviolet radiation below -390 nm stimulates valence-band electrons in TiO, particles that

are suspended in contaminated water. These electrons are promoted to the conduction band

(ecb), creating holes in the valence band (h\.b)' These electron / hole pairs can either

recombines, producing thermal energy, or interact with the external environment to perform

oxidation and reduction reaclion';.

I1\'

TiO! ~ TiO! (e'", h I vb)

C. Polymers

Polymers are giant molecules composed of hundreds or thousands of the basic stmctural unit

which is composed of a limited number of atoIlls strongly bonded together. This basic unit is

called monomer. Polymers arc chain like and macromolecules. The repeat unit (or basic unit)

of the polymer is uSllally equivalent or nearly equivalent to the monomer, In some cases the

repetition is linear, much as a chain is built up from its link. In other cases the chains are

branched or interconnected to from three dime1l5ional networks. The -length of-the polymer

chain is specified by the number of repeat units in the chain. This is called the degree of

polymerization. Starch, protein, lignin, cellulose, silk etc. are natural polymers and

polyaniline (PANI), poly-o-toluidine (CH,-PANI). polyaniline/poly-o-toluidine (PA;'~I/CH3-

PANI), polyalliline/poly-o-toluidinclsiliea (PANI/CHJ-P Al\'I/Si02), polypyrrole (PP),

polyaniline/polypyrrole (PANI/PP), polyaniline/polypyrrole/silica (PANl/PP/SiO,), Poly 2-

amino benzoic acid (PABA), polyanilinel poly-2-amino bell7:oic acid (PANI/P ABA). poly-o-

toluidine I poly-2-amino benzoic acid (CH.l-PANlIPABA), polyethylene, nylon, synthetic

rubber polypropylene etc. arc the example of synthetic polymers. Some polymers are

conductor of electricity although most of the polymers are nOll-conductor or insulator.

15 r
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Polymers can bc classified in different ways dependillg on their use, structure, origin and

property Depending on the natllre of the polymers a broad cla5Sification is diagramically

shown bclow:

Polymer

j

I
Thermoplastic

I
Natural

j
I
Proteins

I
Poly.\accharides

I
Resins

I
Elastomers

I I
Conducting
polymer,

I
Synthetic
j

j
Non-conducting

polymers

j
j

Thermosetting

(I) J'liaturlll polymers:

Natural polymers usually havc more complex ShllChlre. Thcy are classified as (a) proteins (b)

polysaccharides (c) resins (d) gllms,

(a) Protein.I': Proteins are essential for life. All characleristics commonly attributed to living

things such as reproduction, growlh, movemcnt, metabolism and sensory perception, alC

entirely dependent on the function ufprotell1S, Proteins arc synthesized biologically as hnear

polYlIler~ortwenty amino acids,

(b) Po{p'accflllride.\": Polysaccharides are carbohydrate polymer in which monosaccharides

(glucose. fructose etc,) residlles arc linked directly through glycosidic linkages. They are

found in animal, plant and microbial kingdoms, where they Illay serve for energy storage, as

stnlctural materials,

(1:) Resins: A neutral resin in any of various solid or semi-solid amorphous, fusible,

flammable natural organic substances that arc usually transparent or translucent and

•
16

•



Introduction

yellowish to brown, arc formed especially in plan feeretions, are electrical non-conductor and

are used chiefly in medicine, varnishes, printing inks, plastics and sizes.

(d) Gums: Gums are very complex, amorphous substances of a polysaccharide nature. They

contains very small amounts of Ca, Mg, K with the composition of C, Hand O. They are

used in pharmacy and industry.

(II) Elastomers:

Elastomers can either be lJan)ral or man made. Like fibres, elastomers are considered apart

from other polymeric materials because of their special properties. Unlike fibres, elastomers

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

(III) Synthetic polymers:

Synthetic polymers are man made. They are synthesized in the laboratory by applying heat,

pressure or catalyst (initiators). They are of two kinds, such as (a) conducting polymers and

(h) non-conducting or insulator polymer.

(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

[lOJ. In general polymers are insulating matcrials hal'ing conductivities ranging from lO-LO

Scm') for polyvinyl chloride to 10,18 Scm'] for polytetrafluro-ethylene, which are many

orders of magnitude bclow compare to thc conductil'ities associated with metals (>106 Sem-

I). As a re&ll1t,polymers have found wide spread acceptance in a myriad of insulating and

structural applications through out the elecl:rOl1k 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, graphite powdcr, flake or wire etc. Conductive fillers remain

embedded more or less evenly dispersed in the polymer matrix and conduct electric current.

But these composites can not be regarded as conducting polymers because the polymers

present in such composites are non-conducting [11-14]. When anions like cr, CIO;, BF;

etc. are doped chemically to organic polymers, their electrical conductivity increases. Again
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wilen silicon dioxide is dopped in to these pl)1l1ers, their stability is increased although its

electrical conductivity may be decreased.

(b) Non-conducting polymers; The polymers which cannot carry electricity are nOl1-

conducting polymers or insulation polymers, they are of t\vo kinds, such as (i) thermoplastic

(ii) thermosetting.

(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 softened state can be shaped by flow into articles by molding or extrusion. Thennoplastie

applies to those materials whose change upon heating is substantially physical.

(Ii) Hlermosetting; A thermosetting polymer is Olle that is capable of being changed into a

substantially infusible Of insoluble product \vhen cured by heat or other means. The cured

polymer may bc termed themlOSel.

D. Composites

Si.nce 1965, a distinct discipline and technology of composite materials begun to emerge.

That is 80% of all research and developnlent on composites have been done since 1965 when

the Air "orce launched its-all out dcvelopment program to make high perfonnance fiber

composites a practical reality. Therc are two major reasons for the revi\ed interest in

com)lDsitc materials. One is that the increasing demands for highel performance in man\"

product areas specially in the aerospace, nuclear ene!!,')' al1d aircraft fields is taxing to the

limit our conventiol1al monolithic materials. Thc second reason, the most important for the

long TUn is that the composites concept provides scientists and engineers with a promising

approach to designing, rather than selecting, materials to meet the spccific requirements ofan

application.

The tCfm 'composite' refers to something made up of various parts or elements. In definition

of composite depends on the structural level of the composite we are thinking about. At the

submicroscopic level that of simple molecules and crystal cells all materials composed of

two or more different atoms or elements would be regarded as composites. This would

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

18
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At the microscopic level (or microstructural level) that of crystals, polymers, and phases a

composite would be a material composed of two or more different cry~tals, molecular

stmetures, or phases. By th is defInition, lIlost of our traditional materials, which have always

been eonsidercd monolithic, would he classified as composites. At the macro strnctnrallevel

which is most u~eful for composites, the defmitions of compositcs is that they are a mixture
of macro constituent phase composed of materials which are in a divided statc and which

generally differ in form and/or chemical composition. Note that, contrary to a widely held

assumption, this definition does not require that a composite be composed of chemically

different materials, although this usually the case. The mOle important distinguishing

ciJaracteri:"tics ofa composite are its geometrical features and the fact that its perfonnance is

th" collective behavior of the con~tituents of which it is composed. A composite material can

vary ill composition, ~tructure, and properties from one point to the next in~ide thc material.

The major constituents used in structuring compositcs are fibers, particles, laminas, flakes,

filtcrs and matri:>..The matrix, which can be thought of as the body constituent, gives the

compo~ite its bulk form. The other four, which can be referred to as stnlctural constituents

detenninc the character of the composites internal structure. A special type of composite,

fiberglass embedded in a polymer matrix is a relatively recent inventi011 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 i~ superior to either of the components separately. The high strength

of the small diameter glass fiber~ i~ 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 (51\'), was intrinsically conducting provided a

proof that polymers could be conducting and thus greatly stimulated the search 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

materials are called conducting polymers [16]'
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One oCthe earliest approaches to make the polymers conductive is to prepare a composite of

polymers and cO[lductive 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 composites Cal1Jl0tbe regarded as conducting polymer~

because the polymers presents ill such composites are non-conducting [17-20].

In 1964, W. A Little [21] synthesized a superconductor at room temperature with polymeric

backbone and large polarizable side groups which led the discovery of new organic

compounds with high electrical conductivity.

In the early 1980s, excitement ran high when seveml prototype devices based on conductive

polymers. such as rechargeable batteries and current rectifying p-n junction diodes [22J were

anllounced. AmOllg the many polymers known to be conductive, polyacetylene (PAT),

polyaniline (PAJ"JI), polypyrrole (PP) and polyihiophene (PT) have been studied most

il1tC[ISively[23-29]. However, the COllductive polymer that actually launched this new field

of research was PAT,

Research has been expanded into the stlldies of hcteroatomic conductive polymers because of

their better chemical stability and the interest 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 el. I'd. [32J published tlw first report of analogous electrosynthcsis in other

system. They had observed the lormation of brittle, film like pyrrole black on a Pt electrode

during the oxidation ofp)~Tole ill dilute sulfuric acid. Conductivity measurements carried out

on the isolated solid state materials gave a vahle of8 Scnl'.ln addition, a strong ESR sib'llal

was evidenced of a high number of unpaired spin. Earlier, in 1961, H. Lund [33] had reported

in a \Utllally unobtainable publication that PP can be produced by electrochemical

polymerization.

In 1979, Diaz er. ai, [34J produced the fust llexible and stable PP film with high conductivity

(100 Scm-I). 'lhe substance was polymerized on a Pt electrode by anodic oxidation t[l

acetonitrile. The known chemical methods of synthesis [35-37J usually produced low
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conductivity powders from the monomers. PP fomlcd at the eleclrode surface and could be

peeled off as a flexible, relatively deme and shiny hlue-black film. This polymer is

characteri7,cd not only by its high conductivity hlit also by its high stability.

During the 19805, PANI was subjected to intense structural, pl1ysicaJ, alld electrical

characterizati011, using modem experimental techniques. A brief survey, out of numerous

fcahlre, and studies made on PANI is presented below:

A. Structural Features

Organic conducting polymer, PAN!, is being studied more and more, and up to the recent

yean has been the centre of cons iderahie scientific intcrest. However, PANI is not really a

new material and its existence has been known for the past 150 years or over. since it had

already been made by Runge in 1834,

rANI has been described in many papers [38J usually a~ ill-defined forms such as 'aniline

black' emeraldine, nil,'Taniline, elf, synthesized by the chemical or electrochemical

oxidation of aJliline. Figure 13,1 shows the idealized oxidation state of PANl:

leucoemeraldine, cmeraldine, pemigraniline and emeraldine salt. Different stnlchlres result in

different electrical behaviours of the material, EmeraJdille salt is a partially oxidized

compound, protonated, with electrical conducting characteristics, Lellcoemeraldine is a fully

reduced compound with e1ecti-"icalinsulating characteristics. There are 110 double bonds

between the aromatic rings and the N-H groups. EmcraJdine base is an insulating compound,

partially oxidized with few N-H groups ill the main chain. EmeraJdine changes /Tom insulator

to conductor \~hen it is protonated with proton donor acids, such as, hydrochloric acid. This

change is one of the most interesting properties of PANI.
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Fig. 1.3.1 Representation of idealized oxidation stHtrs of PA~ I.

The structure of emcraldine PANI can he changed to emeraldine salt by removing an electron

from the N-H group. Pemigranillne is a fully oxidized compound Witllout conducting

charactenstics. There are no N-H groups in the stmctllre. Thc level of protonation III the

structurc causes dramatic changcs in the cOllducti\~ty.The base form of the polymer in the~
cmeraldine oxidation state (y = 0,5)

which contains equal number of altemating rcduced,

H H-0-'-1\ '\-, j N~N- and oxidizedON VN-
repeat units can he protonaled by dillite aqueous acid to produce the corresponding salt
(A=anion)
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which is believed 10exist as polysemiquinone radical cation [39-40].

~~-o-~:HO~Or,,N N -N -N.....---r, /" / / -- , / / ',- - .,
K j K x

The polymer exhibits conductivities of - 1-5 S cuft \vhen approximately half of its nitrogen

atoms arc protonated as shown above.

B. Methods of Preparation

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

oxidant or by electrochemical oxidation on different electrode materials.

Various chemical oxidizing agent, have been used by different authors: potassium

dichromate [41, 42J, ammonium persulfate or peroxydisulfatc [43, 44J, hydrogen peroxide,

ccric nitrate and eerie sulfate [45, 46]. The reaction is mainly carried out in acid medium, in

particular sulfuric acid, at a pH between 0 and 2 [41, 42]. However, MacDiarmid CI al. [43,

44J used hydrochloric acid at pH 1. Genies el al. [47J med a eutectic mixture ofhydrofluorie

acid and ammonia, the general formula of which is NH,F: 2.3 HF, for which the pH is

probably less tban O.

When aniline is mixed with the chemical oxidant in a reaction vessel and left for a certain

period of time (the duration of which depends on the temperahlr" and the concentration of

active species), the solution gradually becomes colored and a black precipitate appears [48].

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

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

electrochemical synthesis of PANI. This method offers the possibility of coupling with
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physical spectroscopic technique such as visible, IR, Raman, ellipsometry and

conductimetry, for in situ charactcri;;:atioll.

The anodic uxidation of aniline is generally effected on an inert electrode material which is

usually Pt [49, 50]. However, several studies have been carried out with other electrode

materials: iron [51], copper [52], zinc and lead, chrome-gold [53J, palladium [54] and

different types of carbon vitreous. pyrolic or graphite [55] or on semiconductor [56, 57].

When the polymerization is carried out at constant current, a maximum current density of I0

lilA em -, is rarely exceeded.

The conducting polymers, CH3-PANI, PP, and the copolymers as well as the composites can

also be prepared by both chemical [58-71J and electrochemical polymeri;;:atioll [72-104].

c. Applications

Conducting polymeric materials prepared by electrochemical polymerization of a l1umbcr of

monomers have recently received considerable allentiOll because of the large variety 0 f their

potential applications sueh as in energy storage [lOS], batteries [106,107], cleetroeatalysis

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

PANI can be used as material for modified electrodes [55, 121], as a corrosion inhibitors for

semicOI1ductors ill photoc1ectrocl1emica! assemblie, t122], -in 111icroe1cctronics [123 J and as

electrochromic material [124]. The application which has inspired most interest is in the area

of c1cctrochemical batteries. The possible use of PANI as active anodic material is in

rechargeable batteries [38].

More recellt systematic studies have been undertaken by numerous groups [24, 44, 122) on

the possible use of PAN! as an active c1cctrode materia!. These investigations deal with the

behavior of PANI in aqueous and organic media as a function of/he mode of synthesis.

•
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1.4 Theoretical A~pectsof Experimental Techniques

A. Cyclic \'oltammetr~'

Electrochemical process is widely used in the polymerizatioll of organic polymer. Most of

thc system for electrochemical polymerizatiOll consists of a compartment where three

electrodes arc dipped into the solutioll containing monomer and electrolyte solution,

Appropriate potential is applied to the working electrode for polymerization of the

monomers. The potential of the working electrode, where deposition of the polymer film

takes place, is controlled versus the reference e1cctrode using a feed-back circuit or a

potentio~tat. Feed-hack circuit drives the current between the working and counter electrodes

while ensuring that none passed tluough the reference eleclrode circuit,

The nature of the working electrode is a critical consideration for the preparation of these

films. Since the films are produced by an oxidative process. it i, important that the electrode

is not oxidiLed 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 teclmiques such as cyclic vo1tammetry are

widely used for electrochemical polymerization of aromatic compollnd~. In potentiostatic

tecillliqlle, a constant potential is applied to the working electrode which is sufficient to

oxidize the monomers to be polymerized on the electrode. ln galvanostatic process, a

constant currelll density is maintained to polymerize the monomers while film thickness can

be controlled in the similar ,\'ay as described fur potentiostatic technique. On the other hand,

cyclic voltammetry involves sweeping the potential be(1,veen potential limits at a known

sweep rate. On reaching tile final potential limit, thc sweep is reversed at the same scan rate

to the initial potential and the ;weep may be halted, again reversed, or alternatively continued

further. 111such experiments, ceJl current is recorded as a function oftlle applied potential.

B. Infra-red (IR) Spectroscopy

Emission or absorption spectra arise when molecules undergo transition between quantum

states corresponding to two differcnt internal energies. The energy difference ~E between the

25,'"
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states is relatcd to the frequency of the radiation emitted or absorption by the quantum

relation

dE = hI' 1.4,1

1.4,2

where h -l' planck's constant, v --+ frequency, Infrared frequencies have the wal'e lenb'1h

range from I ~lmto 50 fun and are associated with molecular vibration and vibration-rotation

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

In polymer, the IR absorption speetmm is often surprisingly simple, if one considers the

number of atoms involved, This simplicity results fust from the fact that many of the nonnal

vibrations have almost the samc frequency and therefore appear in the spectrum as one

absorption band and second, from the strict selection rules that prevcnt many of the

vibrations from causing absorptions. Samples were introduced as KBr pellet,. A block

diaf,'Tamof an lR spectrophotometer is shown ill Fig. IA.I,

C. Ultrllviolet-Vi~ible Spectroscopy (UV-Vis)

Electromagnetic radiation of suitable frequcncy 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 brought about. So it is possible to cffeet thc changes in a panicular type of molecular

energy using appropriate frequency of the incident radiation. When a beam of photons passe,

th1'Ougha system of absorbing species, then we can write

_d/=aI
<I,

where, I -l' intensity of photon beam

dl -Jo reduction of intemity

dx -l' rate of photOll absorptioJl with distance (x) traversed

C( -Jo absorption co-efficient oftlle material



Fig. 1.4,1' A block diagram of an IR spectrophotometer.
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Now if I" is thc initial intensity at thickness I = 0 and I is the transmittcd radiation at x = 1,

then by integration, we can write

I
I" -' =fi /

I 1.4.3

For polymers and polymeric composites, UV-Vi, spcctrum is taken to measure thc impurity

level, band gap energy etc. Thc spectra of the pre~ent samples were recorded on a UV-Vis

recording spectrophotometer in the wave length range 300-800 nm. A schematic diagram of

UV"Vis spcctrophotometer is shown in Fig. 1.4.2.

n. d. c. Conductivity

The conductivity ofpolymcr or polymeric composites dcpends on dopant level, protonation

level of an oxidized mlltrix and moisturc content of the sample. Electrical resistivity of thc

polymer samples may be mea,ured by two probe and four probe teclmiqucs, However, the

cledrical conductivity measurement employed the olun's law

Ell=R 1.4.2

where I is the current in amperes, E is the potential difference in volt" R is the resistUllce in

ohrus. The reciprocal is termed the conductance, this is measured in Siemens (5) which is

reciprocal of ohms (ohnf'). The resistance of a samples of lenb'1:h1..,and cross-sectional area
A, is given by

R = pLiA 1.4.3

where p is a characteristic property of the matcrial termed as resistivity. L and A will be

measurcd re&pectively in cm and thcn p refers to cm cube of the material and

p= RAIL 1.4.4

The reciprocal ofrcsistivity is the conductivity, (formerly specific conductance)

K=llp or K=URA
which is in Sl units, is the conductance

ohm-I cm.1 or Scm'! [60].

] .4.5
of a one em cube of substance Ulld ha, the llnits

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

the both side:; of the mass. The two electrodcs of microvol! were then connected with solid

mass and re:;istivity was measured directly from the microvolt
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E. SEM Technique

The scanning electron microscope (SEM) uses a finely focused beam of electrollS to scan

over the area of intcrest. The beam-specimen interaction is a complex phenomenon. The

electrons actllally penetrate into the sample surface, ionizing thc sample and causc the releasc

of electrons from the sanlplc. These electrons are detccted and amplified into a SEM image

that consists of Back Scattered Electrons and Secondary Electrons. Since the electron beam

has a specific enerb'Yand the sample has a specific atomic structure, diffcrent irnage will bc

collected from different samples, even if they have the same gcometric appearance.

The specimen stage of SEM allows movement of the specimen along 5 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 tilled over 90°. The tilt axis always intersects the electron 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 cucentrie plane. This means that during tilt, almost no imagc

displacement occurs, The tilting mechanism can be locked for more stability at high

magnification.

1.5 Aim of the Present Research

A good progress has been made ill preparmg conducting polymers with well defmed

stmcture as addrcssed by the early workers. Interest in the electrical properties of highly

conjugated polymers has increased rapidly. PANI is unique among the other conducting

polymer that its electrical properties can be reversibly controlled both by charge-transfer

doping and protonatiOIl. On the other, PP another well studied conducting polymer also show

high electrical properties by charge-transfer dOpirlg. The wide range of associated electrieal,

electrochemical and optical properties coupled with good stabllity made PANI and PP

potentially attractive for application as electronic materials.
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Metal and semiconductor particles comprise a fundamentally and tcchnologically interesting

class of Illaterials. These arc extensively used as electrode materials both in solid and

solution phase. For example. anode or cathode materials of battcry are a metal or

semiconductor. ln the catalytic reactions, thesc arc used to promote the reaction proccss.

However, Illctals and scmiconduetors are very costly and rapidly exhaustwg from the nature.

Thus, it is nOI\!a pressing need to devclop alternativc materials to replace these costly mctals,

Conductivc polymCIS arc the class of materials which exhibit exccllcnt semiconducting

propcrtics.

Thu~, in the present work, altemati\e electrode materials bascd on conducting polymeric

matcrials are synthesized with a vicw for thcir viable application in the electrodc system,

Because of the superior electrical properties of the conductive polymcrs, it is expected that

thc polymeric electrodes could bc a good altemative to the conventional noble metal

electrodes,
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Experimental

2.1 Materials and Deyices

A. Chcmicals

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 lise in polymeri:;;ationreactions. Doubly distilled water (H20) was used as

solvent to prepare most of the solutions utilized in this work except for UV analysis where N,

N-dimethyl fOnllamjdc (DMF) was employed as solvent. Thc important chemicals and

solvents utilized throughout the experiments are listed below:

i) Aniline [E. Merck, Germany]

ii) o-tolllidine

iii) PyTT01e

iv) 2-amino benzoic acid

v) Silica

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

vii) N, N-dimethyl fOffilamide[E. Merck, Geffilany]

B. Instruments

Analysis ofthe samples performed in this work employed the following dcvices:

i) Potenliostat! Galvanostat! Coulombmeter [HABF 50I, HokutoDenko, Japan]

ii) X-Y recorder [1'-5C, Riken Denshi Co. Ltd, Japan]

iii) Infra red spectrophotometer [IR-470, Shimadzu, Japan]

iv) UV-visible spectrophotometer [UV-1601 PC, Shimadzll, Japan]

v) Scanning electron microscope [Philips XL 30, Holland]

vi) Autoranging microvolt [Keithley 197A, USA]

vii) Digital balance [FR-200, Japan]
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2.2 Electrochemical Preparation of the Film Electrodes

The electrochemical synthesis and characterization of PANI, CHJ-P ANI, PANI! CH,-P ANI,

l'ANI!CH3-PANI!Si02, 1'1', l'ANJ/PP, PANJIPP!SiO), PABA, PANVPABA and CHJ-

l'ANIIl' ABA films were carried out at room temperature in a standard three-electrode one-

compaltment electrolysis cell. A schematic representation of the electrochemical cell

employed in this work is lllustrated in Fig. 2.2, I. The ccIl consisted of a 0.5 eml working

electrode (WE) made of platinum (Pt), a 0.50 cml Pt foil counter electrode (eE) and a

saturatcd calomel electrode (SCE) as the referellCC (RE). Prior to each cxperiment, the

working Pt electrode was carefully polished with fine-grained abrasive paper, followed by

rinses ill distillcd water and 5 min immersion in concentratcd nitric acid (HN03), before it

was flllaJIy dried on clean laboratory tissues. The reproducibility of experimental results was

greatly improved with this pretreatmcnt of the working electrode. The films wcre grafted

onto the working Pt electrode either by sweeping the potential or constant potential mode.

VollarlU11Ctricsweeps were always started in the anodic directlon from O.OVat 100 mV/s,

unless stated otherwise. A Hokuto Denko (HABF 501) electrochemical measureme11l system

provided necessary potential and currellt control.

A. Polyallilinc (1'ANI)

PANI film was prepared on the Pt working electrode by the ordinary arlOdic polarization

method [1-6]. The \\'orking Pt was the anode arid counter Pt foil was used as the cathode. A

0.8M sulphuric acid (H2S04) in distilled H20 containing 0.5 M aniline as well as a mixture of

CH:;CN"water cOl1tainin 0.5 M aniline and 0.1 M LiClO. were used as the elect:rolytic

solutions. Electrolysis was earricd out either by sweeping the potential between -0.2 V and

+1.0 V vs SCE at a scan rate of 100 mV!sec. After polymerization, the potential of the l'ANI

film coated Pt electrode was held at O.OVuntil the cathodic current disappeared to dedoped

the PANI film. The film as grown and declopcd, was washed several times in distilled water

to removc any traces of monomer or any other reactants or by-products that might be

produced during electrolysis.

•,
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B. Poly-o-tolnidine (CH,'-PANI)

CH3-PANI films were dcposited on the PI electrode from aqueous electrolytic solution

containillg 0.5 M a-toluidine and 0.8M H2S04 and also from anothcr electrolytic solution

containing 0.5 M a-toluidine, O.I M LiCl04 and mixture of CH3CN-water at room

temperature. The film was coated onto the Pt surface by potenlial sweepingmethod.

in tile cycling method, the potential was swept from -0.2 Y to +1.0 V vs SCE at a scan rate

of 100 mY/sec. In the preparation of the film, a potentiogalvanostat (Hokulo HABF 50i)

with functicm-generating ability wcre used for generation of potential and supply of current.

The current-potential response was recorded in a X-V recorder (F-5C, Riken Denshi). The

film l,'Townonto the Pt electrode wa, dedoped and washed several times in distilled water as
stated previously.

C. Copolymer: Polyaniline/l'oly-o-toillidille (PANIfCHJ-PAN1)

Electrochemical deposition of the PANilCH3-PA!':1 film on the Pt substrate employed

potential sweeping method. The technique involves scanning between the potential range

-0.2 and +1.0V vs SCE at a scan rate of 100mY/sec. The PANJ/CH.l'PANI film was grown

by anodic oxidation of monomers from all aqueous electrolytic solution eontainiJlg 0.8 M

H2SO" 0.5 M aniline and 0.5 M a-toluidine. A bluc film appeared on the working clectrode.

The film thllS formed was dedoped and washed carefully, according to the procedure

described earlier. The potentiostaUgalvanostat employed provide the necessary current and
potential generation.

D. Composite: Polya niline/Poly-o-toluidine/Silica (PANIICHJ-PANI!Si02)

Aqueous colloidal suspension of silica was prepared by adding 2.0 g of silica particles to

double distilled water (400 mL) followed by beating the mixture for two hours. The rcsuhed

dispersion was then allowed to settle for tv.'ohours. During this span oftime relatively bigger

silica particles were sedimented at the bottom of the container. The smaller particles remain

in the system and dispersed colloidally. The co11oidalsolution was thcn decanted and used
for PANIfCH,-PANI/SiD, composite prcparation.
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Fig. 2.2.1: Three electrode s}.,tcm for electrochemical measuremcnts.
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PANIICH]-PANJ/Si02 films were deposited on the Pl electrode from aqueous electrolytic

solution containing 0.5 M aniline, 0.5 M a-toluidine and O.8M H2S04 in prepared aqueous

suspension of 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 vs SeE at a scan rate of 100 mY/sec. In the preparation of the film, a

potentiogalVUllostat (Hokuto HA.Bf 501) with function-generating ability were used for

generation afpotentiar and supply of currcnt. The current-potential response was recorded in

a X-Y recorder (F-5C, Riken Dcnshi), The film grown onto the PI electrode was declaped

and washed several times in distilled waler as stated previously.

E. l'olYP)Trole (1'1')

The electrochemical formation of thc PP film employed an electrolytic aqueous solution

containing 0.5 M pyrrolc and 0.1 M LiC104. The content of the eleCirolytic solution was

subjected to electrolysis in the electrochemical cell, Electrolysis was performed as before by

sweeping the potential bel\veen -0.2 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 electrolytic media results

a deposition of a compact film on the electrode. The film thus formed was dedoped and

\vashed repeatedly to remove undesired species.

F. Copolymer: Polyanilinc/Polypyffole (1'ANIIPP)

PANI!PP films were deposited on the Pt electrode fmm aqueous electrolytic solution

containing 0.5 Ivl aniline, 0.5 M pyrrole, 0.1 M UCIO, and 0.8 M 1'12SO-l at room

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

cycling method, thc potential was swcpt from -0.2 V to +1.0 V I'S SeE at a scan rate of 100

mY/sec. In dle preparation ohhe film, a potemiogalvanostat (Hokuto HABF 501) with

flmction-generating ability were used for generation of potential and supply of CUlTellt.The

current-potential response was recorded in a X-V recorder (F-5C, Riken Denshi), The film

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

staled previously.
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G. Composite; Polyanilille/Po!ypyrrole/Silica (PANlfPP/SiOl)

Aqueous colloidal suspension of silica was prepared as described before. PM'I/PP/SiO
l

films were deposited on the Pt electrode from aqueous electrolytic solution containing 0.5 M

aniline, 0.5 M pyrrole, 0.1 l\1 LiCI04 and 0.8M H2S04 in prepared aqueous suspension of

colloidal silica at room temperature, 'lhe film was coated onto the Pt surface by potential

swceping method. In the cycling method, the potcntial was swept from -0.2 V to +1.0 V vs

SCE at a scan rate of 100 mY/sec. In thc preparation of the fill]], a potcntiogalvanostat

(Hokuto HABF 501) with funetion-generatiJ]g ability were ll~ed for generation of potential

and supply of current. The current-potentinl response \vas rccorded in a X-Y recorder (F-

5C, Rikcll Denshi). The film grown onto the Pt electrode was dedoped and washed several

times in distilled watcr as stated previously.

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

The electrochemical formation of the PABA film employed an electrolytic aqueous solution

containing 0.5 M 2-amino benzoic acid and cone. H2S04. The content of thc eleetrol)1ic

soilltion was subjected to electrolysis in the electrochemical cell. Electrolysis was performed

as before by sweeping the potential between -0.3 V and +1.0 Y vs SeE at a scan rate of

100 mY/sec. During electrolysis, anodic polymerization of the Pt electrode in the electrolytic

media results a deposition of a compact film on the electrode. The film thus formed \\ as

dedoped and washcd repeatedly to remove undesired species.

I. Copolymcr; Polyaniline/ Poly-2-amino benzoic acid (PAN liP ABA)

l'AN1/PABA films were deposited on the Pt electrodc from aqucous electrolytic solution

containing 0.5 M aniline, 0.5 M 2-amino benzoic acid and 0.8M H!S04 at room temperature.

The film was coated onto the Pt surface by potential sweeping method. In the cycling

method, the potcntial wa, swept fi-om-0.2 Y to +1.0 V vs SCE at a scan rate of 100 mY/sec,

In the preparation of the film, a potentiogalvanOSlat (Hokuto HASP 501) with

function-generating ability were used for generation of potential and supply of CllITent.The

current-potential response was recorded in a X-V recorder (F-5C, Rikcll Denshi). Tbe film
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b'TOWllonto the Pt electrode was dedoped and washed several times in distilled water as

stated previously .

•J. Copolymer: Poly-a-toluidine! Poly-2-amino benzoic acid (CII.1-PANI!P ABA)

The electrochemical formation of the CH]-PANlIPABA film employcd an electrolj1ic

aqueous 0.8M H2S04 solution containing 0.5 M o-toluidine and 0.5M 2-amino benzoic acid,

The content (lfthe clectrolytic solution was subjected to clectrolysis in the electrochemical

cell. Electrolysis was pcrfonned as before by sweeping the potential hetween -0.2 V and

+1.0 V v"s SeE at a scan rate of 100 mY/sec. During electrolysis, anodic polymerization of

tlle Pt electrode iIl the electrolytic media resll1t, a deposition of a compact film on the

electrode, The film tllU.'>formed wa., dedoped and washed repeatedly to remove undesired

specIe,.

2.3 Spectral Analysis

A. Infra-red Spectra

The samples, PANI, CH,-PANI, PANIICH3-PANJ, PANI/CH,-l'ANI/SiO), 1'1', PANJlPl' aJld

PANIIPP/Si02 were obtained electTOchentically, as described in section 2.2, as thin films

grafted on tlle Pt electrode, which ~an he scratched off the Pt electrode, rinsed and dried.

They were crushed to powder and llsed for IR measurements. IR spectra of the studied solids

were frequently obtained by mixing and grinding a small portion of the rnaterials with dry

and pure KBr crystals_ "Ihorough mixing and grinding were cal-tied Ollt in a mortar by a

pe&tle. The powder mixture was then compressed in a metal holder under a pres;ure of 8-10

tom to make a pellet. The pellct was then placed in the p~th of IR beam for measurements.

JR spectra of all the studied samples were recorded by an IR spectrophotometer in the region

of 4000-400 cnf'.

B. Ultra VIolet-Visible Spectra

UV-Vis spectra of the samples, PANI, CHJ-PAA'I, PANIICJ-I3-PANI, PP and PANIIPP \vere

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

ultrasonic bath to allow appreciable extent of dissolution, The sample solutions exhibited

deep color in ~ome cases, Thus, to ensure preferred dilution of the sample solutions for this

;pectral measurement, the solutions were diluted with DMF to a visible extent in such a way

that the optical den~ity remains Witilin the range 0.5 to 1.0. The sample solution was placed

in thc sample holder while the reference holder was filled with the DMF solvent. The UV-

Vi~ sJlcetral analysis of the saIllple~ employed a double beam spectrophotometer attadled

with a s)~lchT'onized personal computer (PC) for recordiug the ~pectral data. All the optical

analy~is were perfonlled at room temperature to within 30" (:1:2")C.

2.4 Electrical Conductivity Measurements

The ,Iudy of electrical conductivity of the solid~ at room tcmperature was carried Ollt by a

conventional two point-probe method [7,8]. for this purpose, the dried and powdered solids

were compre~sed mechanically in a transparent plastic tube as illll.\tratcd in Fig. 2.4, I, A few

centimeters long plastic tube having diameter 1 !lUllwas taken for loading the solid; in it.

Qne end of the tube was tightly clo,ed with a copper (eu) wire having the same diameter as

that of the tube. The sample was then pushed gradually insidc the tube and compressed

mechanically from the other end of the tube by another piece of same wire. henrually the

mass become tightly compressed lwdng a very rigid strucrure that on further pre,sillg did not

change the lCIl!,,'1:h of the compressed mass. In this position, the other end of tube \\ as made

closed hy the &imilar wire. The two Cu wires at the two ends plcssed tightly in sllch a way

that ensures an adequate contact between the sample and the wires, The wire poles were used

for electrical contact to get the voltage drop behveen the two ends of the sample under

investigation. An auto ranging microvolt was employed for the conductivity measurements.

This equipment allows reading directly the resistance of the sample. Thus, knowing the

observed resistance, the specific conductance of each ,tudied sample was calculated out bv

using the standard relatioll mentioned in chapter 1. The measurement was conducted at

laboratory temperature (- 30"C).
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."ig. 2.4.1: The construction for th c mrllSUrement of the two
point-probe rOllducti, ily.
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2.5 Analysis of Surface Morphology

Scunning electron microscopic technique was adapted to analyze the surface morphology of

the samples. The wet mass of PAN!, CH,.PANl, PANlICHrPANI, l'Ai\JI/CHrPA1'\jj/SiO"

Pl', PANI/PI' and PAl\'I/PPISi02 were coaled onto the stainless steel (Fe) electrode as fihm.

The films thus coaled were then dried under \aCllllln before subjected to their surface

analysis by SEM. The samples were loaded to the SEM chamber where these were kept

under evacuation of 10-3 to 10" torr foJ' about 30 min, Then a very thin layer of gold, about

few nanometers thick, was sputtered onto the sample surface to ensure electrical conductivity

of the sample surface under smdied. The sample was then placed in the main chamber to

,iew it surface image. A Philips XL 30 S\:'M arrangement was employed for this analysi"

The image of the surface morphology is recorded ill a PC that interfaced with the main SEM

sy,tem. The operation system performed all the analysis under ambient atfllo,pheric

conditions.

2.6 Dopillg-Dedoping Technique

The synthcsized film electrodes, viz., PANI, CH,.PANI, PANIiCH,.PANI, PA\'l/CHr
PANliSiO], PP, PA.."JIiPPand PANI!PP!SiO, were doped and dedopcd electrochemically by

the conventional anodic and cathodic treatment of the working electrode [9]. Thc doping-

(bloping process wa, performcd in a single compartment thrcc-e1ectrode cell under ambient

atmosphere (Fig. 2.2, I). Thc fihm of PANI, CH,-I'ANI, PAJ"IIiCH,-PANJ and PA~I!CH3-

PAl\'liSi02 were h'Town onto the Pt clectrode thick (10 cycle) deposits and the films of PP,

PANJ/PP and PANJ/PP!SiO) were grown onto the Pt electrode thin (l cycle) deposits. The

film thus depositcd was then rinsc repeatedly to remove any traecs of monomer or other by-

product,. To perform doping-dedoping process, the rinsed film electrode was then placed in

the cell containing monomer free electrolytic solution only. A potential swecping from -0.2

to +1,0 V was allowed with a scan rate of 100 mVlsee. Indeed. the doping and dedoping

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

experiment.
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.. Results and discussions

3.1 Electrochemical Preparation of the Modified Electrodes

A. Polyanilille (PANI)

Anodic oxidation of aniline on the inert metallic electrodes is the most current

electrochemical method for the synthesis of PANI. This method is used since electrochemical

methods [1-9J offer some advantages over classical cllcmicalmethods [10-15]. The anodic

oxidation of aniline is generally affected Oil an inert material, which is generally PI [16-22].

In the present work, electrochemical synthesis of PAN] was carried out by anodic w:idation

of aniline onto a PI electrode in aqueous SOllllioll. Typical CV of electrochemical

polymerization of aniline is given ill Fig. 3.1,1, On sweeping the fust potential cycle from -

0.2 to +1.0 V vs SeE at a ~call rate of 100 mVs.l, a sharp rise in current is sec!] at a potential

ca. +0.85 V indicating the oxidation ofaniline to yield PAJ'\JI[23, 24]. A thin d~ep blue film

was seen on the Pt surface.

As the sweeping repeated rig. 3.1.2, i.e" in the second and subsequent cycles, the peak

current increases fimher indicating the foonation of more deposits of PANIon the substrate.

Potential cycling was repeated upto 5 cycles for the deposition of a thin film of PAJ'\JI. The

anodic peak at ca. +0.2 V is ob,erv~d from the second SCalI.This peak Cal]be aSSib'lledto the

oxidation of PANI film deposited 011the electrode corresponding to the conversion of amine

units to radical cations in the polymer chain [25-26]. The deep bhle color of the film turned

to greenish-yellO\v when potelltial sweep approached to the cathodic direction at ca. +0.0 V

or lower.

Figure 3.1.3 also represents the CV of electrochemical polymerization of aniline under

similar electrolytic conditions; here polymerization was allowed to b'fOW 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 arc shifted. However, the colour changes of the thick

film also occur in the similar fashion as described for the thin PANI film. The Pt electrode

thus coated with the PAi'.jl film is referred hereafter as PANI electrode.

------- .-
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Results and discussions

The results Figs. 3.1.1 - 3.1.3 are summarized the following table:

PAN1: Prepared in H)O media (0.5M nniline + 0.8M H,SO.)

3"0 Monomer Polymer Polymer Color Yield

Mattix oxidation oxidation reductio!l
Oxid" Red"

potential (Doping) (Dedoping)
state statc

(V) potential (V) potcntial (V)

PAN] blue "d high
+0.85 - + 0.05

(l cycle) black

PANI +0.85 to +0.9 : 0.2 to +0,3 +0,05 " 0.1 decp grccnish higll
I

(5 cycles) (shift to +ve in (shift to +ve in (shift to -vc in blue yellow

the subsequent the subsequent the subsequent I,,
cycle) cycle) cycle) I

PANI +0.85 to +0.95 +0.2 to +0.4 +0,05 to -0,2 deep h'Teeni,h bigh

(10 (shift 10 +ve (shift to +ve (shift to "" blue yelloll'

cycles) from tl" from the from thc

second cycle) second cycle) second cycle) ,

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

still occur indicating tile electroacti vity of the polymer. However, the oxidation and reduction

potentiab of the polymer are ,hifted. Potential shifting is reasDnable because the reaction for

the first cycle is occurred directly on the Pt surface. Gut after the first cycle, Pt is covered by

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

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

Pt 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.
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During electrochemical oxidation (doping), the anions in the solution become incorporated

into the polymer to compensate the positive charges in the chain while in the reduction

(dedoping) proce~ses, the incorporated anions get removed out of the polymer film [27-29].

In case of PANI, most of the authors proposed that the redox processe~ appeared in its ev

are associated to the protonation as well as to the insertion of anion in the film [I, 24, 25, 30-

3 I).

Effec! of the different solvents (e,g" propylene eal'bonate, y-butyrolaetone, acetonitrile etc.)

OIl the clectJopolymerization of aniline was shldied before by early workers [32], In the

present work, electrochclllical synthesis of PANI was al~o carried out by allodic oxidation of

aniline onto a Pt electrode in CH.lCN-water and DMF-water containing LielO~ for both

cascs,

Typical CV of electrochemical polymerization of aniline in CH.lCN-water is given in Fig.

3,1.4. On swceping the fust potential cycle from -0.2 to +1.0 V vs SeE, a sharp rise in

current is seen from the potential +0.6 V indicating the oxidation of aniline to yield PANI. A

thin deep hlue film is seen on the Pt SUlface. As the sweeping repeated Pig. 3.1.5, Le., in the

~econd 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 PAN!. The anodic peak at ca, +0.2 V is observed from the

,ecoml scan. This peak can be assigned to the oxidation (doping) of l'ANI film deposited 011

the electrode, The deep blue color of the film turned to greenish-ycllow when pote11lial

sweep approached to the cathodic direction at ca_ +0.0 V or lower.
ev of electrochemical polymerization of aniline in DMF-water is given in Fig. 3.1.6. On

sweeping the first potelltial cycle /'i-om-0.2 to + 1.0 V 1/S SCE, a sharp rise in current is seen

at a potential ca. +0.5 V indicating the oxidation of anilinc to yield PANI. A thin deep blue

film is seen on the Pt surface. As the sweepillg repeated Fig, 3.1.7, i.e., in the second and

subsequent cycles, the peak current decreases, which indicates the decrease in conductivity 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 is observed from the

second scan. This peak can be assigncd to the oxidation of PANI film deposited on the

electrode. The deep blue color of the film turned to h'l"eenish-yellow when potential sweep

approached to the cathodic direction at ca, +0.0 V or lower.
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Fig. 3.1.4: CV (1 C)'c1e)duriug electrochemical synthcsis ofPANJ in CH,CN-water
solution in prcsellce of LiCl04 (0.51\1 allili"e + 0.1M LiClO.).
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Fig. 3.1.5: CV (5 cyclc) during electrochemical synthesis of PAlI\l ill CHlCN-water
solutioll in prescllcc ofLiCl04 (0.5M alliline + O.IM LiCI04).
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Results and discussions

The results Figs. 3.1.4 - 3.1.5 are summarized the followi.ng table:

PANI: Prepared in CH]CN - H20 media (O.5M aniline + 0,1M LiClO.)

3-D Monomer Polymer ]'olymer Color Yield

Matrix oxidation oxidation reduction
Oxidn Red"

potcntial (Doping) (Decloping)
state state(V) potential (V) potential (V)

PANI +0.55 -0.2 deep greenish vcry
-

(1 cycle) blue yellow low

PAl'll +0,55 40,2 -0.2 deep grecnish very

(5 cycles) (strong peak) blue yellow low

Thc electrolytic medium influences greally on the polymer formation (yield). Vcry thin film

can be seen ever after several cycles during polymerization. The absence of acid in

electrolytic media could be the reason for low polymerization.
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Fig. 3.1.6: CV (l qclr) during electrochemical synthesis of PA;-"'1ill OMF -water
solution in presence of LiCl04 (0.5M nnilinc + O.IM LiClO~).
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Fig. 3.1.7: CV (5 cycle) during clcctrochemicnl synthesis of PANT ill DMF-wllter
solution in presence of l.iC104 (0.5M aniline + O.lM LiC104).
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The results (Fig. 3.1.6 - 3. 1.7) are sununarized the fonowing table:

PANI: Prepared in the OM" - H20 media (O.5M aniline + a.IM LiCI04)

3-D Monomer Polymer Polymer Color Yield

Matrix oxidation oxidation reduclion
Oxid" Red"

potential (V) (Doping) (Dedoping)
state state

potential (V) potential (V)

PANl +0.55 -0.2 dccp b'Teenish "'Y-

(I cycle) (very weak) blue yellow low

PANl +0.55 +0.2 -0.2 deep greenish very

(5 cycles) (weak peak) (very weak) bluc yellow low

Polyllleri:>:ationwa, very low due to the absence of acid. The solvents CH3CN and DMF have

also inillience on the polymer oxidation and reduction processes. However, the

polymerization potentials for both the solvent> are seemed to be identical. The polymer

seems to be less elcctroactive with DMF solvcnt,CJ-i3-PANI was also prepared by varying

thickness and eleclrolytic solvent and shows similar phenomenon as that of PANI e.g., with

varying thickness, potential shift of the CHTPANi oxidation and reduction occur. By

employing different solvents in the synthesis ofCH.,-PANJ, clectroactivity of the film found

to be affected.

B. Poly-o-toluidine (CII,,-PAI'iI)

The conducting polymer, CH)-PANI, can bc prepared by both chemical [33-39J and

electrochemical polymcri:>:ation [40-45]. In the present work, electrochemical synthesis of

CH3-P ANi was carried out by anodic oxidation of a-toluidine onto a I't electrode in aqueous

solution. Typical CV of electrochemical poly1Dcrization of a-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.l, a sharp rise in current is seen at a potential ca. +0.8 V indicating the oxidation of

o-toluidinc to yield CHrP ANI [41]. A thin dccp bluc film is seen on the Pt :;mfaee.

As the sweeping repeated Fig. 3.1.9, i,e .. in the second and subsequent cycles, the peak

current decreases further indicating less casc of the formation oiCH,-PANI on the substrate

with deneasing conductivity, Potential cycling was repeated upto 5 cycles for the deposition

of a thin film of CH,-P ANJ. The anodic peak at ca. +0.42 V is observed from the second

scan. This pcak can be assigned to the oxidation of CH.rPANI film deposited on the

electrodc. \Vhereas the cathodic peak at ca. +0.4 V is observed from thc first scan !llat can be

assigned to the rcduction of CH.rP AN] film depo:;ited OIl the electrode. The deep blue color

of the film tumcd to greenish-yellow when potential sweep approached to the cathodic

dircction at CiI, +0.4 V or lower.

Figure 3.1.10 also represents the CY of electrochemical polymerization of o-toluidine under

similar electrolytic conditions; herc polymerization was allowed to grow on thc Pt upto 10

cycles. As the CH)-PANI film gOlthicker, the characteristic peab seem to bc less prominent

or at least hroadcncd and also their positions are shilled. However, the colour changes of the

!llick film also occur in the similar fashion as described for the !llin CH]-PANI film. The Pt

electrode thus coated with thc CH,-P ANi film is refcrrcd hereafter as CH3-PANi electrode.
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Effect of the diffcrcnt organic "olvent on the synthesis ofCH,-PANI in both electrochemical

and chemical method" were studied before [37, 40], III the present research, electrochemical

synthcsis of CH3-PANJ was also carried out by anodic oxidation of o-toluidine onto a Pt

electrode in CHpN-water and DMF-water containing LiCI04 for both cases,

Typical CV of electrochemical polymerization of o-toluidine in eH,CN-water IS given III

Fig. 3,1.11. On sweeping the fir"t potential cycle from -0.2 to +1.2V 1/8 SeE, a sharp rise in

current is secn at ~ potential ca. +0.6 V indic~tilJgthe oxid~tion of o-toluidinc to yield CH,-

PANI. As the sweeping repeated, i.e., in the second and subsequent cycles, the peak currcnt

decre~ses, which indicates the decrease in the formation of CHrPANl on the substrate.

Potential cycling was repeated upto 5 cycles for the dcpositioll of a thin film of CH,-P AN!.

A thin deep blue film is seen on the I't surface. The anodic peak at Cil, +0.3 V is observcd

from the second scan. This peak can be a,signed to the oxidation of CHrPAI"ll film

dcposited on the electrode. Where~s the cathodic pe~k at ca, -0.1 V is observed from the first

scan that can be assigned to the reduction ofCl-I)"PANI film depo,ited on thc clcctrodc. The

deep blue color of the film turncd to greenish-yellowwhen potential sweep approached to the

cathodic direction at ca. +0.0 V or lower.

CV of electrociJemical polymerization of a-toluidine in DMF-water is given in Fig, 3.U2.

On sweeping the first potential cycle from -0.2 to +1.1 V vs SeE, a sharp rise in current is

seen at a potential ca. +0.6 V indicating the oil.id~tionof a-toluidine to yield CHrP ANl. As

the &weepingrepcated, i.c., in the second ~lld subsequent cycles, the peak current decreases,

which indicatcs the decrease in tlle deposition of CH3-PANl on the substrat<o.Potential

cycling was repeated npto 5 cycles for the deposition ofa thin film ofCH3-PANI. A thin

deep blue film is seen on the Pt surfacc. The anodic peak at ca. +0.3 V is observcd from the

second scall. This pe~k can be assigned to the oxidation of PANI film deposited on the

electrode. Whereas the cathodic peak at CII. +0.0 V is observed from the first scan that can be

assigned to the reduction ofCHrPANI film deposited 011 the electrode. The deep blue color

of the film tllmed to greenish-yellow when potential sweep approached to the cathodic

direction at ca. +0.0 V or lower.
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Fig. 3.1.11: CV (5 cycle) during electrochemical synthesis of CH,-PANI in CILlCN-
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Results and discussions

C. Copolymer: l'olyanililleJl'oly-o-ToluidillC(t>ANlICHrPANI) ,

The large-scale application of PANI is sometimes limited by thc insolubility of its protonated

state and thc difficulty of processing by conventional methods, This shortcoming has usually

been overcome by the syllthesi, of various PANI copolymers [46, 47]. Copolymer ofanilinc

with 3-anullophenyJ-boric acid [48J has been reported earlier. Reccntly, poly-o-toluidine has

attracted attention because it has been reported to cxhibit better solubility [49] and possibility

[50] than polyaniline [51, 52]. Copolymerization of aniline with toluidine is one of the best

methods to modify the solubility of poly aniline and to combine the advantages ofCHrPANI

with PANl. There are only a few reports about copolymerization in the literature [53-57].

During this research, PANI/CIl]-PANI was synthesized electrochemically on platinllm

substrates under cyclic voltanuuetric conditions in aqueous solution. Typical CV of

'g electrochemical copolymerization is given in Fig. 3.1.13, On sweeping the rust potential

~ cycle from -0,2 to +1.0 V vs SCE at a scan rate of 100 mVs-l, a sharp rise in curre11lis seen

o at a potential ca. +0,8 V indicating the oxidation of mono men to yield thc copolymer [7, 41].

..•....A thin deep bluc film is seen Oil the Pt surface.

As the sweeping rcpcated Fig. 3.1.14, i.e., in the second and subsequent cycles, the peak

current decreascs further indicating the formation of less deposits of the copolymer on the

substrate with deere<lsing conductivity. Potential eycling was repeated upto 5 cycles for the

depositiOll ofa thin film of PANl/CH,-PANI. The anodic peak at ca. +0.45 V is obscrved

f!'Olllthc second scan. This pcak can be assigned to the oxidation of PANIICHrPANl film

deposited on the electrode. Whereas !he cadlOdic peak at ca, +0.38 V is observcd from the

first scan that can be assigned to the reduction of PAi"JI/CH,-PANI film deposited on the

electrode, The deep bluc color of the film turned to greenish-yellow when potential sweep

approached to the cathodic direction at ca. +0.0 V or lower.

Fib'Urc3.1.15 also repreSC11tsthe CV of electrochcmical polymerization of aniline/o-toluidine

under 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

prominent or at least broadcned and also their positions are shifted.
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65

--.--..•-.r ""-.



- ReS/llt~ and discussiIJllS
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The results (Fig. 3.1,14 and Fig. 3.1.17) are ,ummarized the following table:

Copolymer: PANIICI-J3-P AN] (Fig, 3.1.I4)

prepared in aqueous solution (0.5M aniline + O.5M o-touidine + 0,8M H~S04)

Composite: PANJ/CH]-P ANJ!Si02 (Fig. 3.1.17)

prepared in aqueous solution (O.5M aniline + O.5M o-touidine + a.8M H2SO, +
colloidal SiDl)

3-D Matrix Monomer Polymer Polymer Color Yield
oxidation oxidation reduction
potential (Doping) (Dedoping) Oxid" Red"

(V) potential (V) potential (V) stale state

PANI blue reddi&h high
(1 cycle) +0.85 +0.2 +0,05 black (stand

alone)
CHJ- PANI deep greenish high
(5 cycles) +0.80 '10.42 +OAO blue yellow (stand

alone)
PANJlCHJ-

+0.40
deep b'TCenish high

P.t>.N1 blue yellow (moder
(5 cycles) +0.85 +0.40

(strong)
alely

+0.20
stand

(strong)
alone)

PANlICH3- +0.35 blucish greenish high
PANlISiO}

+0.75 +0,40
(strong) (stand

(5 cycles) , +0,20 (less alone)
strong)

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

exhibiting prominent oxidatioll-redilction process. However, their electrochemical potentials

sccm to be nearly identical.

D. Composite: Polyanilinc/Poly-o- ToluidineJSilica (PANIICHrP ANI/Si02)
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A number of attempts were taken previously to prepare polyaniline/silica compo,itc by both

chemical and electrochemical method [58-62]. Bul no attempt has yet been taken 10prepare

pOlyaniline/poly-o-toluidine/silica composite by any of the mentioned (wo lTIc;thocis.

Electrochemical synthesis of PANIICHrPANl/Si02 was carried Qut for the first time by

anodic oxidation of monomers onto a PI electrode ill aqueous solution containing colloidal

silica.

Typical CV of electrochemical polymerization of cOlTIpo,ite is given in Fig 3,].16 On

sweeping the fil"s! potentia! cycle from -0.2 to +1.0 V vs SeE at a scan rme of 100 mVs.l. n

sharp rise in current is seen at a potential ca, +0,75 V indi~aling the oxidation Dfmonomcl'S

to yield the composite. 1\ thin dcep blue film is sccn on the 1't surface,

I\s the sweeping repeated hg, 3,1.17, i.e" in the second and suhsequent cycles, the peak

current decreases though formation of more deposits of the copolymer on the ,ubslmte takes

place. Potenlial cycling wa, repeated upto 5 cyeles for the deposition of a thin film of

PANJ/CH3-l'ANl/Si02. The anodic peak at ca, '10.4 V is observed from the second scan,

Thi~ peak can be llssigned to the oxidation ofPANIICHrI'ANliSiO, film as deposited on the

electrode. Whercas the cathodic peak at ca. +0.35 V is observed [i'om lhe first scan that can

he assigned to the reduction ofPANl/CI'I,-PANI/Si01 film that deposited on the electrodc.

The deep blue color of the film lurned to greenish-yellow \vhetl potential sweep approached

to the cathodic direction llt ca. +0.0 V or lowcr,

Figure 3.1.18 also represents the CV of clcctrochcmical polymerization of aniline/v-

toluidine/silica under similar electrolytic conditions; here pulymerization was allowed to

grow on the Pt upto 10 cycles. As the copolymer film got thicker. the characteristic peaks

seem to be less prominent or at least broadened and also their po~itiom are shifted. However,

the colour changes of the thick film also occur in the similar fashion as de~cribed before. The

Pt electrode thus eoaletl with the PAN1/CH]"PANI/Si02 film is rcfcrn,d hCl'eafler as

PANI/CHTPANI/Si02 electrode.
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E. l'olypyrrole (PP)

Polypyrrole has been subject of a great number of studies due to the low oxidation potential

of the re~pective monomer, relatively easy method of preparation from aqueous solutions,

high stability and good electrical conductivity [63-65]. The electropolymerization ofpyrrole

has bcen eAlensively reported on noble metals such as Pt [66-68] and Au [69, 70] as well as

on differellt fo= of carbon [71-73]. Besides, polypyrrole coatings Oil a variety of other

metals, Le, CIl [74-76], Zn [77-79], Ii [80], Al [81J and Ni [82] have also been reported.

In the present work, electrochemical synthesis ofPP was carried out by anodic oxidation of

pyrrolc onto a Pt electrode in aqueous solution. Typical CV of electrochemical

polymerization ofpyrro1e is given in Fig. 3. J, 19, On sweeping the fust potential cycle frOlll-

0.2 to +1.0 V 1/S SeE at a scan rate oflOO mV~-j,a sharp rise in cunent is seen at a potential

ca. +0.62 V indicating the oxidation ofpyrrolc to yield PP. A thick deep black film is seell on

the Pt surface.

F. Copolymer: Polyanilille/Polypyrrole (PANIfPP)

There is very little literature on the formation of polyaniline-polypynole copol)'Tllers.11ha., been

reported thm the copolymer can be formed by depositing polyamline laycr chemically on the

electrode followed by electropolymerization of pYTTokin the matrix [83,~4J. Electco,hemical

copolymerization of p)TTole and aniline has also been reponed [85-88]. Recently,

electropolymcrization of polyaniline-polypylToIe fj'orll organic acidic medium has alw been
reported

In this work, PANUPP was synthesized electrochemically on a Pt substrates tmder cyclic

vohammetric conditions in aqueous solution containing LiCI04 as electrolyte. Typical CY of

electrochemical copolymerization is given in Fig. 3.1.20. On sweeping the first potential

cycle from -0.2 to + 1.0 V vs SeE at a scan rate of 100 mVs.l, a sharp rise in CUTTentis seen

at a potential ca. +0.82 V indicating the oxidation of monomers to yield the copolymer. A

thin deep blue fihn is seen on the Pt surface.
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Fig. 3.1.19: CV (1 cyclc) during electrochemical synthesis of PP in aqueous solution
(O.5M pyrrole + 0.1 J\.lHOO.Il.
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Fig. 3.1.20: CV (1 cycle) during electrochemical synthesis of PANIIPP in aqueous
solution (0.5M aniline + O.SM pyrrole + O.IM LiCl04 + a.8M H2S04),
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G. COllllJOsitc:PolyanilincJl'olypyrroleiSilica (PANIIPP!Si01)

No attempt has yet been taken to prepare polyaniline/polypyrrole/silica composite by any of

the mentioned two methods. Electrochemical synthesis of PANlIPP/Si02 Vvascarried out for

tile frrst time by anodic oxidation of monomers onto a Pt electrode in aqueous solution

containing colloidal silica.

Typical CV of electrochemical polymcrization of composite i, given III Fig. 3.1.21. On

sweeping the first potential cycle from-O.2 to ~'1.0V 1/.1 SCE at a scan rate of 100mVs.L• a

sharp rise in current is seen at a potential ca. +0.7S V iudicating the oxidation of monomers

to yield the composite. A thin deep blue film is se~non the Pt surface.

H. Poly-2-aminobenzoic acid (PABA)

Attempt has been taken to prepare poly 2-uminobenzoic acid by electrochemical means for

the Erst time by anodic oxidation of monomers onto a Pt electrode in aqueoU'i solution.

Typical CV of electrochemical polymcri7ation of o-toluidine is given in Fig. 3.1.22. On

sweeping the fust potentia] cycle from -0.3 to +0.9 V vs SCE at a scan rate of 100 mV>"!,a

sharp rise in current is &een at a potential tao +0.55 V indicatil1g the oxidation of 2-

aminobenzoic acid to yield PABA. A thin b'Teenishfilm is seen on tile Pt smfacc.

As the sweeping repeated Fig. 3.1.23, i.e., in the second and subsequent cycle~, the peak

current decreases although more deposits of PABA on the substrate was seen. Potelltia!

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

Fit-'llre3.1.24 also represents the CY of electrochemical polymerization of 2-aminobenzoic

acid undcr similar clcctrolytic conditions; here polymerization was allowed to grow on the Pt

upto 10 cyclcs. As the PABA film got thicker, the characteristic peaks seem to be less

prominent or at least broadened and also their positions arc shifted. However, the colour

changes of the thick film also occur in the similar fashion as described for the thin PABA

film. The Pt electrode thus coated with the PABA film is rcfcrred as PABA elcctrode in the

next part of the thesis.

12 •
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Fig. 3.1.21: CV (1 cycle) during electrochemical synthesis of PANIIPPISiOl in aqueou.\
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Fig. 3.1.22: CV (1 cycle) during electrochemical synthesis of PABA in aqueous solution
(0.51\1 2-aminobenzoic acid + 0.8M H,S041.
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Fig. 3.1.23: CV (5 cycle) during electrochemical s}'nthesi\ of PABA in aqueous
solution (0.5M 2-aminohenzoic acid + 0.8M Il,SO,).
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Fig. 3.1.24: CV (10 cycle) during electrochemical s}'nthesis or PABA in aqneous solution
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Polypyrrole: PI' (Fig. 3.1.19)

prepared in aqueous solution (0.5M pyrrole + O.IM LiClO .•)

Coploymer: PANI/PI' (Fig. :U .20)

prepared ill aqueolls sohltion (0.5M pyrrole + O.IM LiCI04 .1,0,8M H2S04-7-

O.IM LiCI04)

Composite: I'ANI/PP/Si02 (Fig. 3.1.21)

Prepared in aqueous sollltion (colloidal SiO, + 0.5M aniline + 0,5M pyrrule +

0.8M H1SO,+ 0.1M LiCI04)

3-D Matdx Monomer Polymer Polymer Color Yield

oxidation oxidation reduction
Oxidn Red"

potential (Doping) (Dedoping)
state state

IV) potential (V) potential (V)

pp Not Not blue Slightly
+0.62 high

(l cycle) observable observable black fade

PANllPP No< Not deep Slightly
+0.82 high

(I cycle) ob,ervable obscrvublc bllle fade

PANi/PP/ deep
Not Nol Slightly high

SiO, +0.78 blue
obscrvuble ob,erl'able fade

(I cycles)

PI' film is very hard compared to that of PMI and the film alld thc film is attached very

strol1gly to the electrode sllbslrale. Polymer oxidation-reduction processes are not ob:>ervable.

But the matrix is electrically conductivc as can be seen from the CV. Because of the hard

morphology, the oxidatiun (doping) and reduction (dedoping) processes could be slow or

difficult because during oxidation and reduction, electrolyte ions are entered and rejected,

respectively, from the polymer matrix. However, from analysis of the CV's, it is clear that754
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monomer oxidation potentials of !he matrices are different, though the other parameters are

either "not observable" or "changcd slightly",

I. Copolymer: PO!Y:lniline/Poly-2-:lminobenzoic acid (I'ANI/PABA)

No attempt has yet been laken to prepare polyaniline!poly-2-aminobenzoic acid copolymer

by any of the earlier mentiOlled two mctllOds. Electrochemical ."ynthesis of l'ANI/I' ABA was

carried out for the first time by anodic oxidation of monomers onto a Pt electrode in aqueous

solutioll cuntaining.

In this work, PANl!PABA was synthesized clectrochemically on a Pt substrate under cyclic

voltammctric condilions III aqueous solution. Typical CV of electrochemical

copolymerization is given in Fig. 3.1.25. On sweeping the first poteulial cycle from -0.2 to

+1.0 V vs SeE at a scan rate of 100 mVs-', a sharp ri,e in currcnt is seen at a potential ca.

+0.9 V indicating the oxidation of monomers to yicld the copolymer. A thin deep blue film

\vas seen on the Pt surface.

As tile sweeping repeated Pig. 3.1.26, i,e., in the second and Mlbsequent cycles, the peak

current increases further indicating the formation of more dcposits of J'ANl!PABA 011the

substrate. i'otential cycling was repeated upto 5 cycles for lhe depm;ition of a thin film of

PANI/PABA. Thc anodic peak at ca. +0.25 V is observed from the second SCalI.lhis peak

can be a,signed to thc oxidation of PANIIPAHA film deposited 011 the electrode

correspon ding to the conversion of amine nnits to radical calions in the polymer chai.n.

Figure 3.1.27 also represents the CV of electrochemical polymerization of aniline and

2-a11l\nobenzoic acid under sinrilar electrolytic conditions; here polymerization was allowed

to grow OIl the Pt upto 10 cycles. As the PANI/PABA film got thickcr, the characteristic

peaks seem to be less prominent or at least broadcned and also their positions are shifted. The

Pt electrode thus coated with the PAN1/PABA film is referred as PANIIpABA electrode in

the rest of lhe thesis.
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J. Copolymcr: Poly-o-toluidinc /Poly-2-aminobcnzoic acid (CH,-P ANJ/P ABA)

Electrochemical synthe,is ofCH.rPANJ/PAnA was carried out for the filst time by anodic

oxidation of monomers onto a Pt e1eclrode in aqueous solution. During this research, CHr

rANI/PABA was synthe&ized electrochemically on platinum substrates under cyclic

voltammetric conditions 111 aqueous solution. Typical CY of electrochcmical

copolymerization is given in .Fig. 3.1.28. On sweeping the first potential cycle from -0.3 to

-;-].0 V vs SeE at a scan rate of 100 mV".I, a sharp rise in currcnt is seen at a potential C(l.

+0.8 V indicating the oxidation of monomers to yield the copolymer. A thin black film is

seen on the Pt surface.

As the .'>Iveepingrepeated Fig. 3.1.29, i.e., in the second and subsequent cycles, the peak

currcnt dccrcases however the formation of more deposits of the copolymer on the substrate

took place. Potential cycling was repeated lIpto 5 cyclcs for the dcposition of a thin film of

CH3-PANJiPABA. The anodic peak at ca, +0.3 V is ohserved from the second scan. This

peak can be assigned to the oxidation of CHrP Ai'WPABA filnl deposited on the el~ctrode,

Whereas the cathodic peak at ca, +0.4 V is observed from the first scan thai can be assigned

to the reduction of CHrP ANJ/PAnA film deposited on the clectrode.

Figllre 3.\.30 also represents the CV of dedToehemical polymcrintion of o-toluidinei2-

aminobenzoic acid under similar electrolytic conditions; here polymerization was allowed to

grow Oil the Pt upto 10 cycles. As the copolymer film got thicker, the charactcJistic peaks

seem to be prominent though they broadened and also their positions are shified.
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}<';g. 3.1.29: CV (5 cycle) during electrochemical synthesis of CH,-PAN0'ABA in aqueous
solution (0.5M o-toluidine + 0.51\-12-amillobem;oic acid + 0.81\1H2S04),
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The results (Fig. 3 1.22, Fig, 3,1,25 u-ndFig, 3.1.28) arc summarized the following table;

Poly 2-aminobenzoic acid: PP (FIg. 3 1 22)

Prepared in aqueous solution (0.5M 2"mninobenzoic acid + 0.8M l'bS04)

Coploymer: PANI/PABA (Fig, 3,1.25)

Prepar~u in aqueous solution (0 5M aniline + 0.5M 2-aminobenzoic a,id 7 0.81\1H1SO,)

: CH,-PANI!PABA (F'g, 3,1.28)

Prepoled in aqueous solution solution (0,5M o-lOhmlme + 0 5M 2-aminobenZOIC acid +

3-0 Matl;x Monomer Polymer Polymer Color Yield

O>.idation oxidation reduction

potential (Doping) (Dcdoping)
Oxid" Red" state

(V) potential (V) potential (V) state

PABA Green Yellowish
+055 - -005 low

(I,ycle) green

PABA/PAN] +045 Deep Reddish
+0.9 - high

(1 cycle) +005 blue green

PABAlCFb Blue

PANI +0.8 +0,38 black
high

- -

(I cyclcs)

PABA and its co-polymers PABt\./PANI! and PABAlCJb-PANI haye rarely been studied earlier,

Althollgh, the matrices are electri,u.lly ,onductiw, their oxidation-reduction processes are not well

evidenced, e g reduction pro,ess IS well exbibited, while its oxidation process is not well observable

Thus, systematic study of these matrices 3ppears to be less informative However, in the pre.;ent

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

•
-
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3.2 Characterization of the Electrode Matrices

A. Infra-red Spectral Analysis

In the present study, a numher of solid electrode matrices were synthesized IR spectra of a solid

pmvidc u<;efulqllalitative structura!mformation, In order to get some imight about the structure of

matrices ;tmiJed, IR spectr~1 an,llysis was performed, Typical IR spectra for PANI/CHo-PANl/SiO,

amJ PANJ/PP/Si02 are presented in Figs, 3.2,1 and 3.22, while the observed and standard bond~

a.<;~ignedfor different functional groups are summarized in Table-3,2.1 and 3,2,2, 1he assigllment of

the hands has been made on the basis of some standard literature [89-92] and previoliS studies [93-

99J
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Tablc-3.2.1: Observed and standard rn lIbsorption bands lIssigned for different functional

groups fur the samples studied.

Functional Standard Obscrved absorption band\ (enf) Probable assignment

groups absOl)l!ion PANI CH,- PANIICH)-

band range PANI PANI/SiO)

(em-I)

Fr~e 0 H 3590-3740 3600 3710 3735 o H stretching vibration,

water may be present

NH 3300-3500 3423 343 I 3438 Aromatic secondary amine

may be present

C>C 1450-1600 )520 1544 1560, 1492 C C stretching in aromatic

rlllc!ei

C-N 1250-1350 1303, 1340 1218 C N stretching in aromatlc

1236 <lmlnc

C H 690-900 823, 850, 750, R90 850, 745 (,-H deformation, mono

900 substituted benzene

eN 1640-1690 1650 1645, t655 C=N stretching in imine

1680

5i-0 801,1111 ~ ~ 1109 Presence of ,ilic<I

(-H (in 2850-2960 ~ 2856, 2856,2900 C H ,tretching in CH,

-CHJ) 2900

AcH -3030 ~ 3028 3025 Ar H stret~hing in

o-toluidme
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Tahle"3.2.2: Observed lmd standard m llbsorption bands assigned for different fonetional

groups for the samples stndied.

Functional Standard Observed ah~()rpli()n bands (cm-) Probable assignment

groups abs01}ltion PANI pp PANl/PP/SiO)

band range

(cin.')

Free O-I! 3590-3740 3600 3712 3049 o H stretching vibration;

water may be present

NH 3300-3500 3423 3440 3411 NH stretching; aromatic

secondary amme may bo
present

C C 1450-1600 1520 1544 1560 C C stretching in aromatic

nuclei

C H 1180-1300 1303, 1250 1200 -C H m plane defonnalion

1236

(-II 690-900 823 695 820 C H oul of plane bending

Si 0 801,ll1! ~ ~ 1109 Presence of silica
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B. Ultra Violet - Visible spectroscopy

Ultraviolet -Vi,ible (UV-Vis) speclra ofdopcd PANI, CH3-PANI, PANIICI-J3-PI\NI, 1'1', ~~nd

PANJlJ'J' samples in DMF solutions at room lemperaturc are given in Fig. 3.2,3- Fig. 3.2.7.
,

The tIV-Vis spectrum ofl'ANI is depicted in Fig. 3.2.3. From the speclrum, il CUll be seen a

strong at absDrplioll 271 nm. Further a shoulder at around 800 is al~o observed, The peak at

271 nm should correspond to the interhand Iran~itiOI],Le., transition betwcen valance band

and eOnduelion hand. The energy associated with this transition is lhe hand gnp energy [ ].

The shouldcr may be associaled \vith other phenomenon occurred in the gap state. SiIllilar

phenomcnon wa."alsD olJ'ierved in fig. 3.2.4 jilr the spectrum of CIl,- PANI. In this ea~e, tw0

absorplion penk~ arc \vcll defined. The penks are observed at 272 nm and G02 nm. The

fornler peak is assDcialed with interband transition while lhe other one correspond.s 10 the

mid gap state tramiliQll l ]. This transiliDn is responsible for polymer eonductivily by

jimning polaron and bipolaron as mid gap gap ~tate r J. In fact, polaron step is a rauical

cation, i.e., contains one eleclron whereas bipolaron is a dicatioll, i.e" electronlcss. At lo\\'

dopping level polaron formation takes \\,hile at highly dopped state, hipolaron funnalion

predOIllinates, However, because of lhe greater stability a bipolaron is favored over pol aron.

Figure 3.2.5 shows the UV-Vis spectrum of the copolymer ]'ANlICHJ-PANl in DMF

solvcnt. For lhis sample, the interhand transition is observed at 292 nm compared to that of

PANI (at 271 lim), ThllS, the higher wavelength correspond~ smaller band gap and henec

~hould be more conductivc than I'ANlmatrix, Again mid gap transition occurred at 753 11m

eorresponuing to polaronic and hipolaronic lsales, Comparing lhe present result with thaI of

l'ANI and CHrl'ANI, it seems that absorption speetra of the PANIICH;-l' ANI sample ~ho\\ 5

a reasonable differences from PANI and CHrl'ANl suggesting differenl electrical property

oflhe PANliCHrl'ANI matrix. The spedral results nre sllmmari7ed io the following Table-

3.2 ..1.

The UV-Vis spectt'll1TIof PI' is shown in Fig. 3.2,6. The valcnce hanelto conduction band

transition for 1'1' was ob~erved at 270.5 nrn and other weak absorption \vas found to be

observed at 661.5 !lrn which believe to be responsible for lhe PI' conductivity by forming

polaron and bipolaron as mid-gap state. It is indeed to be noted that the dissolution of 1'1' in
•

DMF ,vas not satisfactory, The poor dissolution of PI' may result weak absorption "..------------------------------ .
89 •
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olJ'icrvcd for pr. However, further attempt was made lQgct spectritl rcsults for the PANliPP

copulymer. The sample ill DMF results the absorptioll ~pectrUill given in Fig, 3.2.7. Similm

to PP and PAN! spedrll, two absorptions at 270.5 and 661.5 nm cun be seen in this case tOD.

Thll'i, it is cxpccted (hat the copolymcr PANlIl'l' should have electrical propcrties similar or

close 10 thllt of PAN I or rr, The ~pectral data for these samples are li,>tedin thc TabJe.3,2.3

'1 able- 3,2.3: UV -Vis speclrat data for the samples ,ludied,

Sample
W<l\'elength(nm) I

In:cl'bandtransition Mid gap lransi(ion
PANT 27] 0 .
CH,-PANJ 272.0 292.0 I
l'At\1ICHrPANI 292.0 753,0

I
pp 270.5 661.5
I'ANI/PP 270.5 661.5

1.10

g
~
if. ,U'50l'<

. Qao,"0

,
" ---------. -.-, -------

40UO

Wave kngth (nm)

Fig. 3.2.3: lJV spectrum of PANI.
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Fig. 3.2.5: UV spectrum of PANI/CHrPAI'I
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C. d. c. Two Point-probe Conductivity

Eketl"ical conductivity of the samples PANI, CH]-PANI, PANIICH)-I'ANJ, PANJ/CJ-b-

rANI/SiCh. were measured by employing conventional two point"probc methods [100]. The

vacuum drieu samples \vere compressed to a rigid mass and stored in vacuum desiccators till

the conductance measurement commenced.

The meilsured conductivity of PAN!, CH)-P ANI, I'ANI/CH)-I'ANI, and PANl/CH.l-PA~'JlSi02 were

found to be 1.94x]O-J S, J.225xlO-3 S, 2,42IxlO'] Sand 1.29"]0-4 S respecti\'ely_ The measured

conductance of CH)-I' ANi ~~em,1[1be higher than that of PANI. Thi~ might be due j[) th" prc"ence

of methyl group. Methyl gl'OUPcan release e1edrons 10 benzene ring and thus Can enhance the

electron density availahle for lransitions, resulting higher condllct,mce of CI'L-P ANI. Gut the

conductance oj" tl,~ ~opolymel PANI/CH)"PANI \Va, fO\lnu to be in between of the indi\'iduul

polymer,> In the polymer matrix, conductive path fur the charge c8tTier, could be mod,fi~d by the

presence 01' lh~ two monomeric unit, and thus re~ulls u different electrical conductance as observed

in (he plesent study, The conductance of PANI/CII,-PANl/Si02 is ag.ain lown thun that of the

copolymer PANI/CH)-PANI. This might happen due to the in,ertion of insulating siliea particles in

the copolymer matrix. The decrease in cond\lcti\'ity might be due to the partial hlockag.~ of

conducti\'e path by the insulating ~iliea panicles dispcrsed in the PANIICHrPANI/SiO, matrix,

Simdar decrcase in eonductivi!y of PAN! \vas also reporled b} the Zhang el, al [lOll \\hcn fe,n,

nanoj1anicies were embedded in the polymer.
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D. Scanning Elcctroll Microscopy

In order to examille the stu-Facemorphology, scanning electron microscopy appears to be the

best chDice heClluse of its potential for precise analysis of a solid surface. Chemical

composition and morphological structure 01' a material strongly dcpcnds on the mode of

synthesis, bc it chemical or eledrochemieal, on the synthetil: l:onditiom such as pH.

con~elllratj()n of readan[~ amI products, chemical nature of oxidant, w..idation potential etc

[I 02J. Thus, a variety of chemical stnlcture and morphology of a material is possible. In the

pre,;enl \\'ork, all the polymer,; were synthe.,>iyede1el:lrOl:hemically under different electrolyte

conditions. Figure 3.2.8 shows the SEM images of(a) PANI, (b) Cl-I.1-P/\NI, (c) PANliCI-I,-

PANI, (d) l'ANl/CH3-l'ANI!Si02, electrode surfaces. It can be seen that a grain-like

morphology appears when PANI is prepared electroehcmieally froill electrolytic solution

containing H}SO, and the surface is quite uniformly covered with thc PANI fiber. Fibril

morphology for PANI ~ynthe.-;izedelectrodlelnically ,\'US also reported previously [103]. In

case of CHrPANJ the surface morphology appcars to be eOlilpact by close binding of the

fibrils and grains. The sllrfac~ ulliJhrmity and homogeneity seem to be different compared to

that of PANI. On the other hand, \vhen copolymer of PANI/CH3-l'ANI ,I,as synthesized, ils

surface morphology appears to be rigid solid body likc the picees of stolle. The resulting

surface secms to be fathcr non uniform and the parlides are randomly disper.-;ed on the

~lIr[ace. The composite, PANJ/CHy!'ANt/SiO}, on the other hand fomled fliike like

morphology, packed together and made the ,vhole ,urElc~ fully co\'er~d ",jlh Jlake~, The

SPM observations thus predicted quite dis~imilar surface morphologies of the studied

samplcs. The ob~erved dissimilar morphological features ofPANL CHrPANI, PANIICHr

PANI, l'ANI/CJ-l3-PANIISiOI suggests that their elcctrode behavior for elcctrochemieal

processes could be different.

Figure 3.2.9 shows the SEM images ol"(a) PANI, (e) PP, (f) PANTfPP and (g) PANTfPP/Si02

electrode surfaces. In contrast to the fibril morphology of PANI it can be seen from the

surface morpllOlogy of PP that the small granules formed on the surface and distributed

randomly on the surface having different particle size. The present SEM observation for PP

is consistent with a early work reported elsewhere [104]' On the other hand, when copolymer

of PANlfPP was synthesized, the sUlface morphology secms to be uncovered. Only few

94f}
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granult:~ slack ('n tht: dilTerent location of the surface. This observation suggests the

difficulty in the formation of the copolymer PANl/PP. The surface of the composite,

PAN1/PP/Si02, shows a nOll-uniform but fully covered with the grain~. In some places big

deposits of the grain,; is also ohserved, Thi" ob"ervatiol1 clearly suggests that ineorporatiol1 of

silica has modified the deposition mechanism of the matix.l-Iowever, the SEM observations

dearly suggest that the surface morphology of the matrices studied i" quite dIfferent from

t:aeh other and expected to exhibil dissimilar electrode behavior,

95 •. ,
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Fig. 3.2.8: SF.l\f m icragroph.\ "r (ll) PAi'll, (b) CHJ-P Ai'll, (c) I'A~ I/Clls-I' A~l IIl1d
(d) PANlfClh-I'ANI/Si01
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,

1111:.3.2.9:SEi\l microl:raph~ of of(n) PANI, (e) 1'1', (I) PA~[IPP
nntl (g) PA~lfPI>fSiOI
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3.3 Performance of the Modified Electrode

3.3.1 Electrochemical Doping - Dedoping Proees~

A. PAN] Electrode:

The elec1lochcmical behavior, i.e. doping-dedoping pl'Oeesse~, oj" the PANI film elewodc was

e~alllincd b} cyclic volt~metry in aqueOIlS 0.8 M H2S04 solution, For thi., purpose PANI lilm \vas

deposited On Ihe Pt electrode by s\\'eeping the potential three times helween the potenlial -0.2 and 1.0

Vat a ~can rate of 100 mY/Sec, The film thus coaled on to the Pt electrode was washed se\Trallimes

with distilled water and then immcr;:ed in an aniline free aqueous 0.8 M l-hSO.j solution. A I}piea!

CV of the PIINI Jilm is ~hown in Fig, 3,3.1. 1t can be seen from the figure that the CV of lhe p,esent

~ystem is com]Jo8ed of two redox couplcs. Thi~ behavior indicales the prcscnc~ or "'!liable

c1edrOCictivGrcgion in the PANJ film [105J. The r""ult of present CV is id~ll1ical with a pre\iou,;

study 'uggcsting that the o~idation of the PANI film takes place at the pOkntials +0.22 V nnd -+0,80

V nt which electrolyte anion is dopcd into the polymer film \\,hile the corresponding rl'ducllons of the

fLlm lake placc at +0.03 and +0.74 V wherc dedoping ufthc e1eclrolyte anion occurs. OJl sweeping

Lhebare I'! clectlOde (without PAN1 film) frOm -0,2 to +1.0 V in 0,8M H,S04, no such peaks are

oh.,erved. rhe oxidation and rcduction wavc., arc not symmetncal as can bc ~eCn i~ the CV (Fig

3.3.1), "ihc shape of the t\VOpeaks and the dilTerence in the peak potentwh suggest that the

e!cetmchemical reaction i, quasi-reversible and that there arc differences between the reduction and

oxidation kinctic~ [106]. The redox process of I'ANJ in aqucous H2S04 elcctrolytic solution may be

intcrpreted as follows:

(Polymer - X -) + e - ':; Polymer" + X-

(Polymer + X-) is lhe oxi dized polymer obtained through doping proce,s and polymer 0 i5 the Ieduced

polymer and X - is the electrol)Le anion (SO,2),

Thc redox reaction oflhe PANl film is accompanied by a color changes, The film appear; us a deep

blue color when thc electrode potenlial is reached at +0.22 V and tl'm, to a transparen: greenish-

yclll)w 'Nhcn il is switched to -0.2 V, "lhc color changes OCCUrevenly throughout the film with no

evidcnc~ of region with different rcactivity, Similar ob,ervarion for c{)lor change with PANI in iLs

redox proces~ hus also becn repOlted previously [107 J,

ll. Clh-PANI Electrode:

Figure 3.3,2 shows the CV of CI.h-PIINJ film (3 cycles) on a platinulll electrodc in an aqueous

solution containing 0,8 M H,S04. Alikc the CV of PANI, the CV ofCHrPANI is also composed of
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J 1.0 mA

-0.2 0.0 0,2 0.4 0.6 0.8 LO

Electrode Potential (V)

Fi~. 3.3.1: CV ofa PANI film (3 cr"lcs) on a Pt electrode in aqueous solution containing

0.8 M H1SO,.
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1 1.0 mA

0,0 0.2

I

V

0.4

(

0.6 0.8 1.0

Electrode Potential (V)

Fig. 3.3.2: CY ofa CH,-PANI film (3 cyclc~)on 2 Pt eleetrod •...in aqueous

solution eont~ining0.8 M H,504_
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two two r~dox couples. This nature of CV eonfimlS 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).l-lowever, it seems from the CV's ofPANl

and CJ-h-PAN! that the sh~pe of redox waves ~nd their potential are not vcry ~lmilar. This m~y

suggest dissimilar redox ~clivity betwecn the PANI and CH)-PANi electrodes.

c. PANI/CIIl-PANI Electrode;

A copolymer ~ompound of PAN! and Cl{j-P/\N! was prepared In order to eX~lnine its

clcetroadivity. Thc clectrochemical ['cdox behavior i,e" doping-dedoping proce~ses of PANJ/CI.!)-

PAN! film electrode in ~n aqueous solution containing 0 S M }hS04 is shown in fig, 3.3.3. The CV

of the PANJlCHrPANI film (3 cycles) is sccmed to be idcntical with PAN! and CHrPANL The

identical nature of the electrodc i~ reasonable, since in its matrix both thc PAN! and CH3-PA1\'1

componcnts are present, Thc redox peaks corre~pond to polymer oxidation (doping) and rcductlon

(dedoping).

D. PANJ/Clh-PANIISi02 Ekctrode:

Fignre 3.3.4 shows CV of the compositc electrode having the stmctlll'C PANlICI.!)-PANI/Si02 (3

cyck,) in an aqueous solution contuining o.~M H2S04, A film ol"the compo~ite "'as depositcd onto

a Pt electrode. The composite electrodc also yielded a pair of redox couples thm arc identical to the

CV's of PANl and CH3-PANI. This result suggcst that even after incorporating insulating silica

particle, in the compo~ite matrix, it cun act as an electrode matrix ,howing normal oxidation

(doping) and rcduction (dedoping) oitho;. polymer componcnt of the composite electrode,

E. pr Electwde:

The electrochemical behavior of a PP film deposited on the Pl electrode in an aqueous solution

containing 0.1 M LiCI04 was examined. A typical CV is shown in Fig. 3.3,5. The CI' invoh.ed

sweeping the potential between_O,2 V and +1.0 V \'s SeE at a scan rate of 100 mVs.l. Though any

peak in the CV is not sccn but gives a continuous high anodic and cathodic current suggesting that

there must be somc processes that gave the current. The continuous current could be due to the

charging current of the PP that deposited on the Pt electrode surface. pr can bc switched between its

oxidized (conductive) and reduced (insulator) states [108]. The oxidation and reduction of a PP film

can be explained by the following redox reaction:

101 ,
I
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I 0.2 inA

\~\

~\=

J
LO0.80.60.40.2

____ L ~ _
0.0-0.2

Electrode Potential (V)

Fig. 3.3.3: CV ofa PANJ/CHrPANI film (3 cycles) on II PI electrode in aqueous

solution eont;lining 0.8 M H2S04.
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I0.2mA

-,

.1.00.80.60.40.2
, _I~__ ~_- ~__

0.0-0.2

Electrodc Potcntial (V)

Fig. 3.3.4: CV of a PANIfCH3-PANIISi()~ film (3 cycles) on a Pt electrode in aqueous

solution eontnining {l.SM H2S04.
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I0.1 rnA

.0.2 0.0 0.2 0.4 0.6 o 6 LO
Electrode Potential (V)

Fi~. 3.3.5; CV of a PP film (1 cycle) 011a Pt electrode in aqueous solution containing
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The oxidation is due to doping ofClO,' into the PI' backbone while the reduction is due to dedoring

of ClO.1.Jt should be noted hcre that the anions or ealions do not behave as electron donating oj'

acccpting species, In the ca,e of electrochemical doping, the electron acceptor or donor 1S the

electrode itself. In other word~, the oxidation or reduction of the polymer film at the electrode results

in the anion or cation doping so as to achieve electrochemical neutrality in thc polymer lilm. The

observed current spectrum or the CV (Fig. 3.3,5) indicate, that the PP film can be doped or dedoped

with CI04' al different potentials between -0,2 V to +1.0 V.

F. PANltrP Electrode:

To examrne the electrochemical doping.dedoping behavior, of the copolymer PANIIPP film

elect[(}de in an aqueous wlution containing 0,1 M LiClO~ and 0.8 M I-hSO.j voltametry teclmique

wa~ adoptcd and Ihe cone,ponding CV is shown in the Fig. 3.3,6. The CV of the PANliPP film (I

cycle) i~ almost identical to [hat of PP. However, the charging current for the PANJIPP seems 10be

higher than thilt ofPP. This might be due to the presence of PANI, which itself is highly conducting

and thus can givc currcnt during potential sweeping as observed in the CV.

G. PA!'iltrP/SiOl Electrod,,;

fig, 3.4.7 shows the CV or a I'ANLlPP/SiO, composite film (l cycle) on a Pt electrode in aqueous

solution containing 0,1 M LiClO, and 0,8 M H2S04. The observed CV resembles 10 that of the

PANI/PI' electrode, The insertion of silica into thc pol}mer matrix seems not to be made any change

in the CV of the PANIIPP/Si01 composite electrode. Since SiO, is c1eelroinactive and hence can not

give any current to result any effect on the CV of the PANJ/PP/SiOI electrode. Similar observation

was also reported elscwhere.
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1 0.9mA

~ L
-0.2 0.0 02 04 0.6 o 8

I
1 0

Eleetrode Potentia! (V)

Fig. 3.3.6: CV ()fa PANIIPP film (1 cycle) on a PI electrode in aqucou8 s()!ufion containing

0.1 M LiC104 and 0.8 M H2SOj•

o
!06~\.



Results a"d discussiolls

I0.9 mA

-0.2 00 0.2 0.4 0.6 0.8 LO
Electrode I'otential (V)

Fig. 3.3.7: CV ofa PAi'iI/PP/SiO, film (1 cycle) Ona Pt electrode in "queou~ solution

containing 0.1 M LiClO, and 0.8 M H,SO,.
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3.3.2 Electrochemical Redox Behavior

Electrodcs are the sites where electrochcmical oxidation and reduction take place, For the redox

process, clectrodes play the critical and cffective role. Usually noble metals, viz., Pt, Au are utilized
mostly as active ekctrodes. Howevcr, because noblc metals are costly and thcir abundance i, limited
and thlls effort is given to search for new clectrode matcrials. The conductive polyme~ are the elass

of materials which are eondu.etive, casy to prepare and less costly and thus appeared as potentials
eaodidates for electrode materials. In the present work, Pt electrode is coated \\iith ,ome polymer,

copolymel and compositc films and different rcdox proccsses wCre than s1Udi~J by ming redox
mcdia, such as 0.1 M K,Fc(CN}6 and 0.01M hydroqllinone + 0.1 M Na,S04 as electrolytes
A one electron redox reaction of ferrous (Fc~+) and ferric (FeJ-), sho"TI below \~as studied by u~ing
K4Fe(CN)6 "--'an electrolyte solution of conc~nllation 0.1 M.

2+ 3+Fe "e"'Fe

00 the other hand, the following two electron rcdox reaction of p-benzoquinone (Q) and
hydroqninone (QJ-b), was studied by using the electrolyte solution of 0,0 I M hydroquinone and 0.1
M Na,SO'1

Q+211++2c~QH2

A. Pt Electrode

figure~ 3.3.S and 3.3.9 show tltc redox bchavior of a PI electrode whcn switched between two
poteotial window in different electrolyte media. The result, of two CV's as shown in Figure 3.3.8-
3.3.9 arc summarized in the following fable 3.3.1:

Ta hie"3.3.1: Redox behavior of a hare Pt electrode

Electl'Ol)1e ~olulioll Oxidation Potential (V) Reduction Potential (II)
0.1 M K41'c(CN)6 +0.44 +0,05
O,OIMHQ+O.I MNa2SO, +0,60 +0.09

When Pt was used as an electrode, the oxidation of Fc~~ to I'cJ+ occurred at the potential of +0.44 V

and redlletioll occurred at 0.05 V. And for the quinonelhydroqllinonc system the oxidation potential

was fOllnd at +0.60 V whereas the redllCtioo potential was at 0.09 V. The redox potentials ob~erved
in this ~ludy are in good agreemcntwith previous report.

B. PAM Electrode

Ncxl, Pt el~ctrode v,:as modified by coating it~ surface with PANI film of different thickness. The
PANI film modified Pt electrodcs were thcn investigated for thcir redox performance by studying

108;1f.'
;,j-'



Results and discussions

10.5 rnA

-0.2

\J
I

0.0 0.2 OA 0.7

Electrode Potentia! (V)

Fig. 3.3.8: CV of a bare Pt electrode in an aqueous so!uti(m containing 0.1 M K4Fe(CNJ6.
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Fig. 3.3.9: CV of a bnre PI electrodc in nn nqueous solution containing

0.011\1 Hfdroquinone + 0.1 M Na,SO.j.
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oxidation reduction processcs on the modified surface. The same electrolytic media, K,Fc(CN)6 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)S04 as described in the experimcntal section. The observed redox parameters of the PAN!
modified Pt electrode as ohtained from the figs. 3.3.10.3.3.15 are given in the following Table-3.3.2:

Tahle.3.3.2: Redox behavior of PANI electrode (PANI film was prepared from an aqueous

solution containing 0.5 M aniline + 0.8 M HlSO,)

Elcctrolyte solution Thickness Oxidation RedLlction

(No. of cycles) Potential (V) Potential (V)

0.1 M ~Fe(CN)6 I +0.42 +0.05

5 - -
10 - -

O.OIMHQ+ I +0.49 +0.16

0.1 M Na2S0~ 5 - -
10 - -

It can be seen from the result that the oxidation potential of the Fe2+/Fe3+ system was slightly lower
(+0.42 V) for the modified PANI electrode than that (+0.44 V) for the hare Pt el~clrode but the
reduction potential was quite same for both the electwde,. And for the Q/QH2 system, the oxidation
potential is much smaller (+0.49 V) for PAt,1 electrode lban that (+0.60 V) for the bare Pl electrode
but the reduction pOlcntial is ,;Iighll) higher. These observations suggestlhat on the lllodlficd PA",I
electrode the o;>.idation offenous and hydroquinone could have been ea"ier compared to that on the

bare Pt electrode. When the thickness of the polymer all the Pl elcctrode was increased to 5 cycles or
10 cycles there \\ias no such significant redox p~ak in the CV which could be due to the high charge
canying properties of PAN!. The current density became larger and thus the redox pcaks could bc
suppressed by tbat continuous current. Ho\vever, tbe current shoulder as observed in the CV for thick
PANI film~ elearly indicates that the coated films retained their electro conducting state though the

film got thicker.

Furlher, PAN1 film was prepared from the organic solvents vi7., CHJCN and DMF. The films thus
eoated on the Pt electrode were thus employed for investigating the redox activity of the Fe2'lFe3+

aud HlQ/Q couples. The result of redox behavior of the modified PANI electrode as shO\\11in Figs,

;n.IO.3 .3.11 and Figs. 3.3.16-3.3.19 arc sUllUllarized in the following Table- 3.3.3:
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Fig. 3.3.10: CV Ofll PANI electrode (1 cycle) in an aqueous solution containing
0.1 M ~Fe(CNk PANI film was prepared from an aqueous solution
containing 0.5 1\1aniline + 0.8 1\1H1S0~.
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Fig, 3.3.11: CV ofa PA!'I'1electrode (S cycles) in an aqueou~ ~olution containing
O,l M K4Fe(CN).. PANI film was prepared from an aqueous solution

containing 0.5 M aniline + 0.8 M IhS04'
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."ig. 3.3.12; CV ofa PANI electrode (10 cycles) in an aqneous solution containing
0.1 M K.Fe(CNlo. PANI lilm wa~ prepared from an aqueous solution
containing 0.5 M aniline + 0.8 M H,S04.
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}"ig.3.3.13: CV of II PANI electrode (1 cycle) in an aqueous solution containing :I
O.OJ1\1Hydroquinone + 0.1 M Na2SO,. PANI film was prepared fromll
lln "queou$ "olution containing 0.5 M "nilinc + (l.8 M H2SO •.
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Fig. 3.3.14: CV of a PAN! electrode (5 eyeles) in an aqueous solution containing
0.01 M Hydroquillolle + 0.1 M Na2S04.l'ANl film was prepared from
lln "qUCOU$solution containing 0.5 M aniline + 0.8 M H2S04.
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Fig. 3.3.15: CV ora PANI electrode (10 cycles) in an aqueous solution contaillin~
0.1 M Hydroquinonc + 0.1 M NalSO;j. PAl'i1 film was prepared from

an aqueous solution mntaining 0.5 M aniline + 0.8 M H~SO-l.
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Fig. 3.3.16: CV of a PANI electrode (1 cycle) in an aqueous su\utioll containing
0.1 M K;jFe(CNk PANI film was prepared from II CI-hCN solution
containing 0.5 M aniline + 0.1 M LiCID•.
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Fig. 3.3.17: CV of a PANI electrode (5 cycles) in an aqueous solution containin!:

0.1 M K.•Fe(CN)6. PANI film was prepared from a CII]CN solution
containing 0.5 M aniline + 0.1 M LiCI04.
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Fig. 3.3.18: CV of a PANI electrode (1 eyelc) in an aqueous solution containing

0.1 M ~Fe(CNk PANI film was prepared from a DMF solution
containing 0.5 M aniline + 0.1 M LiCI04.
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Fig ..•..•. 19; CV oflJ PANI electrode (5 cycles) in an aqueous solutioll containing
0.1 M K.Fe(CNJo. PANI film was prepared from a DMF solution
containing 0.5 M aniline + 0.1 !VILiCIO •.
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Table-3.3.3: Redox behavior of PAN I electrode (prepared from diffcrent solvents) in an
aqueous solution containing 0.1 M ~Fe(CN)6

Solvent used foc Thickne;s Oxidation Potential (V) Reduction Potential (V)

the preparalion of (No. of cycles)

PANI

0.8 M H1SO, 1 +0.42 +0,05

solution in H2O 5 - -
o 1 M LiC104 1 +0.55 "0,07
solutlon in CHiCN 5 - -
0.1 M LiC104 1 - -

solution in DMI' 5 - -

The re,ults show that the oxidation of ferrous tll ferric occurred al comparatively highcr oxidation
polenlial and reduction of ferric to ferrous occurred at lower potential when PANI Iva, synlhesized
rrom a CH,CN solution containing 0,1 M LiC104, It seems lhat lhe ea~e or thc rcdox rcaction

decreased when CH]CN is used as solvcnt for the synthesis of PANI. The soh'ent may have lome
role in the morphology of the PANI films. Indeed, the PANI obtaincd from CI.bCN loob very hard
morphology compared to that obtained from aqueO\ISmedium. The hard morphology of the polymer

cO\lld have elTeet on the electron transfcr associated with the studied redox proces,es, When PAN I
was prepared from DYlF soilltion ther~ \Va~nO significant redox pcaks observed even at low or high
thickness of PANI, This may he also duc to the similar solvent effect 011the PA:t\'1morpholog: that
re,ult a difficult electron transfer between the Pt and PANI substrate,. !'!owe,er, dull current
shoulder is appeared, indicating that the coaled film.1are electro condllcting.

C. CHj-PANI Electrode

Electrode modification was further attempted by changing the polymer to CH]-PAN!. In this case,
CH)"PA}.,'1\vas prepared from aqueous solution having different thickness. The CH).PAJ\I film was
deposited on the bare Pt electrode electrochemically following the similar procedure as mentioned
for PANI. Thc modified CH)-PANI electrode was thus employed for examining the redox activity of

the systems as diseLlssed bellow.

The result of the redox behavior of the modified CH).PANI eleetrode as shown in Figs. 3.3.20-3.3.25
are sllmmarized in the following Table.3.3.4:
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Fig. 3.3.20: CV of a CHrPANI electrode (l cycle) in an aqueou~ solution containing

0.1 M ~Fc(CN),;. CHrPANI film was prepared from an aqueons
solution containing 0.5 M toluidine + 0.8 M H2S04.
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Fig. 3.3.21: CV of a CHrP ANI electrode (5 cycles) in lin aqueous solution contllining

0.1 M ~Fe(CN)". CH3-P ANI film was prepared from an aqueous

solution eontllining 0.5 M toluidine + 0.8 M H2S0~.
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Fig. 3.3.22: CV of a CHJ-P ANI elect rod e (10 cycles) ill all lIqucou~ ~olution
containing 0.1 M K,Fe{CNk CI-h-PANI film was prepared from
an aqueous solution containing 0.5 M toluidine + O.SM H"S04'
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Fig. 3.3.23: CV of a Clh-P ANI cleetrode (1 cyclc) iu an aqucous solution containing

0.01 M Hydroquinone + 0.1 M NalSO~. CHj-PANI Iillll was prepared from lin
aqueous solution containing 0.5 M toluidine + 0.8 M H2S04.
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Fig. 3.3.24; CV of a CHrPANI electrode (5 cycles) in an aqueous salufion eanfailling
0.01 M Hydroquinonc + 0.1 M Na2S04. CHrPANI film was prepared from an

aqucous salution containing 0.5 M toluidinc + 0.8 M IhS04'
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Fig. 3.3.25: CV ofa CIh-PANI eleelrode (10 cycles) in an aqueous solulion containing
0.01 M IIydroqllinone + 0.1 M Na2S0~. CIIj"PAKI film was prepared
from au aqueous solution contaiuing 0.5 M toluidine + 0.8 1\1H,S04.
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Tabk-3.3.4: Redox behavior of CH)-PANI eleclrGde (Cfoh-PANI film W3~prepared from
an aqueous solution ~ontaining 0.5 M o-to!uidine + 0.8 M IhSO~)

Electrolyte solution Thickness Oxidation R~duction
(No. of cycles) Potential (V) Pot~n1ial (V)

0.1 M ~Fe(CN)6 1 +0.44 :0.05

5 +0.43 +0.05

10 +0.02 -0.10
O,OIM 11Q + 1 +0.74 +0.14
0.1 M Na2S0~ 5 +0.71 +0,12

10 +0.72 +0.06

It is sc~n from the table that the oxidation and reduction potential of the Fez+/Fe]+~y~(em was quite

similar for the modifieJ CHrPANl eleetl'Ode compared to that for lhe bare Pt elecll'Ode and PANI
electrode. When the thickness of polymer on Pt was increased the I'edox potential occurred at higher
potential showing less spontaneity that may be due to lhe less chance of injection of electrons

through the thick polymer. On the other hand, for th~ QIQHz system, the oxidation potential is much
higher fol' CHrPANI dectrode than that for the bare Pt electrode 01' PANI electrode but the
reduction potcnlial is slightly lower. These observations sugg~st that on the modified CHrPANI
ele~trodc th~ oxidation of hydroquinone could have been less spontaneous. Red\lction of quinone to

hydroquinone occurred at slightly lower potential suggesting higher tendency of being reduced in
case of CH)-PANI modi lied electrode. When the thickness of the polymer 011the Pt electrode was
increased to 5 cycles or 10 cycle~ there was no such significant changc on redox poteolial. The
di fference in the ('edol; potential may arise from the di~similar chemical functionality of the pol yrncr,
Since in the CHrT'AN! matrix, there cxist a-CH] group in the poll mer chain, the redox process may
bc altered due to tbe functionality of the polymer chain and thus resulls difference in the redox
potential \vith CI-b-PANI than PANI.

Next, redox behavior of the CHrPANI modified PI electrode as sho\\fll in Figs. 3.3,26 _ 3.3.27 '\as

examined. CH}-PAN! Jilm was prepared either from a CH]CN solution containing 0.5 M toluidine +
0.1 M l.iCIO., or from a DMF solution containing 0,5 M toluidine + 0.1 M LiC104, The results are
summari:red in the follo"ing Table-3.3.5:
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Fig. 3.3.26: CV of a CUrPANI electrode (5 C)'cles) in lin aqueous solution containing
0.11\1 l<.JFe(CNk PAl'i1 film WliSprepared from a CH,CN solution
containing 0.5 M toluidine + 0.1 1\1LiCIOj•
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Fig. 3.3.27: CV of a CH,-PANI electrode (5 cycles) in an aqueous solution cOntaining

0.1 M IGFe(CNk PANI film was prepared from a D;\tF solution
containing 0.5 M toluIdine + 0.1 M LiCIOj•
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"Tahle-3.3.5; Redox behavior of CHJ-PANI electrode in an aqueous solution containing
0.1M ~Fe(CN)6

Solvent used fm Thiekne~s Oxidation Potential (V) Reduction Potential (V)
'h, prcparation of (No. of cycles)
Cl-b-PANI

0.8 M HlS04
5 +0.43 +0.05solution in H2O

Io. , M LiC104
5 - -solution in CI'hCh'

0.1 M I.iC104
5 - -solutlon in DMI'

The r~~ults sho\\is that the o~idation and reduction of ferrous-ferric system occurred at +0,43 V and

+0,05 V respcctively "hen CH)-PANI was synthesizcd from an aqneous solution containing 0.8 M
1'!)S04. But when CJ-b-PANI was prepared from other solutions such as 0,1 M LiClO; in CHlCN or
0.1 Iv! LiCIO~ in Dt\1F there Vias no such redo),. peaks, Since CI'h-PANI film~ were prepared from

difl"erent solvents, the resulted film may possess dissimilar morphological stmeturcs, The
morphological structure dominates the redox proccs.~ involving the trunsfer of electron among the
r~dox species of the system employed,

n, PANIICHJ-l'AJ\'1 Electrode

Electrode modiJication was further attempted involving copolymeric film, A copolymeric film of
PANI and CH3-PANl was prepared electrochemically using the conesponding monomers in the
appropriate eIectroly1ic solutions. Th~ Pt electrode thus coated \,jth PANJ.lCH,-PAl':I was employcd
as the modi lied electrode to examine the redox activity of the electrode for some sele~tive systems,
such as Fe'-/FeJ+ and H2QIQ couples.

Redox behavior of the PANIICHrPANI modified electrode, when PANIICH)-PANJ film wa!.

prepared from an aqueous solution containing 0.5 M aniline, 0.5 M O.tolllldine und 0.8 M l'bSOJ, as
shown inl'igs, 3.3.28-3.3.33 is summarized in the follo,ving Table-3.3.6:
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Fig, 3.3.28: CV of a PANIIClf)-P ANT electrode (1 9'c1e) ill an aqueous solution
containing 0.1 M K,Fe(CNk PANIICH]-PANT was prepared from an

aqueous solution containing 0.8 M H2S04, 0.5 M aniline and

0.5.M o-toluidine
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Fig. 3.3.29: CV of a PANIICHJ-PANI electrode (5 eyeles) in an aqueous solution

containing 0.1 M K4Fe{CN)6. PANI/CHJ-PANI wm. prepared from :m

aqueous solution containing 0.8 M H2S04, 0.5 M aniline and

0.5 M o-toluidine.
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Fig. 3.3.30: CY of a PAN"IfCHrPANI electrode (10 C)'des) in an aqueou.\ solution
containing 0.1 M ~Fe(CN)". PANIfCHrPANI was prepared from an
aqueous solution containing 0.8 M HlS04, 0.5 M aniline and
0.5 M o-toluidine
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Fig. 3.3.31: CV or a PANI/CHrPAI\I electrode (1 cycle) in llll aqueou~ solution
containing 0.01 Hydroqninone + 0.1 M l\'a2SO.j.PAMIClh-PANI was
prepared from an lIqueous solution containing 0.8 M H:!SO.j,
0.51\1 aniline >Iud0.5 M o-toluidine
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Fig. 3.3.32; CV of:l l' ANI/CHrPANI electrode (5 cycle~) in an aqueous solution
containing 0.01 lIydroquill(}lle + 0.1 1\1Na2S04. PANI/CH,-P ANI was

prepared from an aq\leou~ ",olulion containing 0.8 M H2S04,
0.5M aniline and 0.5 M o-toluidinc.



Resultl'- and discussions

IO.2mA

\

0.80.60.40.20.0

I" ~ _
-0.2

Electrode Potential (V)

Fig. 3.3.33: CV ofa PANIICHJ-PANI electrode (10 c)'dcs) in an aqueous solution
containing 0.01 IIydroquiuone + 0.1 M NalS04' PANflCHl,P ANI was
prepared from an aqueous solution containing 0.8 M H2S04,
0.5 M lluiliDC and 0.5 M a-toluidine.
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Tablc-3.3.6: Redox behavior ofl'ANIICHl-P ANI electrode (PANI film was prepared f~om
an aqueous solution containing 0.5 M aniline + 0.5 M o-tolnidine

+ 0.8 M H2S04)

Electrolyte solution Thicknes~ Oxidation Reduction
(No. of cycles) Potential (V) PQtenti;l1 (V)

0,1 MK4Fe(CN)6 I +0.56 +0.04

S +0.50 -0.07

10 +0.52 -0.09
O.OIM HQ : 1 +0,75 +0.12
0.1 M Na)SO, S +0,50 +0.10

10 +0,55 +0.10

It c,m be seen from the result thal the oxidation potential of the Fe2+ IFe3+ system W;lSslightly higher

for tlw modified PAN1/CH]-PANI electrode compared to that for the PANI and CH3-PANI electrode.
]( indieales lhal the oxidalioo of ferrous to ferric on the PANJ/CHrPANJ coaled PI electrode will be
slightly less spllnl;lneo",s. WheD the same redox reaclion W;lScarried oul with more thicker films.
e.g" li....e, ten C}cle films, no change iD the redox potential was observed. Again, fllr lhe Q/QH2
system, the oxidation potential is seen to be much higher for PANI/CHrPANl electrode compared to
that for the thicker films (5 cyele, 10 cycle films). Ho"e\'er, the obsen-'ed re~ult clearly ind,eates that
copolymer modified electrode, both the thin and thick, can be used for perfonmng lh~ redox

processes studied. So PANI/CH)"PANI eoatcd Pt electrode can casily be used as a new modified
electrode for such two electron oxidation system, Reduction of quinone to hydroquinone occurrcd at
slightly lowcr potcntial suggesting better electrod~ ;lclivily for (he PANJ/CH,-PA"I modified
electrode compared tll bare Pt electrode. When the thickness of the polymer on the Pt electrode was
inerew,ed to 5 cycles or 10 eycles no significant change on redox potential was obsened.

E. PAI\l!CH]-P ANI/SiDl Electrode

Electrode modification was also perfonncd with copolymcr-inorganie oxide composite film. A
polymeric composite film of PANIICHrPANIISi02 was prepared by an electrochemical mcans. The
composite film was then coated on the Pt eleetrode as bcfore and the film was used as the electrode

modifier to study thc redox behavior of some systems discussed bellow:

To examine the electrochemical redox behavior of the PANIICHyPANLlSi02 modified composite
eleclrode both in Fe2+/FeJ+ and H2Q/Q system voltamctry technique was adopted as before. The
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typical CV's arc presented in Figs. 3.3.34 - 3.3.39 and r<:sults are summarized in the fDllol'Iing
Table - 3.3.7:

Table-3.3.7: Redox behaYior of PANJ/CIIrPANI/Si02 electr.ode

Electrolyte solution Thickness Oxidation Reduction
(No. of cycles) Potential (V) Potential (V)

0.1 M ~Fe(CN)6 1 +0.40 :0.04
5 +0.46 +0.02
10 +0.50 -0.06

O.OIM HQ + 1 +0.68 +0.10
0.1 M Na2SO. 5 +0.5] +0.12

10 +0.54 +0.10

The result shows that the oxidation potential of the Fe1+ !FeJ" system is slightly lower for the

modified I'AN1ICHJ"PANlISi02 electrode compared to that for the PANIICH3-PANi coated p[
electrode. It indicates that the o;;:idJtion of ferrous to ferric on thc PANIICl-b-PAt\'1 coated Pt

electrode would be slightly easier in (his case. When the thicker lilm electrodes were employed.
there "as no such change in their redox potential. For the Q/QI-b system, the oxidation potential is
also slightly lo\.er when PANIICHJ-PA}:lISiO, films coated on the PI ele~[rode compared [0 that for
the I'ANlICH)-pANi electrode. The CV's showed slightl} higher oxidation potential for the thin film
(l cycle) compared to that for th;~ke[ one (5, 10 cycle films). It indieate~ that when the thickness of
the composite On the Pt electrode was increa,ed oxidation occurred mOre easily. Rcduetion of
quinonc to h}droquinone OCCUlTedinthi~ case almost at the same po[ential for the PAl\'IICHJ-PANI
modified electrode. When the thickne.\s of the pol}mer on the Pt electrode was increased to 5 cycles
or 10 cycles there was no significant change on redo;;: potentiaL

F. PP electrode

Polypyrrole is known to be an excellent conductive polymer haYing heteroaloms in the monomer
unit. Its use as an electrode material is well addressed by many previous worker,. in this work,
attempt was also made to modify Pt cledrode by coating with a PP film onto its surJu~e. PP film was
deposited electrochemically onto the Pt substrate from an appropriate electrolytic solution. The Pt
electrode thus modified with the PP film was then utilized to access the redox behavior of the coupls
Fe2+/FcJ+ and HlQ!Q.
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Fig. 3.3.34: CV of a PANJlCHj-PANIISiO, electrode (I cycle) in nn nqucolls solutiun
containing0.1 M ~Fe(CNk
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Fig. 3.3.35: CV of II PANI/CHJ-PANIISi01 ele~trode (5 ~ycles) in an aqueous

solution containing 0.1M .K.F~(Cl\k
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10.5 rnA
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Electrode Potential (V)

Fig. 3.3.36: CV {If a PANI/CHrPANT/SiOl electrode (10 cycles) in an aque{lus

solution containing 0.1 M ~Fe(CNk
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Fig. 3.3.37: CV of a PANIICH,"PANI/Si02 elrctrode (1 cycle) in an 3qUCUUS solution

containing 0.01 Hydroquinonc + 0.1 M Na2S04.
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Electrode Potential (V)

Fig. 3.3.38: CV of a PANI/CH,-PANl/Si02 electrode (5 cycles) in an aqueous
solution containing 0.01 lIydroquinone + 0.1 M ]'\n,S04o
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I0.4 rnA

.1 __ - _
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Electrodc Potential (V)

:Fig. 3.3.39; CV of a PANIICH,-P ANI/Si02 electrode (10 cyele,) in au aqueou~
solution containing 0.01 j\f Hydroqninone + 0.1 M Na2SO,.
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Resufls and discus.lions

Redox behavior ofthc modified PP coated Pt electrode, when 1'P film was prepared from an aqncou~

solution containing 0.5 M pyrrole and 0.1 M LiCI04, are 8hown in Figs. 3.3.40 - 3.3.41 and the
results are summarized in the following Table-3.3.8:

Table-3.3.8: Redox behavior ofrr cltctrodc

Thicknes~ Oxidation Reduction
Electrolyte ~olution

(No. of eyeles) Potential (V) Potential (V)

0.1 M K4Fe(CN)6 1 +0.42 +0.07

O.OIMHQ+
1 +0,51 +0.13

0,1 M Na2S0,

]t can be seen from the results that the oxidation potentiul for the oxidation offcrrons to ferric wus
~lightly lower (~0.42 V) for the modified PP coated Pt electrode than that (+0,44 V) for the bare Pt

electrode bnt the redllction potential \vas slightly higher in the case of PP electrode. And lex the
Q/QH, system, the oxidation potential is mueh smaller (+0.51 V) for 1'P electrode than that (+0.60
V) for the bare Pt electrode but the reductic)J]potential is slightly higher. These observations suggest
that with the modified PP electrode, th~ oxidation of ferrous and h}droquinone could have been
easier compared to that on the bare Pt electrode.

G. PANI!PPElectrode

Then a film of copolymer comprising 1'A1\'1and 1'P was synthesized electrochemically and coated as
hefore onto the bare Pt electrode (0 lise the coated electrode as a modifier in analyzing the redox

behaviors of the couples Fe2+/FeJ+ and H2Q/Q in aqueous medium. Redox behavior of the PANIIPP

coated Pt eleclrode, when PANIIPP film wa, pr~pared from an aqueous solution containing 0.5 M

aniline, 0.5 M pyrrolc, 0.] M LiCl04 and 0.8 M H2S04, arc shown in Fig,. 3.3.4:2 _ 3.3 43. The
results me summarizcd in the following '1able _3.3.9:

14J
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1°.5 rnA

.0,2 00 0.2 04 0.7

Electrode Potential (V)

Fig. 3.3.40: CV of a PP electrode (1 cycle) in an aqueous solution containing
0.1 M ~Fe{CNk PP film was prepared from an aqueous
solution containing 0.5 M pyrrolc and 0.1 M LiCI04.
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10.2 rnA
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l'i~. 3.J.41: CV ofa PP electrode (l cycle) in an aqueous solution containing
0.01 !VIHydroquinonc + 0.1 i\1Ka,SO,j. PP film was prcpared from an

aqucous solution containing 0.5 M p)"rrole and 0.1 M UCI04.
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Electrode Potential (V)

Fig. 3.3.42: CV of a PANI/PP electrode (1 cycle) in lin aqueous solution containing

0.1 M K,Fc(CNk PAl\IIPP film WllS prepared from lin aqueous

solutiun containing 0.5 M aniline, 0.5 M pyrrolc, 0.1 M LiCIO,
and 0.8 M HlSO,_

••



RI!)"ultsand discussions

I0.5 mA

.0,2 0.0 0.2 04 0.6 o 8 1.0

Elcctrollc Pot~ntial (V)

Fig;.3.3.43: CV or a PANIIPP electrodc (I cycle) in an aqueous solution containing;
O.OJ M HJ'droquinonc + 0.1M NlIlSO,. PANIIPP film \Vasprepared
from an aqueous solution containing 0.5 M aniline, 0.5 M pJ'rrole,
0.1 M LiCl04 and 0.8 M HlS04.



Re~'ultsm"l discussions

Tablc-3.3.9: Redox bebavior of PANIIPP electrode

Electro Oxidation Potential (V) Reduction Potential (V)
i}ie solution Bare " PANI pp PANI/PP Bare P< PANI pp PANVPP

cleelwde electrode electrodc clectrode electrode electrode electrode electrode
O.1M +0.44 +0.42 +0.42 +0.57 +0.05 +0.05 +0.07 -O.oJ
K,Fe(CN)6
O,OIM l-lQ +0.60 +0.49 +0,51 '10.51 +0.09 +0.16 +0,13 +0.17
+O,IM

Na,SO,

1l can be obscrved from the result that the oxidation potential of the Fel+!Fe1i couple was much

higher for the modified PAN]/PP electrode compared to that for the modified ('ANI and PI' coated Pt

elcetrode It indicates that the oxidation of ferrous to felTic on the P,\NIICH)-PANI eoated Pt
eleclrode will be harder. But for the Q/QH2 ,ystem, the oxidation potential is much lower for the
modified PAN]'!PP electrode compared to others, The reduction potential of the copolymer electrode
is lower in the easc of Fe1+/FeJ+ system but higher in case of the Q/QH2 system, So it can be stated
that PANI/Pl-' coated Pt electrode can easily be used as a new modlfied electrode for snch 11\0
electron oxidation system bceause both oxidation and reduction can bappen \\,]thin a sm~ll range of
potcntiaL

H. PANI/PP/Si02 Electrode

The matrix PANI!PP was further modified by dispersing SiOl in it The resulted composite matrix
PANl/PP/Si02 was thcn coated onto the Pt surface to u,e the composite film as an electrode
modifier, Th~ details of the prep"ration PANl/PP/SiOl composite has been discussed cJsewhcre in
the experimcntal scetion, Redox behavior of the PANlIPP/Si02 coated Pt electrode is shown in Figs
3.3.44 " 3.3.45. The observed reS\llts are summarized in the following THble.3.3,10:

Table-3.3.10: Redox behavior of I'ANIIPP/SiO) electrode

Thickness Oxidation Reduction
Electrolyte solution

(No.ofcydes) Potential (V) Potential (V)

0.1 M ~Fe(CN)6 1 +0,44 +0.04

O.OIMHQ+
1 +0.55 +0.160.1 M Na2S0,

148;t.
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10,5 rnA

-0.2 0.0 0.2 0.4 0.7

Electrode Potential (V)

Fig. 3.3.44; CV of a PANIIPP/Si02 electrode (1 cycle) in an aqueous solulion
containing O.I M ~Fc(CNk
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I0.5 mA

+

-0.2 0.0 0.2 0.4 0.6 0.8

Electrode Potential (V)

Fig. 3.3.45: CV or II PAI\'lfPPfSi02 electrode (1 cycle) in all aqueous solution
eontllining 0,01 M Hydroquinone + 0.1 M Na2S0 •.
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Remits and discussions

Using PANlfPPISi02 modified electrode, the results show a lower oxidation potential [or the
ferrous/ferric system but slightly higher for thc t\\lO electron transfer oxidation
quinonclhydroquinone system. The reduction potential was found <It ~Iightly higher value for
Fe1+fFe3+ system for the modified PANVPP/Si02 cO<ltedPt electrod~ than that for the PANLIPP

electrodes.

I. PABA Electrode

PABA is one of the less studied conducting polymers_ However, PABA was utilized in this work to
modify the Pt electrode and the electrode thus modified W<lSthen used to control the redox processes
for the Fe2+lFeJ~and H2Q/Q couples. Redox behu' ior of th~ mod,fied PABA coated Pt electrode,

when PABA Ii1m"as prepared from an aqueous solution containing 0.5 M 2-alllino ber170ic acid

and cone, H2S04, as shO\\Tl in Figs. 3.3.46 - 3.3.48, The results arc summarized in the follo\'ving

Table-3.3,11:

Tablc-3.3.11: Redox bellIn-lor of PAllA electrode

Thickness Oxid<lti()n Redue(ion
Electrolyte ,olution

(No. of cycles) Potential (V) Potential (V)

I +0.50 -0.09

0, I M ~fe(CN)6 5 :0.47 +0.05

III +0.45 -0.06

The res\llt shows that the oxidation potential for the oxidation of ferrous to ferric was slightly higher
(+0,50 V) for the modified PABA coated Pt electrode than that (+0.44 V) for the bare Pt electrode
but the reduction potential was slightly lower in the case of PABA el~ctrode, So the range of
potential that have to apply for this redox reaction somehow increased. When the thickness of the
PABA was increased oxidation occurred a( lTIore or Ie" in (he ~imilar potential range. These
observatiolls s\lggest th'lt the PABA can be used as a modified electrode to study the redox couple
Fe'+/FeJ+ in <lq\leOllS~olution. The present study also demonstrate that the less studied PABA could
be an efficient modifier <lnd able (0 act as high a, those of well studied eonductivG polymers like

PANI, PP etc.
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I0.5 rnA

-0.2 (l.O 0.2 0.4 0.7

Electrode Potential (V)

Fig. 3.3.46: CV of a PABA electrode (1 cycle) in an aqueous solution containing

0.1 M ~Fe(CN")6. PAllA film was prepared from an aqueous solution

containing 0.5 M 2-amlllO benzoic acid and conc. H"SO~. o
~
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I0,5 rnA
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Electrode Potential (V)

Fig. 3.3.47: CV of a PABA electrode (5 cycles) in an aqueo,,~ solution containinl:

0.1 !VIK4Fe(CNk PABA film was prepared from lin aqucous solution

containing 0.5 M 2-amino benzoic acid and conc. H2S04,
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10.5 rnA

-0.2 0.0 0.2 0.4 0.7

Electrode Potential (V)

Fig. 3.3.48: CV of a I'ABA electrode (10 cycles) in an aqueous solution containing

0.1 1\1K~Fc(CN)6. PABA film was prepared from an aqueous solution

containing 0.5 M 2-amino benzoic acid and cone. HlSO~.
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Results and disCllssion)'

J. PANIIP ABA Eleetrcde

Study with PABA was further extended by preparing a copolymer with PANI. Thc copolymer
PAN1/PADA film was synthcsized electrochemically and depositcd onto a Pt substrate following the
samc procedure mentioned earlier. The resulting PAN1/PABA film '~as thcn used as modified
elcctrode and analyzed the redox behavior for the l'el+lFe3+ and H,Q/Q couples, Redox: behavior of
the modified rANI/PABA coated Pt electrode, when PANI/PABA film was prepared from an

aqueous solution containing 0.5 M aniline, 0.5 M 2-amino benzoic acid and concentrated

H2S04, are shown in Figs, 3.3.49 - 3.3,51. The observed features are summari~ed in the following
Tablc-3.3,12:

Tablc-3.3.12: Redo;\: bchnior of PANIII'ABA electrode

Thickne~s Oxidation ReductillnElectrolyte solution
(No,ofcyeles) Potential (V) Potential (V), +0.45 +0.06

0,1 M ~1:e(CN)6 5 ~ ~

'0 ~ ~

It i, obselyed from the result that the oxidation potential of the Fc1+/FeJ+ system was slightl} lower

for the modified PANI/PABA elcclrode (I cyclc) cumpared to that lor the modified PABA cll"ted Pt
clcctrode, It indicales that the oxidation of ferrous to ferric on the PAN1/PAllA coated PI electrode
will be easier than thi; oxidation on PABA electrode. The reduction of ferric ion to ferrous ion
happened al mmparatively Ic~s negativc potential. So it can be stated that PANI/PABA coated Pt
electrode Can easily be used as a new modiJied electrode Jor -'iLchone electron ()},.;dalion systems
because both oxidation and reduction can happ~n at the lower potelltial. However, 011thickening the
copolymer film the redox re~ponse could hardly be ohscned on the PANI/PABA films (5, 10 cycle
thick).

K. CHJ-PANI/PABA Electrode

AUempt was also made to synthesis a copolymer of CHrPANvPABA by adopting the same
electrochemical means and to coal a Pt surface with the film ofthe eopolymer for its use as modified
electrode tll detect' redox responses of the Fe1+/FeJ' and H2QIQ couples. Redox behavior of the

modified CI'b-PANI/PABA COaledPt electrode, when CH)-PANIlPABA film wus prepared from an

'yJ
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I2mA
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Electrode Potential (V)

Fig. 3.3.49: CV of a rANI/PABA electrode (1 cycle) in an nqueous solution containing
0.1 M K4Fe(CN),;.l'ANIIPABA film "ns prepared from an aqueous solution
containing 0.5 M aniline, 0.5 M 2-amino benzoic >Icid:lnU 0.8M H2S04.

ISmA
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Electrode Potential (V)

Fig. 3.3.50: CV of a PANIIPABA electrode (5 cycles) in au aqueous solution
coutaining 0.1 M K4Fe(CNk PANIIPABA film was prepared from
an aqueous solution containing 0.5 M aniline, 0.5 M 2-amino
benzoic acid and 0.8M H2S04,
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Electrode Potential (V)

Fig. 3.4.51: CV of" PANIIPABA electrode (10 cycles) in an aqueous solution

eonlaining 0.1 M K.Fc(CN),. l' ANI/PABA film was prcpared from :m

aqucous solution containing 0.5 M aniline, 0.5 M 2-amino benzoic

acid aud 0.8M H1SO~.
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aqueous O.8M H2S04 solution containing O.5M o-toluidine and O,5M 2-amino ben70ie acid,
are shown in Figs. 3.3.52 - 3.3.54. The rcsults are summarized in th~ following Table _3.3.13:

Table-].3.13: Redox behavior of CHl-PANI/PABA electrode

Thickncss Oxidation ReducllonElectrolytc solutic)ll
(1'.'0.of cycles) Potential (V) Potential (V)

1 +0.41 +0.06
0,1 M K1Fe(CN)" 5 +0.41 +0,06

10 +0.45 +0,02

1l can bc se~n from th~ table that the oxidation of the F~2' occurred at slightly lower potential when

thc modified CH)-PANVPABA electrod~ was used instead of PANl, PABA Or PANI/PABA
cleclrode, So among the modified electrodes studied, CH3-PAN!1PABA ~oated Pt electrode scem, to
be suitable for the oxidation reaction of ferrous ion. The reduction potential of Fe). for CI-b-
PAN1/PABA is identified with that of the PANlIPAIlA and less negati\e than PABA electrode. So it

can be slated that CHrPAN1/PABA coated Pt electrode can casily be used as a uscful eledrode
modifier for one electron o~idation systems because both oxidation and reduction can happen \vithin
a ~mall potenlial \vindow. Furthermore, the CH)-PANliPABA film ~eeJllS to be redox responding

even its thickness got increased to 5 or 10 cycle thick, This might open an opportunity to labricate
organic modified electrodes having 3"D orientations and should have application in electronics and
opto-c1ee(n.mic sensing devices.

--------------------------------~,.-'v
..•..158

"'.-\'



Results and discussions

I0.5 rnA
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Fig. 3.3.52: CV of a CHrPANIIP ABA electrode (I cycle) in an aqueous solntion

containing 0.1 M K4Fc(CN)6. CI-IJ.PANlIPABA film was prepared from

an aqueous 0.8M H2S04 solution containing 0.5 M o-toluidine and
O.5M2-amino benzoic acid.
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Fig. 3.3.53: CV of II CI-h-PANIIPABA electrode (5 cycles) in an aqueous solution
containing 0.1M K.Fc(CN)&.CH3-PANIIPABA film was prepared from
an aqucous 0.8M HlS04 solution containing 0.5 M o-toluidine and
0.5M 2-arnino benzoic acid.
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I0.5 mA

-0.2 0.0 02 04 0.7
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Fig. 3.4.54: CV of a CIh-P ANIIP ABA electrode (10 c~'ele5) in an aqueous solution

containing 0.1 M K4Fc(CN)&. Cfh-PANIIP ABA film was prepared from

lin lIqllCOIlS0.8M HZS04 solution containillg 0.5 M a-toluidine and
0.5M 2-amillO benzoic acid.
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Conclusion

3.4 Conclusion

Simple electrochemical method preparation of conductive

polymeric film on a working PI electrode. The films of co-polymer and its composites \vith

Si02 were also foum] to be prepared with the electrochemical technique. "Inc polymeric films

thus prepared were sufficiently free-standing and adhere to the Pt electrode. The free-

standing Pl coated polymeric electrodes were found to be good to usc as modified electrode

(0 carry out some standard redox processes.

uv-Vis and IR spectra of electrode matrices confimled the presence of conducting polymeric

component and Si02 in the matrices studied. The conductivity of the matrices were measured

by a two point-prohe technique. The conductivity of the studied samples wcre found to be

comparable with that of the conventional inorganic semiconductors suggesting that thcse

material can be used as electrode like the conventional semiconductor. The morphology of

the electwde surface were investigated. I'ormation of polymer, co-polymer and composite

matrices results dissimilar surface morphologics for each. The dissimilar surface is very

significant in performing any surface proccsses on it. Indeed, the.,e polymeric matrices wcre

cmployed as electrode surface in thc present work.

The polymeric electrode matrices showed good electro activity both in aqueous and non

aqucou~ solvent. The voltametric features confirmcd that these polymeric elcctrodes can be

switched belwecn doped (conductive) to dcdoped (insulating) slates with concomitant color

change. 'jhis resull suggests their potential usc as the new electrode materials.

Thc electroactivity of the polymeric matrice were found to bc suitable in performing some

redox rcactiDn on their surfaces. The redox reactions for the couple l'e+2; Fe+J and H20 /Q

wcre succcssfully performcd 00 the polymeric electrode surface, The anodic and cathodic

processes involved in thesc redox reactions were comparable tu that performed on the noble

Pt metal surfacc. Thus, it may bc concluded that modification of metal electrode with the

conducting polymeric components rcsults in a new class of clectroactive electrode system

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

systcm. The critical electrochemical conditions hardly af{ect the surface of the polymeric

electrodcs to rcsull any dcactivation.
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