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Abstract

NN T =, O
Electrochemical preparations of composite film electrodes compo\tl"of orgamc/orgamc

and organic/inorganic hybrid structures have been described. Organic film electrode,
PANI was prepared electrochemically from an aqueous electrolytic solution by coating
its film onto a Pt substrate. The organic/organic electrodes, PANI/MB and PANY/PR were
also grown electrochemically as film from the same electrolytic solution that contain
either MB or PR. The organic/inorganic film electrode PANI/TiO; was obtained
electrochemically by polymerizing aniline in the presence of TiQ; suspension in the same
electrolytic media. The film electrodes thus grown electrochemically are free- standing

and adhere to the substrate even in a deposit of sufficient thickness.

The rate of electrochemical polymerization in the presence of MB, PR and TiO; were
evaluated from the observed slope of a straight line obtained in a plot of anodic peak
current vs no. of potential scan. It was observed that, the line for the formation of
PANV/TiO; film raises sharply compared to that of PANI, PANI/MB or PANI/PR films.
The steeper line suggests that the electrochemical growth rate of PANI/TiO, is faster
compared to the otﬁer films synthesized under the identical -electrolytic and

electrochemical condition employed.

IR spectral analysis of the film samples yielded useful information on the identification
of the components present in the film electrodes of hybrid structure. In each electrode
system, the corresponding components, viz., PANI, MB, PR, TiO, show characteristics
bands conﬁrmir_lg the presence of the components in each electrode matrix. UV-Vis
optical spectra of the samples were recorded in their DMF solution. Strong absorption
maxima in the ultra violet region and another band in the visibie region were observed for
the PANI sample. This optical phenomenon is identical to that of PANI and other
conducting polymers reported previously suggesting an interband transition and mid-gap
states transition occuring in the ultra violet and visible region, respectively. However, the
peak responses in the optical spectra seem to be modified when MB or PR was embedded

in the PANI matrix. TiO, was not dissolved in the DMF solution and thus optical



characterization of the PANI/TiO; matrix was not attempted. XRD spectra of PANI,
PANI/MB, PANI/PR and PANI/TiO, samples showed diffused scattering indicating the

amorphous nature of the materials.

The electrical conductivity of the film matrices was measured in their compressed solid
formed by two point-probe method. The results of conductance measurement clearly
provide evidence that the inclusion of MB, PR or TiO; into the PANI matrix affects the
electrical properties of the matrix. The electrical conductivity of the PANI/TiO, was
found to be significantly higher while the PANI/MB shows a considerably lower
conductance than that of the parent PANI matrix. However, the measured conductance of
all the samples indeed shows that their conductivity values still exist in the conductivity

range of conventional inorganic semiconductors.

The surface morphology of the PANI was observed to be modified when either MB, PR
or TiO; was embedded in it. The SEM image shows a granular morphology for the PANI
surface. The granular morphology appears to be fibrillar on inclusion of MB in the PANI
matrix. The PANI/PR surface seems to be consisted of agglomerates and stacked over the
surface as deposit. The PANITIO;, on the other hand, exhibits deposit of the particles
that are aggregated and distributed non-uniformly over the substrate they grown. The film
electrodes thus synthesized were found to be electroactive. The voltammetric features of
the films show regular oxidation and reduction processes when cycled between —0.3 V
and +0.6 V vs SCE in aqueous sulphuric acid. During oxidation and reduction,
electrolytic anions are pushed in and out, respectively, of the film with its characteristics
color changes. However, the redox reactivities of the films employed are found not to be
identical. This may arises due to the inclusion of different chemical entities, viz., MB, PR,
and TiO; into the PANI matrix and thus modifying the electrode surface behavior and .
hence shows dissimilar redox activity. The stability of the film electrodes, thus
synthesized ih repeated oxidation/reduction cycles and its degradation at highly positive
potentials were examined. The results obtained from the current-voltage response (cyclic
voltammogram) indicate that although over oxidation takes place with the composite
electrodes (PANI/MB, PANI/PR and PANI/TiO,), the extent of degradation is not as



drastic as with the PANI, suggesting a better electrochemical stability of the composite
electrodes relative to the bulk PANI film electrode.
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1.1 Fundamental aspects of Electrochemical process

A. Design of Electrochemical Techniques

Electrochemistry involves the study of spontaneous oxidation-reductions that generate an
electrical current and the study of non-spontaneous oxidation-reduction reactions that are
forced to occur by the passage of an electrical current. In both cases, the conversion

between chemical and electrical energy is carried out by electrochemical cell.

1) Electrochemical cell: The electrochemical cell consist primarily of the electrodes and
the electrolyte, together with a container. Commonly a glass frit, separator, or membrane
may be incorporated to isolate the anolyte from the catholyte. Three electrodes are
commonly employed: a working electrode which defines the interface under study, a
reference electrode which maintains a constant reference potential, and a counter {or
secondary) electrode which supplies the current. The cell must be designed so that the
experimental data are determined by the properties of the reaction at the workiﬁg

electrode.

ii) Working electrode: Designs of working electrodes are diverse. Most commonly 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 features is that the electrode should not react
chemically with the solvent or solution components. In principle, the electrodes can be
large or small, but there are commonly experimental reasons why the electrode area
should be relatiyely smali (<0.25 cm?). Moreover it should preferably be smooth, as the
geometry and mass transport are then better defined. A wide range of solid materials are
used as electrodes, but the most common ‘inert’ solid electrodes are lead, vitreous carbon,
gold and platinum. In order to obtain consistent results with solid electrodes it is

important to establish a satisfactory electrode pretreatment procedure which ensures a

o



reproducible state of oxidation, surface morphology and freedom from adsorbed
impurities. Electrodes are polished on cloth pads impregnated with diamond particles

down to 1 pm and then with alumina of fixed grain size down to 0.05 um.

iii) Counter electrode: The purpose of the counter electrode is to supply the cument
required by the working electrode without in any way limiting the measured response of
the cell. It is essential that the electrode process is decomposition of the electrolyte
medium or oxidation/reduction of a component of the electrolyte so that current flows

readily without the need for a large overpotential.

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

avoid a separator in the cell.

iv) Reference electrodes: The role of the reference electrode is to provide a fixed
potential w hich d oes not vary d uring the e xperiment {e.g. it should b e independent o f
current density). In most cases, it will be necessary to relate the potential of the reference
electrode to other scales, for example to the normal hydrogen electrode, the agreed

standard for thermodynamic calculations.

In potentiostatic experiments the potential between the working electrode and reference
electrode 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
electrode-solution interface. The reference electrode serves the dual purpose of providing
a thermodynamic reference and also isolates the working electrode as the system under
study. In practice, however, any measuring device must draw current to perform 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 potential
and that it is not substantially polarized during the experiment. Hence it is common to use
the highly convenient aqueous saturated calomel electrode (SCE) in many experiments in
all solvents. Even so, a very wide range of reference electrodes have been used in non-

aqueous solvents.

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

Table - 1.1.1 Potential of some typical reference electrodes in aqueous solutions at

298K.
Common name Electrode Potential /
' V vs NHE
SCE Hg/Hg,Cl,, sat KCl +0.241
Calomel Hg/Hg,Cl,, 1 mol dm™ KCl +0.280
Mercurous sulphate Hg/Hg, S04, sat K2SO4 +0.640
Hg/Hg,SO4, 0.5 mol dm™ H,SO4 +0.680
Mercurous oxide Hg/HgO, 1 mol dm™ NaOH +0.098
Silver chloride Ag/AgCl, sat KCl] +0.197

A great deal of modern 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 Ag/AgCl or Ag/Ag'.

v) The electrolytic solution: The electrolytic solution is the medium between the
electrodes in the cell, and it will consist of solvent and a high concentration of an ionised
salt as well as the electroactive species; it may also contain other materials, complexing
agents, buffers, etc. The supporting electrolyte is present (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 uniform current and potential
distribution, and to reduce the power requirement on the potentiostat), and also to
minimise the potential error due to the uncompensated solution resistance. With
appropriate precautions, electrochemical experiments are possible in almost any medium.

Table 1.1.2 lists some widely used media.
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‘Table 1.1.2. Common solvents and 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, liquid HF.

3. Aprotic solvents
¢.g. acetonitrile, dimethylformamide, dimethylsulphoxide, sulphur dioxide,
ammonia, propylene carbonate, tetrahydrofuran. Many studies use as electrolytes
R4N' X, R= CH,, C,H;s or C4Ho, X= ClOs~, BF,, PF¢, or halide ion. Media
difficult to buffer.

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

5. Molten salts '
e.g. NaCl, KCI/NaCV/LiCl eutectics etc.

6. Low temperature molten salts

e.g.
@ AICl;, KF2HF
’.‘

CeHy

Electrode reactions can be extremely sensitive to impurities in the solution; for example,
organic species are often strongly adsorbed even at 10* mol dm™ bulk concentration
from aqueous solutions. Hence salts should be of the highest available purity and/or
recrystallised, solvents should be carefully purified, and solutions must be carefully'
deoxygenated. Purification and drying of non-aqueous solvents have been described

elsewhere [1, 2] in some detail.

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

designed to control/measure the charge passed (coulostat/integrator), current



(galvanostat/current follower) and potential (potentiostat/high impedance voltmeter) in an

electrochemical cell.

Potentiostat: The potentiostat is a device for controlling the potential between the
working electrode and the reference electrode at a fixed and selected potential

(commonly we also wish to programme this potential with time).

Galvanostat: The simplest way to obtain a constant current 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 given by the ratio E;,/R (provided resistance R is very large c ompared

with the impedance of the cell).

B. Processes at electrode surface

A solid conducting materials must be present to provide the site for each electrochemical
reaction. These materials are called electrodes. The electrodes at which oxidation occurs
is termed as fhe anode. The other electrode, the cathode, is the site of the reduction

process.

1) 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.

2H;0-4e — O, +4H" 1.1.1
Ce™—¢ — Cce* . 1.1.2
2CI -2¢" — Ch 1.1.3
Pb + SO,*” —2¢” — PbSO, 1.1.4
2A1+3H,0 - 66" — ALO; + 6H* 1.1.5

By convention [3], the current density, I, 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.

Fe'* + e — Fe?* 1.1.6



Cu** +2¢ = Cu 1.1.7

2H,0 + 26~ — Hy + 20H" | 1.1.8
PbO; + 4H" + S04 + 2¢” — PbSO, + 2H,0 1.1.9
2CH, = CHCN + 2H;0 + 2¢” — (CH,CH;CN), + 20H" 1.1.10

and the current density for a cathodic process 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 solution,
the solvent itself, a film in the electrode surface, or indeed, the electrode materials itself.
Moreover, the product may be dissolve in solution, in a gas, or a new phase on the
electrode surface. The many type of electrodes reactions are also illustrated pictorially in
Fig. 1.1.1.

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 at the anode must be equal.

11) Mass transport: In general, in electrochemical systems, it is necessary to consider three

modes of mass transport; namely,

(a) Difquion: Diffusion is the movement of a species down a concentration gradient, and
it must occur whenever there is a chemical change at surface. An electrode reaction
converts s tarting m aterial to product (O—R), and hence close to the electrode surface
there is always a boundary layer (up to 107 ¢m thick) in which the concentrations of O
and R are a function of distance from the electrode surface. The concentration of O is
lower at the surface than in the bulk, while opposite is the case for R, and hence O 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 which charge passes through the electrolyte; the current of
clectrons through the external circuit must be balanced by the passage of ions through the

solution between the electrodes (both cations to the cathode and anions to the anode).
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Fig. 1.1.1:  Schematic view of some types of electrode reactions
met in applied and fundamental electrochemistry.

10



It is, however, not necessarily an 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

migration.

(c) Convectioﬁ: 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 natural convection
arising from density difference on a longer time, i.e> 10s) by carrying out the
electrolysis in a thermostat in the absence of stirring or vibration. In industrial practice it
is much more common to stir or agitate the electrolyte or to flow the electrolyte through
the cell. These are all forms of forced convection and, when present, they have a very

large influence on the current density.

1.2 Some important electrode materials
A. Metals .
Metals are crystalline solid materials consist of metal atoms distributed in 4 definite .
pattern resulting from their close packing. The types of close packing arrangement
depends upon 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 v alence e lectrons are inidentical energy states, it is believed that the
electrons are free to migrate between atoms. Metal atoms have an excess of low energy
orbital vacancies. These vacancies enable valence electrons to move from near a certain
nucleus to near any other nucleus where their position remains indistinguishable from the
first. Thus, metals may be pictured as a collection of positive atomic cores embedded in a
fluid of electrons or sea of electrons. For this fluid of electrons, metals are good
conductors of electricity and heat. Metals have metallic luster; they are malleable, ductile

and high melting points.
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Metals have simple crystal lattices since metallic bonding envisages closest packing of
atoms-one layer above another. Metals may have any system of seven common crystal

system. Fe. Cu, Al, etc are the most common metals which are véry useful to us.

B. Semiconductors

Semiconductors are special kind of materials which have the properties of
semiconductivity. Semiconductivity is an electrical property of materials. A reIaﬁvely
small group of elements and compounds has an important electrical property,
semiconduction in which they are neither good electrical conductors nor good electrical
insulators. Instead, their ability to conduct electricity is intermediate. Si, Ge, impure ZnO,

impure NiQ are some examples of semiconductors.

The magnitude of conductivity in the simple semiconductors fall within the range 10 to
10" Q 7' em!. This intermediate range corresponds to band gaps of less then 2e V. Both

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

In a semiconductor element, the energies of the valence electrons which bind the crystal
together lie in the highest filled energy band, called the valence band. The empty band
above, called the conductioﬁ 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 the valence band to the conduction band requires high
excitation energy to overcome the potential barrier of the forbidden energy zone.
Consequently, such elements behave like an insulator at low temperatures. The
application of heat or light energy mily give enough energy to some electrons in the
valence band to excite them across the forbidden zone into the conduction band. These
electrons in the conduction band are now free to move and can carry electricity (Fig.
1.2.1).

Semiconductors are of two kinds such as

(i) Intrinsic semiconductor

(ii)  Extrinsic semiconductor

12



(i) Intrinsic semiconductors : If a pure, elemental substance shows the semiconducting
properties, it is called intrinsic semiconductor. Pure Si, Ge shows these semiconducting
properties. For this semiconduction results from the thermal promotion of electrons from
a filled valence band to an empty conduction band. There, the electrons are negative
charge carriers. The removal of electrons from the valence band produces electron holes
which are 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 between the valence and conduction bands in silicon. If § is the conductivity of
semiconductor then for intrinsic semiconductor, we can write.
d =nq (Me + pHn) 1.2.1
Where, n — density of conduction electron
q — charge of single carrier
He — carrier mobility of electron

pn— carrier mobility of hole

(ii) Extrinsic semiconductors: Extrinsic semiconduction result from impurity additions
known 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 ground state energies of such easily excited electrons must lie in the
forbidden energy region. Two such discreate energy levels, known as donor levels and
acceptor levels, may be introduced into the forbidden energy zone at a small interval of
energy below the conduction band or above the valance band (Fig.1.2.1 (b)). Donor
levels give rise to electrons in the conduction band, whereas acceptor levels lead to the
formation o fholes in the valence band. Impurity of Si, with B, P, NiQ, ZnO, are the
examples of extrinsic semiconductors, Extrinsic semiconductors are of two kinds such as

p-type extrinsic semiconductor and n-type extrinsic semiconductor.

13
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p-type extrinsic semiconductors': The p-type semiconductor is obtained when the
impurity atoms have fewer valence electrons than the silicon or germanium atoms of thé
original crystal. When a trivalent element such as B, Al, Ga, In is substituted for Si atom,
the structure will be locally incomplete and the impurity atom will acquire an extra
electron from a nearly bond in the lattic to approximate the terahedral cloud distribution
of the lattice. This creates a positive hole localized near the impurity, which will attempt
to neutralize itself by taking an electron from another neighboring bond. Then again a
hole is formed in place of this electron and it will neutralize itself by taking another
electron from 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

(b) CuyO also p-type semiconductor.

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

Titanium dioxide or titania is a non-stoichiometric transition metal oxide and behaves as

n-type semiconductor [4].

There are three naturally occurring crystal phases of titanium dioxide: rutile, anatase, and
brookhite, Most of the electrochemical and photocatalytic work to date have been
perfoﬁned on rutile or anatase, or a mixture of the two. Both rutile aﬁd anatase have
tetragbnal unit cells, and both structures contains slightly distorted TiOg octahedral.
Rutile is thermodynamically more stable than anatase at room temperature; the free

energy change for antatase to rutile is —5,4 kJ/mol [5].
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Fig. 1.2.2: Types of impurity semiconductors (a) n-type (b) p- type.
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The absbrption and reflection properties of rutile have been studied extensively. At 4K,
the short wavelength absorption edge for rutile 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° cm™ at 340 nm [9].

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 (e ), creating holes in the valence band (h',,). These electron / hole
pairs can either recombines, producing thermal energy, or interact |

hv
TiO; — TiOz (€'ev, h" 1p)
with the external environment to perform oxidation and reduction reactions.

C. Composites

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

requirements of an application.

The term ‘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
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would be excluded. At thermicroscopic level (or microstructural level) that of crystals,
polymers, and phases a composite would be a material composed of two or more
different crystals, molecular structures, or phases. By this definition most of our
traditional materials which have always been considered monolithic would be classified
as composites. At the macrostructural level which is most useful for composites, the
definitions of composites is that they are a mixture of macroconstituent phase composed
of materials which are in a divided state and which generally differ in form and/or
chemical c omposition. N ote that, c ontrary t o a widely held assumption, t his d efinition
does not require that a composite be composed of chemically different materials,
although this usually the case. The more important distinguishing characteristics of a
composite are its geometrical features and the fact that its performance is the collective
behavior of the constituents of which it is composed. A composite material can vary in

composition, structure, and properties from one point to the next inside the material.

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

withstanding the normal loading required of a structural material.

1.3 Organic materials

A. Conductive Polymers

The discovery in 1973 that poly sulfur nitride (SN), was intrinsically conducting provided
a p roof that p olymers could be ¢conducting and thus greatly s timulated the s earch for

other conducting polymer [10]. During the last two decades, a new class of organic
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polymers has been devised with the remarkable ability to conduct electrical current.

These class of materials are called conducting polymers [11].

One of the earliest approaches to make the polymers conductive is to prepare a composite
of polymers and conductive filler, such as, metal powder, graphite powder, flake or wire
etc. Conductive fillers remain embedded more or less evenly dispersed in the polymer
matrix and conduct electric current. But these composites cannot be regarded as
conducting polymers because the polymers presents in such composites are non-

conducting [12-15].

In 1964, W. A. Little [16] 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 several prototype devices based on
conductive polymers, such as rechargeable batteries and current rectifying p-n junction
diodes [17] were announced. Among the many polymers known to be conductive,
polyacetylene (PAT), polyaniline (PANI), polypyrrole (PP) and polythiophene (PT) have
been studied most intensively [18-24]. However, the conductive polymer that actually

launched this new field of research was PAT.

Research has been expanded into the studies of heteroatomic conductive polymers
because of their better ¢ hemical stability and the interest in the polaron and bipolaron
conduction m echanism [ 25, 2 6]. Among the h eteroatomic polymers PP, PT and P ANI

have been studied extensively.
During the 1980s, PANI was subjected to intense structural, physical, and electrical

characterization, using modern experimental techniques. A brief survey, out of numerous

features and studies made on PANI is presented below:
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Structural features

Organic conducting polymer, PANI, is being studied more and more, and up to the recent
years has been the centre of considerable scientific interest. However, 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.

PANI has been described in many paperé [27] usually as ill-defined forms such as

‘aniline black’ emeraldine, nigraniline, efc. synthesized by the chemical or

electrochemical oxidation of aniline. Figure 1.3.1 shows the

@ @ @ Leucoemeraldine

@( @ ﬂ Emeraldine
ﬂ @ g Pernigraniline
\N N

3
AN
)@( @ @ Emeraldine Sali
N ITI N
H H

Fig. 1.3.1 Representation of idealized oxidation states of PANI.

+Z— T

idealized oxidation state of PANIL: leucoemeraldine, emeraldine, pernigraniline and
emeraldine salt. Different structures result in different electrical behaviours of the

material. Emeraldine salt is a partially oxidized compound, protonated, with electrical
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conducting characteristics. Leucoemeraldine is a fully reduced compound with electrical
insulating characteristics. There are no double bonds between the aromatic rings and the
N-H groups. Emeraldine base is an insulating compound, partially oxidized with few N-H
groups in the main chain. Emeraldine changes from insulator to conductor when it is
protonated with proton donor acids, such as, hydrochloric acid. This change is one of the
most interesting properties of PANIL The structure of emeraldine PANI can be changed to
emeraldine salt by removing an electron from the N-H group. Pemnigraniline is a fully
oxidized compound without conducting characteristics. There are no N-H groups in the
structure. The level of protonation in the structure causes dramatic changes in the

conductivity. The base form of the polymer in the emeraldine oxidation state (y = 0.5)

Eg@if OO x

which contains equal number of alternating reduced,

i i |
A )NH)N- andoxidized §_ )N )N-

repeat units can be protonated by dilute aqueous acid to produce the corresponding salt

(A=anion)

X

N PR A
OO O

+ +

A A

which is believed to exist as polysemiquinone radical cation [28-30].

o im T T
+- e y +. 'Y
A A X

The polymer exhibits conductivities of ~ 1-5 S cm™ when approximately half of its

nitrogen atoms are protonated as shown above.
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Methods of preparation
PANI is generally prepared by direct oxidation of aniline using an appropriate chemical

oxidant or by electrochemical oxidation on different electrode materials.

Various chemical oxidizing agents have been used by different authors: potassium
dichromate [31, 32], ammonium persulfate or peroxydisulfate [33, 34], hydrogen
peroxide, ceric nitrate and ceric sulfate [35, 36]. The reaction is mainly carried out in acid
medium, in particular sulfuric acid, at a pH between 0 and 2 [31, 32]). However,
MacDiarmid ef al. {33, 34] used hydrochloric acidatpH 1. Genieset al. [37}used a
eutectic mixture of hydrofluoric acid and ammonia, the general formula of which is

NH4F: 2.3 HF, for which the pH is probably less than 0.

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 temperature and the concentration
of active species), the solution gradually becomes colored and a black precipitate appears

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

Anodic oxidation of aniline on an inert metallic electrode is the most current method for
the electrochemical synthesis of PANI. This method offers the possibility of coupling
with physical spectroscopic technique such as visible, IR, Raman, ellipsometry and

conductimetry, for in situ characterization.

The anodic oxidation of aniline is generally effected on an inert electrode material which
is usually Pt [39, 40]. However, several studies have been carried out with other electrode
materials: iron [41], copper [42], zinc and lead [43], chrome-gold [44], palladium [45]
and different types of carbon vitreous, pyrolic or graphite [46] or on semiconductor [47,
48]. When the polymerization is carried out at constant current, a maximum current -

density of 10 mA c¢m ~ is rarely exceeded.
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Morphology and structure

The adherence and the homogeneity of a PANTI film on an electrode varies according to
the method of synthesis employed. Diaz [49) has observed weak adherence for a polymer
prepared by electrochemical oxidation at constant potential, whereas good adherence
results when potential cycling is employed. Kitani et g/, [50] have reported that, using the
same method, a thin homogenous film is initially deposited on the electrode, followed by
the formation of an amorphous powder which eventually becomes detached from the
electrode surface. Electrochemical investigations on the polymer growth by Thyssen et
al. [51] yielded evidence for cross-linking reactions leading to the formation of

hemispheres.

There is, therefore, a myriad of possible chemical structures for the polymeric backbone
of PANI. Elucidation of the precise molecular arrangement is complicated by the fact that
these structures are affected by both electronic excitation and reduction and by

concomitant protonation and deprotonation of the nitrogen atoms in the polymer.

Optical properties

A widerange o f colors from pale yellow to blue for the PANI is observed. From t he
optical data obtained for PANI, it is possible to assign three absorption zones which are
dependent on the oxidation state of the polymer. In the reduced state, PANI is an
insulating material, the energy band structure of which is comparable to that of an
intrinsic semiconductor, with the resulting absorption being associated with the transition
between the valence band and the conduction band. However, when the potential is
increased, the polymer oxidizes and intermediate mid-gap states appear in the forbidden
band (radical cations and then dications) and thus results absorption in the longer wave

length. Elucidation of band model of a polymer can be made based on optical data.

Conductivity
From conductivity measurements, Travers er al. [32] have observed that the PANI
exhibits a metal-to-insulator transition which is a function of the PH. The conductivity of

the polymer is 5 ohm™ cm™ when the polymer is previously equilibrated at pH 6.
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MacDiarmid er al. [33, 34] has also described a variation in the conductivity of both
chemically and electrochemically prepared polymers with the pH of the aqueous solution
to which the polymer was exposed before drying. The polymer exhibits a conductivity of
1 ohm™ cm™ when it is equilibrated at a pH between —1 and +1, and 10 ochm™ c¢cm™ when
it is equilibrated at a pH between 5 and 6. Elsewhere, they indicates that the conductivity
of the polymer is a function of the level of doping, with a value of 1 ohm™ em™ for 15%
doping, and varying from 107'° to 10" ohm™ cm™ for 0% to 10% doping. Measurements
carried out by Brahma [52] revealed that PANT doped with iodine exhibits a conductivity
four orders of magnitude greater than the undoped polymer.

Solubility

It is generally accepted that PANI is insoluble in most common organic and aqueous
solvents, irrespective of the method of synthesis. Nevertheless, Mohilner ef al. [39] have
shown that the polymer is easily dissolved in pyridine and DMF, strongly tinting the

solutions blue.

The synthesis of soluble PANI is of great interest since the formation of a soluble
materlal is essential in order to post-synthesis processing. There are two possible methods
for preparing solubie polymers: (i) formation of the polymer salt using an anionic dopant
which favors dissolution, or (ii) prefunctionalization of the starting monomer with a
suitable group prior to polymerization. Chemical synthesis of soluble PANI by the former
method has been successfully accomplished by Li et al. [53] and involves proton acid
dopants of large molecular size such as toluene-p-sulfonic acid, sulfanilic acid or

polymeric electrolyte-polystyrene sulfonic acid.

Applications

PANI can be used as material for modified electrodes [46, 49], as a corrosion inhibitors -
for semiconductors in photoelectrochemical assemblies [54], in microelectronics [55] and
as electrochromic material [56]. The application which has inspired most interest is in the
area of electrochemical batteries. The possible use of PANI as active anodic material is in

rechargeable batteries [57].
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More recent systematic studies have been undertaken by numerous groups [33, 34, 54] on
the possible use of PANI as an active electrode material. These investigations deal with
‘the behavior of PANI in aqueous and organic media as a function of the mode of

synthesis.

B. Dyes
Adyemust be colored, butit must also be able to impart color to something elseon

reasonably permanent basis before it can be considered as a dye.

A dye consists of a color producing structure, the chromogen (electron acceptor), and a
part to regulate the solubility and dying properties, the auxochrom (electron donor).
Without both parts, the material is simply a colored body.

The Chromogen is an aromatic body containing a color-giving group, called the
chromophore. Chromophore groups cause color by altering absorption bands in the
visible spectrum. Common chromophores are: nitroso group (- NO), nitro group
(-NO), azo group (- N=N -), ethylene group (>C = C <), carbonyl group (>C = 0),
carbon nitrogen groups (>C = NH and — CH =N-}, carbon sulphur groups (> C = § and
>C-S§-5-C&) ete.

Theses groups add color to aromatic bodies by causing displacement of, or an appearance
of absorption bands in the visible spectrum. In modern point of views, these groups place
the ground and excited state in the range that corresponds to the visible range of the

spectrum.
The auxochrome, an essential part of a dye molecule, cause the dye to adhere to the
material which it colors, enhance the color of dye, improve solubility in the solvent which -

1s important for application on the materials.

Common auxochrome aie: - NH,, - OH, -NR;, -COOH, - SO;H etc.
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Methylene b lue (MB) and procionred (PR) are the typical organic ionic d yes. MBis
cationic in nature while PR is an anionic one. There chemical structures are shown in Fig.

3.1.2.

SO;Na

Oléﬁa
~ e
/@ D\ -
- ‘
(H,CpN § J\

N(CHy), NN
CI/I\\NJKCI

cr
(2) (b)

Fig. 1.3.2: Chemical structure of (a) MB and (b) PR.

1.4 Theoretical of experimental techniques

A. Cyclic voltammetry

Electrochemical process is widely used in the polymerization of organic polymer. Most
of the system for electrochemical polymerization consists of compartment where three
electrodes are dipped into the solution 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 electrode using a feed-back circuit or a
potentiostat. Feed-back circuit drives the circuit between the working and counter

electrode while ensuring that none passed through the reference electrode 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 is important that the
electrode is not oxidized concurrently with the aromatic monomer. For this reason, most

of the available films have been prepared using a platinum or a gold electrode.,
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Potentiostatic, galvanostatic and potential sweep techniques such as cyclic voltammetry
are widely used for electrochemical polymerization of aromatic compounds. In
potentiostatic technique, a constant potential is applied to the working electrode which is
sufficient to oxidize the monomers to be polymerized on the electrode. In galvanostatic
process, a constant current density is maintained to polymerize the monomers while film
thickness can be monitored in the similar way as described for potentiostatic technique.
On the other hand, cyclic voltammetry involves sweeping the potential between potential
limits at a known sweep rate. On reaching the final potential limit, the sweep is reversed
at the same scan rate to the initial potential and the sweep may be halted, again reversed,
or alternatively continued further. In such experiments, cell current is recorded as a

function of the applied potential.

B. Infra-red (IR) spectroscopy

Emission or absorption spectra arise when molecules undergo transition between
quantum states corresponding to two different internal energies. The energy difference
AE between the states is related to the frequency of the radiation emitted or absorption by
the quantum relation

4E = hv 1.4.1

where # — planck’s constant, v — frequency. Infrared frequencies have the wave length
range from 1 pum to 50 um 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 spectrum is often surprisingly simple, if one considers the
number of atoms involved. T his s implicity r esults first from the fact that many o f the
normal vibrations have almost the same frequency and therefore appear in the spectrum
as one absorption band and second, from the strict selection rules that prevent many of -
the vibrations from causing absorptions. Samples were introduced as KBr pellets. A

block diagram of an IR spectrophotometer is shown in Fig. 1.4.1.
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Fig. 1.4.1: A block diagram of an IR spectrophotometer.

28



C. Ultraviolet-visible spectroscopy (UV-Vis)

Electromagnetic radiation of suitable frequency can be passed through a sample so that
photons are absorbed by the samples and changes in the electronic energies of the
molecules can be brought about. So it is possible to effect the changes in a particular type
of molecular energy using appropriate frequency of the incident radiation. When a beam

of photons passes through a system of absorbing species, then we can write

- =al 1.42
dx

where, I —> intensity of photon beam
dI — reduction of intensity
dx —» rate of photon absorption with distance (x) traversed

o. — absorption co-efficient of the material

Now if [, 1s the initial intensity at thickness 1= 0 and I is the transmitted radiation at x =1,

then by integration, we can write
I
In L=l 1.4.3
I .

For polymers and polymeric composites, UV-Vis spectrum is taken to measure the
impurity level, band gap energy etc. The electrode spectra of the prepared compounds
were recorded on a UV-Vis recording spectrophotometer in the wave length range 300-

800 um. A schematic diagram of UV-Vis spectrophotometer is shown in Fig. 1.4.2.

D. X-ray diffraction

The X -ray d iffraction (XRD) provides s ubstantial i nformation on the crystal s tructure,
This method is applied for the investigation of orderly arrangements of atoms or
molecules through the interaction of e lectromagnetic radiation to give interface effects
with structures comparable in size to the wave length of the radiation. Studies on the
crystal structures developed, based on methods using single crystals after the discovery of
X-ray diffraction by crystals made by the Von Laue [58). Now a days XRD is used not
only for the determination of crystal structure but also chemical analysis, such as chain

conformations and packing for polymers, for stress measurements and for the
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Fig. 1.4.2: A block diagram of an UV-Vis spectrophotometer.
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measurement of phase equilibria and the measurement of particle size, for the
determination of the orientation of the crystal and the ensemble of orientations in a

polycrystalline material.

X-rays are the electromagnetic radiation whose wavelength are in the neighborhood of 1°
A. The wave length of an X-ray is thus of the same order of magnitude as the lattice
constant of crystals, and it is this which makes X-rays so useful in structures analysis of
crystals whenever X-ray are incident on a crystal surface they are reflected. The
reflection abides by the celebrated Bragg’s law as given below:
2d Sin@=nA 1.4.4

where d is distance between crystal planes, 0 is the incident angle, A is the wave length of
X-ray and n is a positive integer, The diffracted X-ray may be detected by their action on
photographic films or plates or by means of a radiation counter or electronic equipment

feeding data to a computer [59].

The main purpose of using this technique for the analysis of the studied polymeric
samples is to observe, from the X-ray diffraction pattern, the change in crystallinity in the

series upon same condition.

E. d. c. conductivity
The conductivity of polymer or polymeric composites depends on dopant level,
protonation level of oxidation morphology and moisture content of the sample. Electrical
resistivity of the polymer samples may be measured by two probe and four probe
techniques. The electrical conductivity may be measured by using ohm’s law

E/=R 1.4.5
where I is the current in amperes, E is the potential difference in volts, R is the resistance
.in chms. The reciprocal is termed the conductance, this is measured in Siemens (S) which
is reciprocal of ohms (ohm™). The resistance of a samples of length L, and cross-sectional
area A, is given by

R=pL/A 1.4.6
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where p is a charactertstic property of the material termed the resistivity. If L and A will
be measured respectively in cm and then p refers to cm cube of the material and

0 =RA/L 1.4.7

The reciprocal of resistivity is the conductivity, (formerly specific conductance)

K=1/p or K=L/RA 1.4.8
which is SI units is the conductance of a one ¢cm cube of substance and has the units

ohm™ ¢cm™ or § em™ [60].

In this experiment, the powdered samples were pressed to rigid solid mass by pressing
from the both sides of the mass. The two electrodes of microvolt were then connected

with solid mass and resistivity was measured directly from the microvolt.

SEM technique

The scanning electron microscope (SEM) uses a finely focused beam of electrons to scan
over the area of interest. The beam-specimen interaction is a complex phenomenon. The
electrons actually penetrate into the sample surface, ionizing the sample and cause the
release of electrons from the sample. These electrons are detected and amplified into a
SEM image that consists of Back Scattered Electrons and Secondary Electrons. Since the
electron beam has a specific energy and the sample has a specific atomic structure,
different image will be collected from different samples, even if they have the same

geometric 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 tilted 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 eucentric plane. This means that during tilt, almost no image
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displacement occurs. The tilting mechanism can be locked for more stability at high

magnification.

1.5 Aim of the present study

Metal and semiconductor particles comprise a fundamentally and technologically
interesting class of materials because of their interesting physico-chemical and opto-
electronic behaviors. The properties of these materials, their free electron behavior and
straight forward surface modification are of potential utility in chemical senseing, liner
and non-linear optics and in a variety of nanoscalé electronic devices scheme. Taking into
account the early works, it is evident that a good progress has also been made in
preparing conductive polymers with well-defined structures. PANI is unique among the
other conducting polymers that its electrical properties can be reversibly controlled both
by charge-transfer doping and by protonation. The wide range of associated electrical,
electrochemical and optical properties coupled with good stability made PANI potentially
attractive for application as an electronic material. The possibility of dispersing metallic
and semiconductor particles inside the conducting polymer to form hybrid conducting
matrices has received a special attention in recent times. Inorganic oxide such as TiO;
and organic dye, viz. MB or PR are very important class of opto-electronic materials
because of their uses in many important photochemical and opto-electrochemical
reactions. In the present work, attempt was made to embed T10,, MB, or PR in the PANI
matrix and thus to construct a non-conventional new electrode system of hybrid structure.
The new electrode based on organic/organic and organic/inorganic hybrid structure
would be examined for their performance toward electrochemical redox processes. It is
expected that hybrid structure ¢ omposite matrix could be used as an electrode both in
aqueous and non-aqueous medium. Thus, it could be good replacement for the very
costly conventional metal and semiconductor electrodes. Structural, optical and electrical
properties of the new electrode matrices are also planned to be undertaken. These results
could provide useful information for the possibility of their uses in electronic and opto-

electronic processes.
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Ghanter 2

EXPERIMENTAL



2.1 Materials and devices
A. Chemicals

Analytical grade chemicals and solvents were used throughout the work and were used as

received unless stated otherwise. The monomer aniline was distilled twice prior to its use

in polymerization reactions. Doubly distilled water (H,O) was used as solvent to prepare

most of the solutions utilized in this work except for optical analysis where N,

N-dimethyl formamide (DMF) was employed as solvent. The important chemicals and

solvents utilized throughout the experiments are listed below:

Aniline [E, Merck, Germany]

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

N, N-dimethyl formamide [E. Merck, Germany]
Methylene blue [Fluka, England]

Procion red [Fluka, England]

Titanium (IV) oxide [E. Merck, Germany]

B. Instruments

Analysis of the samples performed in this work employed the following

devices:

vii)

viii)

Potentiostat / Galvanostat / Coulombmeter [ HABF 501, Hokuto Denko,
Japan]

X-Y recorder [F-5C, Riken Denshi Co. Ltd, Japan]

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

UV-visible spectrophotometer [UV-1601 PC, Shimadzu, Japan]
Automatic X- ray diffractometer [ JDX-8P, JEOL Ltd., Japan]

Scanning electron microscope [ Philips XT. 30, Holland]

Autoranging microvolt [Keithley 197 A, USA}

Digital balance [FR-200, Japan]

Controlled heating vacuum oven [ Gallencamp, England]
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2.2 Electrochemical preparation of the film electrodes

The electrochemical synthesis and characterization of the organic (e.g. PANI),
organic/organic (e.g. PANI/MB, PANI/PR) and organic/inorganic (e.g. PANI/TIO;) films
were carried out at room temperature in a standard three-electrode one compartment
electrolysis cell. A schematic representation of the electrochemical cell employed in this
work is illustrated in Fig. 2.2.1. The cell consisted of a 0.25 cm’ working electrode (WE)
made of platinum (Pt), a 0.50 cm® Pt foil counter electrode (CE) and a saturated calomel
electrode (SCE) as the reference (RE). Prior to each expeﬁment, the working Pt electrode
was carefully polished with fine—grained abrasive paper, followed by rinses in distilled
water and 5 min immersion in concentrated nitric acid (HNO,), before it was finally dried
on clean laboratory tissues. The reproducibility of experimental results was greatly
improved with this pretreatment of the working electrode. The films were grafted onto
the working Pt electrode either by sweeping the potential or constant potential mode.
Voltammetric sweeps were always started in the anodic direction from 0.0V at 100 mV/s,
unless stated otherwise. A Hokuto Denko (HABF 501] electrochemical measurement

system provided necessary potential and current control.

A. Polyaniline:

PANI film was prepared on the Pt working electrode by the ordinary anodic polarization
method [1-7]. The working Pt was the anode and counter Pt foil was used as the cathode.
A 0.8M sulphuric acid (H;SOy) in distilled H,O containing 0.5 M aniline was used as the
electrolytic solution. Electrolysis was carried out ecither by sweeping the potential
between —0.3 V and +1.0 V vs SCE or by constant potential made at +1.0 V. After
polymerization, the potential of the PANI ﬁim coated Pt electrode was held at 0.0V until
the cathodic current disappeared to dedoped the PANI film. The film as grown and
dedoped, was washed several times in 0.8M H,SO4 to remove any traces of monomer or

any other reactants or by—products that might be produced during electrolysis.
B. Polyaniline / Methylene blue :
PANI/MB films were deposited on the Pt electrode from an aqueous electrolytic solution

containing 0.5 M aniline, 0.8M H,SO,4 and 1.93 x 10° M methylene blue (MB) at room
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Fig. 2.2.1: Three electrode system for electrochemical measurements.
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temperature. The film was coated onto the Pt surface either by cycling the potential or by
a controlled potential method. In the cycling method, the potential was swept from —0.3
V to +1.0 V at a scan rate of 100 mV/sec. In the preparation of the film, a
potentiogalvanostat (Hokuto HABF 501) with function—generating ability were used for
generation of potential and supply of current. The current—potential response was
recorded ina  X-Y recorder (F-5C, Riken Denshi). The film grown onto the Pt electrode

was dedoped and washed several times in 0.8 M H,SOy as stated previously.

C. Polyaniline / Procion red:

Electrochemical deposition of the PANI/PR film on the Pt substrate employed either
potential sweeping or controlled potential method. The former technique involves
scanning between the potential range —0.3 and +1.0 V vs SCE while the latter one was
operated at +1.0 V. The PANI/PR film was grown by anodic oxidation of aniline from an
aqueous electrolytic solution-containing 0.8 M H,SO, and 1.93 x 10° M procion red
(PR). A deep blue film appeared on the working electrode when the scanning reached to
+0.8 V and above or a constant potential of +1.0 V was applied to the electrode. The film
thus formed was dedoped and washed carefully, according to the procedure described
earlier. The potentiostat/galvanostat employed provide the necessary current and potential

generation.

D. Polyaniline / Titanium (IV) oxide:

The electrochemical formation of the PANVTiIO, film employed an electrolytic aqueous
solution containing 0.8 M aniline, 0.8 M H;SO; and a TiQ,; suspension. TiO; suspension
was made by adding 0.5 g TiO; in 400 ml distilled H;O and then mixing the content by
beating for an hour. The mixture was then kept undisturbed for 10 minutes. The TiO,

suspension was then decanted for use in the PANI/TiO; synthesis.

The content of the electrolytic solution was then subject to electrolysis in the
electrochemical cell. Electrolysis was performed as before by sweeping the potential
between —0.2 V and +1.0 V. During electrolysis, anodic polymerization of the Pt

electrode in the electrolytic media results a deposition of a compact film on the electrode.
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Multiple scanning allowed the film to be grown thicker. Similar film was also grafted on
the electrode when a constant potential of +1.0 V was applied. The film thus formed was

dedoped and washed repeatedly to remove undesired species.

2.3 Spectral analysis

A. Infra red spectra

The samples, PANI, PANI/MB, PANIPR and PANI/TiO, were obtained
electrochemically, as described in section 2.2, either as thin films grafted on the Pt
electrode or as thick d eposits, w hich can be scratched o ffthe Pt e lectrode, rinsed and
dried. They were crushed to powder and used for IR measurements. IR spectra of the
studied solids were frequently obtained by mixing and grinding a small portion of the
materials with dry and pure KBr crystals. Thorough mixing and grinding were carried out
in a mortar by a pestler. The powder mixture was then compressed in a metal holder
under a pressuré of 8~10 tons to make a pellet. The pellet was then placed in the path of
IR beam for measurements. IR spectra of all the studied samples were recorded by an IR

spectrophotometer in the region of 4000-400 cm™.

B. Ultra violet—visible spectra

UV-Vis spectra of the samples were recorded by dissolving the solids in DMF. The
solutions of MB, PANI and PANI/MB were made by dissolving small 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 some cases. Thus, to ensure preferred dilution of the sample solutions for this spectral
measurement, the solutions were diluted with DMF to a visible extent in such a way that
the optical density remains within the range 0.5 to 1.0. The sample solution was placed in
the sample holder while the reference holder was filled with the DMF solvent. The UV-
Vis spectral analysis of the samples employed a double beam spectrophotometer attached
with a synchronized personal computer (PC) for recording the spectral data. All the

optical analysis were performed at room temperature to within 30° (+ 2°)C.
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C. X - ray diffraction pattern:

The samples examined for their structural analysis were obtained either as films or thick
deposits as described previously. The dried samples were thoroughly crushed to powder
for X-ray diffraction (XRD) measurements. The powdered samples were pressed in a
square aluminum sample holder (40 mmx 40 mm) with a 1 mm deep rectangular hole (20
mm x 15 mm) and pressed against an optically smooth glass plate. The upper surface of
the sample was labeled in the plane with its sample holder, The sample holder was then
placed in the diffractometer. The XRD pattern was recorded in an automatic X-ray
diffractometer using Mo(Zr) radiation having wave length of 1.5 A°. The diffractometer
was operated at 30 KV, 20 mA with a scan speed of 2° min™'. The samples, thus
examined for XRD characteristics were processed and operated under ambient

atmospheric conditions.

2.4 Electrical conductivity measurements

The study of electrical conductivity of the solids at room temperature was carried out by
a conventional two point-probe method [8,9). For this purpose, the dried and powdered
solids were compressed mechanically in a transparent plastic tube as illustrated in Fig.
2.4.1. A few centimeters long plastic tube having diameter 1.75 mm was taken for
loading the solids in it. One end of the tube was tightly closed with a copper (Cu) wire
having the same diameter as that of the tube. The sample was then pushed gradually
inside the tube and compressed mechanically from the other end of the tube by another
piece of same wire. Eventually the mass become tightly compressed having a very rigid
| structure that on further pressing did not change the length of the compressed mass. In
this position, the other end of tube was made closed by the similar wire. The two Cu
wires at the two ends pressed tightly in such a way that ensures an adequate contact
between the sample a.ﬁd the wires. The wire poles were used for electrical contact to get
the voltage drop between the two ends of the sample under invéstigation. 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 studied sample was calculated out by using the standard
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Fig. 2.4.1: The construction for the measurement of the two
point-probe conductivity.
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relation mentioned in chapter 1. The measurement was conducted at laboratory

temperature (~ 30°C).

2.5 Analysis of surface morphology

Scanning electron microscopic technique was adapted to analyze the surface morphology
of the samples. The PANI, PANI/MB, PANI/PR and PANI/TiO; as prepared onto the Pt
electrode as films were utilized for SEM analysis. The films thus grown were rinsed and
dried under vacuum before subjected to their surface analysis. The samples were loaded
to the SEM chamber where these were kept under evacuation of 10™ to 10 torr for ~ 30
min. Then a very thin layer of gold, ~ few nanometers thick, was sputtered onto the
sample surface to ensure electrical conductivity of the sample surface under studied. The
sample was then placed in the main chamber to view it surface image. A Philips XL 30
SEM arrangement was eniployed for this analysis. The image of the surface morphology
is recorded in a PC that interfaced with the main SEM system. The operation system

performed all the analysis under ambient atmospheric conditions.

2.6 Doping-dedoping technique

The synthesized film electrodes, viz., PANI, PANI/MB, PANI/PR and PANUT i0; were
doped and dedoped electrochemically by the conventional anodic and cathodic treatment
of the working electrode [10]. The doping-dedoping process was performed in a single
compartment three-electrode cell under ambient atmosphere (Fig. 2.2.1). The films were
grown onto the Pt electrode either as thin (6 cycle) or thick (25 cycle) deposits. The film
thus deposited was then rinse repeatedly to remove any traces of monomer or other by-
products. To perform doping-dedoping process, the rinsed film electrode was then placed
in the cell containing monomer free electrolytic solution only. The doping-dedoping
processes of the films were examined by the cyclic voltammograph in an aqueous
electrolytic solution of 0.8 M H;SO4. A potential sweeping from —0.3 to +0.6 V was
allowed with a scan rate of 100 mV/sec. Indeed, the doping and dedoping process of the

films were observed to be occurred within the potential range scanned in this experiment,
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2.7 Electrochemical degradation study

In this work, electroactive matrices were synthesized to examine their ability to acts as
electrodes in the electrochemical system. The durability and stability are the prerequisites
for their potential use as electrodes in the electrochemical systems. Thus, the study of the
electrode degradation was carried out with the film of PANI, PANI/MB, PANL/PR and
PANVTIO,. The films were grown onto the Pt substrate either as thin or thick structured
as described in section 2.2, In order to study their electrochemical degradation, the
voltammetric behavior of the film coated electrodes was followed. This was done in the
electrochemical one compartment cell (Fig. 2.2.1) connected with a potentiostat/
galvanostat and a X-Y recorder. The potential was swept between either ~0.3 and +1.0 V
or —0.3 and +2.0 V vs SCE. One set of degradation study was dealt with the multiple
sweeping and observing any degradation, i.e. if any change in the peak position and
current r esponse, o ccur than o bserved in the original voltammogram. T he other setof
degradation was attempted by applying high anodic potentials, such as, +1.0 and +2.0 V
vs SCE and then recording the voltammogram to detect any changes either in peak
position and / or current response. For degradation studies, monomer free electrolytic
solution of 0.8 M H;SO, was used throughout the work. The voltammograms of the films
were measured by scanning the potential first in the positive direction and then in the

negative side with a scan rate of 100 mA/sec, unless otherwise stated.

45



References

10.

Y. Ohnuki, T. Ohsaka, H. Matsuda and N. Oyama, J. Electroanal. Chem ., 158
(1983) 55.

N. Oyama, Y. Ohnuki, K. Chiba and T. Ohsaka, Chem. Lett., (1983) 1759.
R.Noufi, A. J. Nozik, J. White and L. F. W arren, J. E lectrochem. Soc., 129
(1982) 2261.

A. Volkov, G. Tourillon, P. C. Lacaze and J. E. Dubois, J. Electroanal. Chem.,
115 (1980) 279.

A F.Diaz and J. A. Logan, J. Electroanal. Chem., 111 (1980) 111.

A. Kitani, J. Izumi, J. Yano, Y. Hiromoto and K. Sasaki, Bull. Chem. Soc. Jpn.,
57 (1984) 2254,

A. G. MacDiarmid, J.-C. Chiang, M. Halpern, W-S, Huang, S-L. Mu, N. L. D.
Somasiri, W. Wu and S. I. Yaniger, Mol. Cryst. Liq. Cryst., 121 (1985) 173.

L. J. van der Pauw, Philips Res. Repts., 13 (1958) 1.

J. Lange, J. Appl. Phys., 35 (1964) 2659.

See, for example, A.-N. Chowdhury, Y. Kunugi, Y. Harima and K. Yamashita,
Thin Solid Films, 271 (1995) 1.

46



RESULTS AND DISSCUSSION



3.1 Electrochemical synthesis

A. Organic electrode: PANI

Anodic oxidation of the monomers on the inert metallic electrodes to yield polymer is the
most current electrochemical method for the synthesis of conductive polymer films, such
as, PANI, polypyrrole (PP), polythiophene (PT) etc. The anodic oxidation of aniline is
generally effected on an inert material which is generally Pt [1-7]. In the present work,
electrochemical synthesis of PANI was carried out by anodic oxidation of aniline onto a
Pt electrode. T ypical CV ofelectrochemical p olymerization of aniline is givenin Fig.
(3.1.1). On sweeping the first potential cycle from —0.3 to +1.0 V vs SCE, a sharp rise in
current is seen at a potential ca. +0.8 V indicating the oxidation of aniline to yield PANI
[8, 9]. A thin deep blue film is seen on the Pt surface. As the sweeping repeated, i.e., in
the second and subsequent cycles, the peak current increases further indicating the
formation of more deposits of PANI on the substrate. Potential cycling was repeated upto
6 cycles for the deposition of a thin film of PANI. The anddic peak at ca. +0.18 V is
observed from the second scan. This peak can be assigned to the oxidation of PANI film
deposited on the electrode comresponding to the conversion of amine units to radical
cations in the polymer chain [10-11]. The deep blue color of the film turned to greenish-
yellow when potential sweep approached to the cathodic direction at ca. +0.0 V or lower.
Figure 3.1.2 also represents the CV of electrochemical polymerization of aniline under
similar electrolytic conditions; here polymerization was allowed to grow on the Pt upto
25 cycles. As the PANI film got thicker, the characteristic peaks seem to be less
prominent or at least broadened and also their positions are shifted. However, the colour
changes of the thick film also occur in the similar fashion as described for the thin PANI
film. The Pt electrode thus coated with the PANI film is referred to as PANI electrode.

The mechanism for the electrochemical formation of PANI as proposed by Y. Wei et. al.
[12], is presented in Scheme —1. The oxidation of aniline to form the diamer is a slow
reaction [12, 13]. Since the diamer has a lower oxidation potential than does aniline (1,
14], it will undergo oxidation immediately after its formation to yield a diimminium ion

[13]. An electrophillic attack of aniline monomer by the diiminium or by a nitrenium
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Fig. 3.1.1: CV (6th cycle) during electrochemical
synthesis of PANI.
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Fig. 3.1.2: CV (25th cycle) during electrochemical synthesis of PANI.
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Scheme- 1: Mechanism for the electrochemical formation of PANI
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ion [15], which could be generated from a deprotonation of the diiminium ion [13],

would accomplish a growth step and lead eventually to the final polymer.

B. Organic /Organic composite electrode:

i) PANI/MB: Synthesis of this electrode matrix was accomplished electrochemically by
coating the polymer-dye film onto an inert Pt electrode surface from an aqueous
electrolytic solution containing aniline monomer, sulfuric acid and the organic cationic
dye, MB. Figure 3.1.3 shows the CV of electrochemical co-deposition of PANI/MB film
on the Pt electrode. The CV shows the growth of a film with two important
electrochemical systems that are also observed during PANI synthesis (Fig. 3.1.1). The
prepeak in the middle is attributed to a solvation- desolvatation phenomenon of ions
insertion [16]. The most significant phenomena observed in this case is the redox
processes at ca. =0.3 V. This process is not seen when the film was prepared in absence

of dye in the electrolytic solution (Fig. 3.1.1). Thus the electrochemical responses as
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Fig. 3.1.3: CV(6th cycle) during electrochemical synthesis of PANI/MB
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observed in the CVs (Fig. 3.1.1 and Fig. 3.1.3), clearly indicate the presence of MB in the
system during the PANI/MB film formation. Thus, it is expected that MB is incorporated
into the PANI matrix and yielded PANIMB film during the course of polymerization.
The anodic peak around 0.8 V is assigned to the formation of the radical cations of
aniline by electrochemical oxidation. The anodic peak intensity gradually increased with
increasing cycle number due to the further deposition of PANI/MB films on the Pt
electrode [17]. The anodic peak at ca. +0.18 V is also clearly visible as was also observed
for PANI films. Hence, the composite PANIMB film thus synthesized also indicates
electroactive site similar to PANI matrix prepared electrochemically. CV for the
PANI/MB was also recorded for the thick deposition as high as 25 cycles. This has been
shown in Fig. 3.1.4. For the thick film, electrochemical processes are also observed
although not as sharp as visible as in the CV depicted in Fig. 3.1.3 that recorded for a few
cycle deposition. Both the thin and thick PANI/MB films shows usual color changes as
PANI does.

ii) PANI/PR: The P ANI/PR film w as prepared by scanning t he p otential from —0.3 to
+1.0 V vs SCE. Figure 3.1.5 shows the CV obsefved with a Pt electrode immersed in 0.8
M H,S0, containing 0.5M aniline and 1.93x 10° M PR. The redox current response of
the system continued to grow with the repetition of potential cycles. This indicates that
‘the growth of the film matrix onto the Pt surface is proportional to the number of
potential cycles. As soon as the first potential scan reached to ca. +0.8 V, a tightly held
thin film having deep blue color appeared cven at the first scan. At least up to 25 cycles,
the PANLI/PR film was seen to be adhering onto the Pt surface and seemed to grow
progressively. The CV’s exhibited the peaks at cz. +0.8 V and +0.18 V (starting from
second cycle) are identical to those of PANI and PANI/MB electrodes suggesting that the
electrochemical oxidation of aniline and the polymer films took place at those potentials.
Like PANI color of the present film was also changed from deep blue to greenish yellow
when potential was switched from +0.18 V to +0.0 V, respectively. It is noticeable that a
redox peak is also observed at ca. —0.3 V when the scanning was performed in the
negative direction. This peak is absent when PANI was synthesized from an electrolytic

solution without PR (Fig. 3.1.1). This observation suggests that the redox response seen
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Fig. 3.1.5: CV (5 th cycle) during electrochemical synthesis of PANI/PR.
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response seen at —0.3 V is due to the PR dye that incorporated in the electrolytic solution
in order to prepare the PANI/PR matrix. This result also indicates that the PANI/PR film
thus expected to be coated onto a Pt substrate is electroactive and performs the
electrochemical processes as unique as the PANI film electrode does. The CV of the
thicker PANI/PR film electrode is presented in Fig. 3.1.6. Instead of the massive
structure, the CV of the thicker PANI/PR film seems to be identical to that of the thin
PANI/PR film presented in Fig. 3.1.5, although broadening and slight shifting of the
peaks for tﬁe thicker film are observed. Similar phenomenon was also observed for the

thick PANI/MB system.

C. Organic/Inorganic composite electrode: PANI/TiO;

The PANI/TiIO; composite film electrode was prepared by oxidizing aniline at a Pt
electrode in the presence of aqueous TiQ; suspension in 0.8 M H,SOj. Figure 3.1.7
shows current—potential curve i.e. CV obtained in the course of the PANI/TiO; film
formation on the Pt substrate. In the first cycle, from 0 to +0.7 V range, the current
remains very low. Above +0.7 V, current increases rapidly and the CV shows a large
anodic peak with a maximum at +0.8 V at which point, a deep blue color of the film thus
deposited is observed. On the reverse sweep, the anodic current decrease continuously
and then cathodic current appears, showing a peak maxima at about 0.0 V. The cathodic
current decreases until the sweeping reached at —0.2 V. At this point, color of the film
changes to greenish-yellow. In the second and subsequent cycles, another new peak
appears at +0.18 V indicating the oxidation of the PANI/TiO; film electrode. The redox
process as observed in this CV clearly- indicates that the film thus obtained 1s
electroactive. The electroactivity of the film even remains with thicker structure (25

cycle) as can be realized from the CV depicted in Fig. 3.1.8.

The above results of CV during electrochemical preparations of PANI, PANI/MB,
PANI/PR and PANI/TiQ; film electrodes clearly indicate that the matrices thus
synthesized are capable of performing redox processes onto their surfaces in an
appropriate electrolytic medium that employed. The redox activity of the electrode

matrices are evaluated from the results of their corresponding CV are described below:
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In the 5th cycle of potentiai scan under polarization between —0.3 and +1.0 V, the anodic
(Ipa) and cathodic (I;c) peak currents appear at the potentials E,, and E,c, respectively,
where

1) for PANI (Fig. 3.1.1)

Ina = 2.32 mA cm™ at By, = +0.19 V, [, = 1.52 mA cm at B, = -0.03 V

ii) for PANI/MB (Fig. 3.1.3) |
Ina = 1.38 mA cm™ at By, =+ 0.21 V, I, = 1.56 mA cm” at E,. =-0.05 V

iii) for PANI/PR (Fig. 3.1.5)
Ips=3.28 mA cm™ at By, = 0.26 V, L,; = 3.6 mA cm™ at E,.=-0.04 V

iv) for PANI/TIO; (Fig.3.1.7)
Ipa = 5.8 mA cm” at Ej, = +0.28 V, [, =6.8 mA cm™? at By = -0.12 V

For comparison, the results are presented in a tabular form given below:

Table-1: Redox reactivity of different electrode matrices

Electrode Anodic peak | Anodic peak | Cathodic peak | Cathodic peak | I,c/ I
matrix current, [, potential, E;, | potential, E current, [,

(mA cm”) v) V) (mA cm?)
PANI 2.32 +0.19 -0.03 1.52 0.655
PANI/'MB 1.38 +0.21 -0.05 1.56 1 1.130
PANI/PR 3.28 +0.26 -0.04 36 1.097
PANI/TiO, 5.8 +0.28 -0.12 . 6.8 1.172

From the above d ata, it is cledr that all the matrix synthesized in this work are redox
active. The redox reactivities of the matrices are also seen to be reversible although the
extent of reversibility varies considerably from matrix to matrix. Peak separation between
Epa and Ey, and the ratio of I to I, are the measures of reversibility. The differences of
the reversibility indicate that the redox reaction on these surfaces did not proceeded in
similar way. T he d ifferences ofther eversibility o f the matrices may occurdue to the
presence of different entities, viz. MB, PR and TiO, in the matrix. A.ttempt were also

made to better understand the rate of polymerization in the presence of organic and
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inorganic entities such as MB, PR and TiO, along with the monomer. It was observed
[13, 18] that the mass and thickness of the PANI film formed on the electrode are
proportional to the anodic peak current (I,.) at about +0.17 V. Therefore, the rate of
polymerization can be measured by the rate of increase in this peak current. Figure 3.1.9
shows typical plot of I, [therefore, the amount of polymer (or polymer/dye,
polymer/TiO;) formed on the electrode] against the number of cycles (i.e. the reaction
time, t} for the polymerization of aniline in the presence of either MB, PR or TiO;. The
slope, d(I,a) / dt, at any point of these curves, corresponds to the rate of polymerization at
that particular reaction time. It is apparent in Fig. 3.1.9 that the growth of the PANI film
become faster or slower depending on the system, i.e. whether it containing TiO, or the
dyes. T he result clearly demonstrates that the growth rate o f P ANI/TiO; film is faster
compared to PANI, PANIMB or PANIPR films. The addition of specially
semiconducting TiO; , in the electrolytic media may facilitate the slow step of the
polymerization, resulting in the increases in the overall rate of polymerization, However,
the slower growth rate that observed with other system may result from the inhibition of

nucleation species on which the polymer chain grows [12-14, 18].

3.2 Characterization of the electrode matrices

A. Infra red spectral analysis:

Almost all compounds, particularly organic substances, absorb in the IR region. Although
the IR spectrum is characteristic of the entire molecule, it is true that certain groups of
atoms give rise to bonds at or near the same frequency regardless of the structure of the
rest of the molecule. Since we are not soIer depended on IR spectra for identification, a
detail analysis-of the spectrum will not be required. In order to get some insight about the
structure of the synthesized matrices, IR spectral analysis were performed and the results

are described below:
1) PANL Figure 3.2.1 shows the IR spectra of PANI synthesized electrochemically. It is

worthwhile to mention here that the observed IR spectra are consistent with the previous

studies [19-25] and discussed below according to the frequency region:
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T F7L3™

(@  3500-3100 cm™

This is the N-H stretching region. The absorption of PANI in this region is rather weak,
The main absorption peaks are located at 3380 and 3310 cm’’, with shoulders at 3460 and
3170 cm™. | |

(B  3100- 2800 cm™
This is the C-H stretching region. The absorption of PANI in this region is even weaker,
but it is observable at 3050 — 3030 and 2960 — 2850 cm’.

(c)  1600-1450 cm™

Aromatic ring breathing, N-H deformation and C=N stretching all give absorption in this
region. In general, the N-H deformation band is very weak. A 1, 4- substituted benzene
ring may give absorption band at 1600-1580 and 1510-1500 cm™'. However, the former is
very weak and even observable if the two substituents are the same and the latter is strong
in the IR in this range. Therefore, it is reasonable to assign the band at 1510 cm™ mainly
to benzoid ring (B) stretching in PANI. Based on the following arguments, we consider

the 1587 cm™ band as a characteristic band of nitrogen quinone (Q).

(d  1400-1240 cm™

This is the C-N stretching region for aromatic amines. The intrinsic PANI shows three
peaks: medium absorption at 1240 cm™ and weak ones at 1380 and 1240 cm™. The band
at 1160 and 1140 was referred as “electronic like band” and was considered as a measure
of the degree of delocalization of electrons on PANI and thus are the characteristic peaks
of PANI conductivity [26, 27]. The band at 1160 and 1140 cm’ be assigned separately:
1160 cm’! to intrinsic structure and 1140 em™ to the doped (acid treated) structure. The

+ [
1140 cm™' band is a vibrational mode of BNH=Q or B—=NH—B whjch is formed in doping
reactions. This may be attributed to the existence of the positive charge and the

distribution of the dihedral angle between the B and Q rings [28].
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(e)  1220-500 cm™

This is the region of in-plane and out-of-plane bending of C-H bonds on aromatic rings.
The main absorption bands for intrinsic PANI are Iocated at 1160 and 830 cm™! and some
weak bands can be observed. It is easy to judge the substitution pattern on the benzene
ring from the frequencies of these peaks. For example, 1220, 1105, 1010 aﬁd 830 cm’!
stands for 1,4- substitution, 1115, 1060, 960, 895 and 850 cm™' for 1, 2, 4-substitution and

740 and 690 cm™ for 1,2- or mono-substitution.

Peaks at 1120 and 625 cm™ are also observed in the spectra of the PANI film and
correspond to the presence of S04 ions, which were used as an electrolytic anion in the

film [29].

A summary of tentative assignments of the IR spectra of intrinsic PANTI are presented in
Table-2.
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Table-2: Tentative assignment of the IR spectra of PANI sample

Frequency Assignment*

(cm™)

3710 presence of H,O

3470 NH; asym. str.

3360 NH, sym. str., NH str

3175 =NH str.

1563 str. of N=Q=N

1538 str. of N-B—N

1450 str. of benzene ring

1368 C—N str. in QBQ

1315 C =N str. in QB.Q, QBB, BBQ
1245 C —N str. in BBB

1160 a mode of N=Q=N

1140 a mode of Q=1t1H-B or B-I:IH—B
1225

1104 C—Hiponl,4-ring

1128

1046 C—Hiponl,24-ring

952

517

875 C—-Hoponl,24ring

847

807 C—Hipon 1l 4-ring

759

690 C~—Hipon 1,2-ring

659

534 aromatic ring deformation
494

* Abbreviations: asym = asymmetric, sym = symmetric, str = stretching, ip = in-plane
bending, op = out-of-plane bending, Q = quineid unit, B = benzoid unit, B¢= trans

benzoid unit, B.= cis benzoid unit.

il) PANVMB: The IR spectrum of PANI/MB obtained by electrochemical oxidation of
aniline is presented in Fig. 3.2.2. The main absorption peaks are observed at 3340, 3210,
3120, 3060, 1630, 1590, 1500, 1300, 1250, 1090, 825, 760, 690, and 620 cm™. These
absorption peaks are the same as that observed with the PANI (Fig. 3.2.1). The main IR
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absorption for the MB component is presented in Fig. 3.2.3. The peaks are seen at 1596,
1487, 1392, 1354, 1251, 1219, 1180, 1151, 1060, 1034, 883, 851, 799, 662, 533, and 443.
The spectrum of the PANI/MB seems to exhibit most the peak for MB component in it
although the intensity of the peak differs significantly. However, the results of IR
analysis for the PANI/MB and MB samples indicate that the MB component is
incorporated into the PANI matrix during its electrochemical polymerization from the

aqueous electrolyte containing MB solution.

iii) PANI/PR: The IR spectrum of the PANI/PR sample not only display the same basic
vibrations as for the PANI film, but also shows peaks which are characteristics of the PR
component. The typical IR spectra for PANI/PR and PR are shown in Fig. 3.2.4 and Fig.
3.2.5, respectively. In general the IR spectrum of PANI/PR appears to be consisted of too
many absorption bands. Hwever, careful observation reveal that it contains the main
absorption corresponding to PANI entities: 3346, 3208, 3121, 3058, 1629, 1585, 1499,
1298, 1253, 1086, 827, 689, and 621 cm™ and the absorption characteristics of PR
component : 2365, 1735, 1720, 1605, 1560, 1500, 1392, 893, 765 and 632 cm™. Thus, the
IR spectral features indicate that PR component is embedded into the PANI matrix during

the course of polymerization from its electrolytic solution.

iv) PANI/TIO; : Figure 3.2.6 shows the IR spectrum of the PANI/TIO, film formed on
the electrodes during anodic oxidation of aniline from an electrolytic solution
containing TiO; suspension. The absorption peaks of the composite film
at 3060, 1600-1585, 1500 and 700 cm™, are characteristics of the various mode of the
C-H and C-C bonds of the aromatic nuclei. The peaks at 3400, 3250, 3200, 3120 and
3080 cm™ correspond to the stretching of the N-H bonds; those at 1310 — 1300 and
1250-1245 cm’™ correspond to the stretching of the C—N bonds of the secondary aromatic
amines, and the peaks at 1625~1620 cm™ correspond to the stretching of the C=N bonds
[29-31]. However, the present result essentially shows the characteristic peak for PANI
as discussed earlier  (Fig. 3.2.1). The IR spectrum of TiOj; is shown in Fig. 3.2.7. The -
principal absorptions are: 1248, 1187, 1132 and 1095. The region 12501090 seems to be
the characteristic peak of Ti—O bond. The IR spectrum of PANI/TiO; samples indeed
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shows several peaks in this region and may indicate the presence of TiQ, into the PANI

matrix.

B. Ultra violet- visible spectroscopy
UV- Vis spectra of doped PANI, MB and PANI/MB samples recorded in DMF solutions
at room temperature are given in Fig. 3.2.8, Fig. 3.2.9 and Fig. 3.2.10 respectively.

The PANI doped (Fig. 3.2.8), samples shows peaks at 335 and 450 nm and a weak
shoulder at ca. 660 nm. The result is similar to the studies reported by the early workers
[32, 33] and suggests that the peak observed at 335 nm corresponds to the interband 7 —
7* (valence band to conduction band) transition while the other two transitions observed
in the spectra at around 450 and 660 nm may be responsible for PANI conductivity by
forming polaron and bipolaron as mid-gap state. Similar phenomenon has also been
observed with other conducting polymers such as PP [34, 35). In fact, polaron state is a
radical cation, i.e. contains one electron whereas ‘bipo'Iaron is a dication, i.e. electronless.
At low doping level, polaron formation takes while at highly doped states, bipolaron
formation predominates. However, because of the greater stability, a bipolaron is favored

over polaron.

Figure 3.2.9 shows the UV-Vis absorption spectra of MB solution in DMF solvent. The
peak at 664 nm in the spectrum represents the characteristic feature of the dye MB. The
dye seems to be stable in the DMF and the acid media used in this experiment, at least for
2 hr [36]. Thus, any degradation of the MB either in DMF or H,SO, may be ruled out.

'Figure 3.2.10 shows optical absorption spectrum of PANI/MB in the DMF solvent. The

result shows a peak at 453 nm with absorption maxima and a broad shoulder in the region

700-900 nm. Its tail indeed starts from ca. 600 nm. It seems that, this spectrum is at least
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qualitatively not identical to those observed for PANI and MB (Figs. 3.2.8 and 3.2.9).
However, a careful observation reveals that the peak at 453 and the shoulder tails from
600 nm are indeed also observed for the PANI sample (Fig. 3.2.8). The interband
transition, as observed at about 335 nm in Fig. 3.2.8, is not seen in this spectrum. The
optical window for the Fig. 3.2.10 was limited between 400-800 nm for the safety of the
dye degradation under UV-Vis irradiation and thus the interband transition for the
PANI/MB sample could not be recorded. Hence, it is convincing that the Fig. 3.2.10
represents the optical feature of PANI considerably. The MB component should reflect a
peak in the shoulder region of the spectrum in Fig. 3.2.10. Although the prominent MB
peak characteristic is not observed, it is noticeable that the shoulder observed in Fig.
3.2.10 is greatly broadened compared to that in Fig. 3.2.8. Because of the low
concentration of MB in the PANI/MB matrix, the characteristic peak of MB in the
PANI/MB probably weak and thus merges within the shoulder region of Fig. 3.2.10. The
optical characterization of the present sample provides further support that MB is

embedded into the PANI matrix during its electropolymerization.

C. X-ray diffraction pattern

The X-ray technique is one of the powerful toop for structural analysis of solids. This can
provide information on the intermolecular arrangement, i.e., the level of crystallinity of
the solids. The solid matrices, viz. PANI, PANI/MB, PANI/PR and PANV/TIO, prepared
electrochemically were ¢ xamined for their structural analysis in the powdered state by
using wide angle X-ray diffraction. The scattering patterns as function of the Bragg
angle, 20 at A = 1.54 A° for th¢ studied samples powders are presented in Fig,
3.2.11-3.2.14. The results show that the patterns consist of only diffuse X-ray scattering
ie., the peaks appear in the pattern are responsible for the amorphous nature of the
sample. The control samples, viz., MB, PR and TiO; also exhibited amorphous pattern.
These are presented in Figs. 3.2.15- 3.2.17. Most of the conducting polymers are
reported to be extremely poor crystalline. During polymerization, although most of the
aniline units are linked through the 1,4-position, a significant units are couple through
other positions, This introduces defects in the hypothetical ideal linear chain arrangement

of the polymer and also causes some cross-linking of the polymer and consequently,
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Fig. 3.2.11: XRD pattern of PANL
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Fig. 3.2.12: XRD pattern of PANI/MB.
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Fig. 3.2.13: XRD pattern of PANI/PR.
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Fig. 3.2.14: XRD pattern of PANITIO,.
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Fig. 3.2.15: XRD pattern of MB.
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Fig. 3.2.17: XRD pattern of TiO,.

84

40

45



results in a significant decrease in the crystallographié order of the chain [37, 38]. As a
result, the polymer loses its crystallinity and provides diffuse diffraction pattermn as
exhibited in Fig. 3.2.11 -3.2.14. Other well studied conducting polymer PP, has also been
reported to be amorphous in nature [39]. The importance of a better intermolecular
arrangement, i.e., a level of crystallinity in the PANI samples for obtaining a higher
conductivity has become a well-accepted factor all around the world and this idea is not
restricted to PANI but involves most of the more prominent electronically conductive
polymers. Th(; observation that the conductivity of PANI films and fiber can be increased
upon stretching is a direct evidence for the importance of a good intermolecular
arrangement. Effort, we still being made for achieving the better PANI structure. Indeed,
results of few studies have already been appeared and reported crystalline structure of

PANI [40-42].

D. d.c. two point-probe conductivity

Electrical conductivity measurements of the samples PANI, PANI/MB, PANI/PR and
PANITiO, were performed by employing conventional two point-probe method. The
vacuum dried samples were compressed to a rigid mass and stored in vacuum desiccators

till the conductance measurement commenced.

The results of the conductivity measurements for the samples is arranged in a bar chart as
depicted in Fig. 3.2.18. The observed conductivity values of PANI, PANI/MB, PANI/PR
and PANI/TiO, were found to be 3.11x10™, 1.6x10™, 6.19x10™! and 9.63x10" S cm™,
respectively. The electrical conductivity of PANI is usually in the order of 10%to 10 S
em™, depending somewhat on the polymerization and protonation conditions [43]. Thus,
the observed conductivity of the present PANI sample prepared electrochemically from
H;80; electrolytic media seems to be consistent with the early report. The conductivities
of PANI/MB and PANI/PR matrices are less than ca. 2 times smaller and more than ca. 3
times higher, respectively, than that of PANI. The differences of the conductance values
are not clearly understood at this stage, however, the ionic nature of the dyes, (viz., MB is
cationic and PR is anionic) may play certain role in the composite formation and thus

modifying their morphological and electrical properties as reflected in the conductivity
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of the matrices. Indeed rate of composite formation, as shown in Fig. 3.1.9, found to be
affected when synthesis were performed from the solutions containing MB, PR and TiO,.
The morphology of the matrices also seems to be affected considerably when MB, PR
and TiQ, are embedded into the matrices. This will be discussed in detail in the following
section. The lower conductivity of the PANI/MB matrix is presumably due to the many
interparticle contact resistance, present in such finely divided particles in the solid state.
However, the increase conductivity of the PANI/TiO, matrix seems to be reasonable, if
one consider the semiconducting nature of the TiO, particles. Thus, the presence of TiO,
itself may contribute to the conductivity enhancement of the PANI/TIQ, matrix.
Moreover, the presence of TiO; colloidal particles in the synthesis may provide surface
for the aniline adsorption and finally cause a massive production of PANI and thus
modifying the rate of its production (Fig. 3.1.9) to yield a matrix with different
morphological and electric properties. The change in conductivity is also reported by the
early workers [44-46] for surfactant incorporated conducting polymers. The results
depicted in Fig. 3.2.18 also indicate that the conductivity of the studied samples still fall
in the range of semiconductor conductivity (10 to 10" S cm™). Since electrical behavior
of the composite seems to be controlled by the polymer component, the mechanism of
conduction in these composites would be similar to those of the bulk polymer. The
conduction mechanism in PANI has been discussed by Li et. al. [47] in terms of the
experimentally observed temperature dependences of the charge carrier density. The
macroscopic conductivity has been interpreted as- a result of anisotropic three-

dimensional variable range hopping in a network of rods with metallic behavior.

E. Scanning electron microscopy

In order to examine the surface morphology, scanning electron microscopy appears to be
the best choice because of its potential for precise analysis of a solid surface. Chemical
composition and morphological structure of a material strongly depends on the mode of
synthesis, be it chemical or electrochemical, on the synthetic conditions such as pH,
concentration of reactants and products, chemical nature of oxidant, oxidation potential
etc. Thus, a vanety of chemical structure and morphology of a material is possible. In the

present work, PANI was synthesized electrochemically and the other components, viz.,
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MB, PR, and TiO, are embedded in the PANI structure to construct composite electrodes
of organic/organic and organic/inorganic hybrid structure. Figure 3.2.19 shows the SEM
images of (1) PANI (2) PANI/MB (3) PANI/PR and (4) PANI/TIO, electrode surfaces. It
can be seen that a grain-like morphology appears when PANI is prepared
electrochemically from electrolytic solution containing H,SO,4 and the surface is quite
uniform covered with the PANI grain. When PANI was electropolymerized. in presence
of MB to prepare PANI/MB film, the surface morphology appears to be fibrillar (2). The
surface uniformity seems to be reduced compared to that of PANI (1). On the other hand,
when PR was embedded in PANI, the surface morphology of the resulting PANI/PR
matrix seems to form agglomerates (3) and deposit as a short stack over the surface. The
surface morphology in this case appears to be rather less uniform. When TiO, was
incorporated in the PANI structure, the resulting PANI/TiO; matrix shows a continuous
assembly of deposit (4). The deposit in the stack is tightly packed and seems to form rigid
structure and distributed non-uniformly over the substrate. The present SEM observation
clearly suggests that the PANI surface is modified when MB, PR and TiO, are
incorporated in it. Modification of the PANI surfaces is also reported by the various
workers [39, 48, 49] by varying synthesis condition. From the observed dissimilar
morphological features of PANI, PANI/MB, PANI/PR and PANI/TIO,, it is expected that
their electrode behavior for electrochemical processes could be different. The electrode

behaviors of these matrices will be discussed in the following sections.

3.3 Electrochemical doping — dedoping process

A. PANI electrode:

The electrochemical behavior, ie. doping — dedoping processes, of the PANI film
electrode was examined by cyclic voltametry in aqueous 0.8 M H,SO,4 solution. A typical
CV is shown in Fig. 3.3.1. A deep blue PANI film was deposited on the Pt electrode. The
film coated Pt electrode was washed several times with distilled water and then immersed
in an aniline free aqueous solution of H,SO4 (0.8M). The CV of the PANI shows clearly
one defined peak at +0.2 V in the anodic sweeping while in its cathodic scan the peak
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appears at ca. +0.045 V vs SEC, suggesting the presence of electroactive regions in the
film [50, 51]. On sweeping the bare Pt electrode (without PANI film) from —0.3 to +1.0
V in 0.8M H3SO4, no such peaks are observed (Fig. 3.3.2). The peak at +0.2 V indicates
the oxidation of the PANI film at which electrolyte anion is doped into the polymer film.
The PANI film reduced at +0.04 V where dedoping of the electrolyte anion occurs. The
oxidation and reduction waves are not symmetrical as can be seen in the CV (Fig. 3.3.1).
The shape of the two peaks and the difference in the peak potentials suggest that the
electrochemical reaction is quasi-reversible and that there are differences between the
reduction and oxidation kinetics {52]. The redox process of PANI in aqueous H,SO,
electrolytic solution may be interpreted as follows:
(Polymer* X )+ ¢~ & Polymer®+ X"

(Polymer® X) is the oxidized polymer obtained through electro-polymerization and/or
doping, polymer ° is the reduced polymer and X ~ is the electrolyte anion (SO4™).

The redox reaction of the PANI film is accompanied by a color changes. The film
appears as a deep blue color when the electrode potential is positive by +0.2 V and turns
to a transparent greenish-yellow when it is switched a negative by —0.3 V. The color
changes occur evenly throughout the film with no evidence of region with different
reactivity. Similar observation for coior change with PANI in its redox process has also

been reported previously [17, 53].

B. PANI/MB electrode:

The electrolytic solution of MB in 0.8 M H,SO; was examined for its electrochemical
activity on Pt electrode. This was done by sweeping the potential from —0.3 to +1.0 V
using a bare Pt (0.25 cm?) electrode. The CV is presented in Fig. 3.3.3. Anodic sweeping
starting from 0.0 V to 1.0 V shows no appreciable current, indicating no electrochemical
reaction of MB in H,SO; occurring in this range. On the other hand, a cathodic sweep
beyond ~0.2 V, results considerable cathodic current. The reverse process of the MB can
be seen almost in the same pea.k‘position showing a well defined peak. This redox
response is indeed utilized to confirm the presence of MB in the PANI/MB electrode.
Figure 3.3.4 shows the CV of PANI/MB electrode coated onto Pt substrate. The
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Fig.3.3.2: Background CV of bare Ptin 0.8 M H,S80, solution.
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Fig.3.3.3: Background CV of bare Pt in 1.93x10 °M MB + 0.8 M
H,S80, solution.
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Fig.3.3.4: CYV for the doping of PANI/MB in 0.8 M H,SO, solution.
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electrolytic H,SOy s olﬁtion 1s MB free. In general, the c haracteristic of the CV in the
range from —0.2 to +1.0 V are similar to the CV of PANI (Fig. 3.3.1). That is a prominent
anodic peak and its corresponding cathodic peaks are observed at about +0.25 V and +0.1
V, respectively. And this can be assigned to the oxidation of PANI/MB film deposited on
the Pt electrode, corresponding to the conversion of amine units to radical cations in the
polymer chain. Thus, the substrate PANI/MB also seems to be electroactive. However,
the CV in the region ca. 0.3 V clearly shows a redox process which is exactly identical
to that presented in Fig. 3.3.3. Since this process is related to the redox behavior of MB,
~ and since the electrolytic solution is MB free, thus the response certainly made by the
PANI/MB electrode. This result clearly demonstrates that MB was incorporated into the
PANI matrix when it was synthesized electrochemically from an electrolytic solution

containing H,SO4 and MB.

C. PANI/PR electrode:

The back ground current—potential response of bare Pt electrode in H,SO,+PR
electrolytic solution is shown in Fig. 3.3.5. The CV shows enhancement of cathodic
current started beyond —0.25 V followed by a reverse process nearly in the same potential
showing an anodic peak. Thus, this is the contribution of PR during the electrochemical
process in HoSOy that could observe onto Pt substrate. Figure 3.3.6 shows that typical
behavior of PANL/PR electrode during fedox process 1in an H;SO, electrolytic solution
which was PR free. A significant increase in the anodic current at about +0.26 V is
observed. Upon reversing the sweeping, corresponding cathodic current is observed
showing a peak at 0.0 V. This redox process is similar to that of PANI film indicating the
oxidation and reduction of the polymer, respectively. The cathodic peak ca. near —0.3 V
is also observed here. This could be the contribution of PR that might be embedded into
the PANI film during its synthesis. Thus, this result provides clear evidence that PR
entity can be incorporated into the PANI matrix electrochemically. Moreover, the present
CV also demonstrates that even after incorporating PR in the polymer matrix, the

PANI/PR electrode is appreciably electroactive.
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Fig.3.3.5: Background CV of bare Pt in 1.93x10 °M PR+ 0.8 M
H,S0; solution.
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Fig.3.3.6: CV for the doping of PANI/PR in 0.8 M H,SO, solution.
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D. PANI/TiO; electrode; _

Figure 3.3.7 shows the background CV of a bare Pt substrate in an aqueous H,SO,
solution (0.8M) containing TiO, as suspension. No significant current is seen within the
potential window scanned from —0.2 to +1.0 V. This means that TiO, is
electrochemically non-active within this potential range. In Fig. 3.3.8, the CV shows the
electrochemical behavior of the PANI/TIO, electrode in H,SO; solution. For this case,
potential was swept between —0.2 and +1.0 V at a scan rate of 100 mV/sec. The result
clearly shows that P ANI/TIO; film can be s witched b etween i ts o xidized (conductive)
and reduced (insulating) states. It can be seen from the CV that, it is composed of a
well-defined single redox process: anodic process at +0.3 V and the cathodic one at ca.
-0.02 V, suggesting the characteristic oxidation (doping) and reduction (dedoping) of the
PANUTIO; film under the electrochemical conditions employed. This switching behavior
indicates the presence of variable electroactive region in the PANI/TiO, matrix. During
electrochemical oxidation (doping), the electrolytic anions (SQO4™?) in the solution become
incorporated into the polymer to compensate the positive charges in the chain while in the
reduction {(dedoping) process, the incorporated anions get removed out o f the polymer
film [ 54-56]. The presence o f TiO; in the matrix can not be e videnced from t his C v,
since TiO; is inactive in the potential window studied. However, by comparing the CV
with that of PANI given in Fig. 3.3.1, it can be seen that peak potentials for the redox
reaction is somewhat different to some extent. This modification of the voltammogram
may anise for the incorporétion of TiO; in the PANI matrix. A comparison of the redox
reactivity of the studied electrodes, PANI, PANI/MB, PANI/PR and PANI/TIO; in
H,S0, are summarized below in the Table-3.

Table —3: Electrochemical data of the electrode matrices

Electrode anodic peak | anodic peak cathodic peak | cathodic peak | L,c/ I
matrices potential, E,, | current, I, potential, E, current I,
V) (mA) V) (mA) -
PANI + 0.20 2.35 +0.045 1.42 0.604
PANI/MB +0.25 1.35 +0.01 0.91 0.674
PANI/PR +0.26 3.31 +0.0 2.28 0.689
PANITIO, |+0.30 6.88 -0.02 4.55 0.661
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Fig.3.3.7: Background CV of bare Ptin TiO, + 0.8 M

H,S0, solution.
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Fig.3.3.8: CYV for the doping of PANI/TiO; in 0.8 M H,S0O, solution.
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Mechanism of redox reaction: The electrochemical polymerization is believed to
proceed via the cation radical. The anodic oxidation of aniline in the aqueous H,SO,
solution gives a radical cation that couples togetherin a head—to—tail manner to form
p—aminodiphenyl amin (I). (I) is oxidized at ca. 0.02 V vs SCE:

Mechanism of redox reaction

OO+ == f@-}lﬂ-ﬂ
@

H H
O-+-C-!

N N

(1)

The oxidation process is accompanied by the insertion of anion (SO4?) to maintain the
charge neutrality [57]. The above oxidation process gives rise to anodic current peak at

ca. +0.2 V as illustrated in Fig. 3.3.1.

3.4 Electrochemical degradation

A, Oxidative degradation:

The term “oxidative d egradation” is used by indicate d egradation o fan electrode film
when a high positive potential is applied on it. Degradation of an electrode can easily be
realized by recording its electrochemical processes, i.e. in particular, just by following the

peak intensities and its position in its voltammogram.

Figure 3.3.9 shows the CV of PANI film in 0.8 M H;SO,. The film gave a typically
reversible redox response (curve — a) when the potential scan was reversed at a switching
potential of +1.0 V vs SCE. However, when the scan was reversed at a mbre positive
switching potential of +2.0 V (curve — b), normal redox phenomenon seems to be

affected significantly. For example, the peaks observed in the curve — a, becomes broader
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Fig.3.3.9: CV of PANI in 0.8 M H,S0, solutio: +1.0 V (curve-a)
and +2.0 V (curve -b).
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and the peak intensities are reduced insignificantly. Moreover, the peak positions are also
shifted. This phenomenon is also called “overoxidative degradation” and is found in

some conducting polymers [58-63].

Oxidative degradations of other electrode systems have also been examined. Figure
3.3.10 shows the CV of PANI/MB system recorded for its degradation under applied high
potential. The result shows that when the potential was switched to +1.0 V, the PANI/MB
system can perform the usual redox processes (curve - a) as efficiently as PANI does.
 When the potential was switched to +2.0 V, the PANI/MB electrode gave exactly
identical response (curve —b). This result indicates that by incorporating MB into the
PANI matrix, a superior stability of the electrode can be achieved. Moreover, the
performance of the MB embedded PANI matrix toward electrochemical process is quite
comparable to that of semiconducting PANI. Similar observation was also found when
PR is embedded into the PANI matrix. Typical CV is shown in Fig. 3.3.11. The redox
responses of the PANI/PR electrode under the potentials of +1.0 V (curve — a) and +2.0
V (curve — b) are almost identical. This result also provides evidence for the stability of
the PANI/PR electrode than that of PANI one. Interesting result was also obtained with
the PANI'TIO; electrode. Figure 3.3.12 show the CV representing the typical redox
characteristics in 0.8M H;80, when the electrode was biased at +1.0 (curve — a) and +2.0
V (curve -b). Both curves show nearly the normal redox response as expected for PANI
in the same acid media although the peak intensities and position changes slightly.
However, the present study clearly demonstrate that incorporation of MB, PR and TiO,
into a PANI film electrode produces a better stability of the electrode under applied
potential of as high as +2.0 V vs SCE and the redox efficiency of these electrodes remain

as superior as a metal electrode.
Overoxidative degradation may be due to the formation of di-cations of aniline moieties

in the PANI film. The di-cations should be very strong electrophiles and easily undergo

nucleophilic attack with successive decomposition, as shown in Scheme — 2 [64, 65].
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Fig.3.3.10: CV of PANI/MB in 0.8 M H,S0O, solution:
+1.0V (curve-a) and +2.0V (curve-b).
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Fig.3.3.11: CV of PANI/PR in 0.8 M H,SO, solution:
+1.0 V (curve-a) and +2.0 V (curve-b).
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Fig.3.3.12: CVof PANV/TiO, in 0.8 M H,;80, solution:
+1.0 V (curve-a) and +2.0 vV (curve-b),
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Scheme- 2: Overoxidative degradation

e+ X . - e+ X .
P —_— P X Ston p% . 2X
redsced eE—X " overoxidation s
' oxidize overoxidize
(dedoped) (doped)
+Nu - X
D ecomposition + -
products - Nu-P. X

P . monomer unit of polymer, X~ : supporting electrolyte anion,
N : nucleophile |

B. Degradation by repeating potential scan

In this work, a different type of degradation was found, such that the response current
decreased gradually with no change or slightly change in the peak potential upon
repeating the potential scan between —0.3 and +0.6 V vs SCE. The results for PANT,
PANIVPR and PANITIO; are presented in Fig. 3.3.13, Fig. 3.3.14 and Fig. 3.3.15,
respectively. In all the cases, the reversibility of the response and the color chahge
between the reduced and oxidized states of the film were not affected by repeating the
scan. The extt;nt and mechanism of degradation in all threc cases seem to be nearly
similar. The response current is decreased by the presence of nucleophilic additives,
solvents and supporting electrolyte anions [66, 67]. Therefore, it is suggested that the

degradation can be caused by nucleohilic attack on not only the overoxidized state (P,
-+

2X" in scheme-2) but also on the oxidized (doped) state (P X 7) (scheme-1 and equ.

1). Reaction 1 should be irreversible:

T X +Nu~ = Nu=T +X" 0 o (D)

If the oxidative degradation is caused by the attack of nucleophiles on the oxidized

(doped) state as shown in equ. (1), it seems difficult to recover the electroactivity of

degraded films. On the other hand, it should be possible to protect the original films

from the degradation in some way. The most natural way is to use solvents, supporting
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Fig.3.3.13: CV of PANI in 0.8 M H,SO, solution at different no. of
scan cycle: (1)1st (2) 25th (3) 50th and (4) 100th.
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Fig.3.3.14: CV of PANI/PR in .8 M H,S0, solution at different no.
of scan cycle: (1)1st (2) 25th (3) 50th and (4) 100th.
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Fig.3.3.15: CV of PANI/TiO; in 0.8 M H,S0, solution at different
no. of scan cycle: (1)Ist (2) 25th (3) 50th and (4) 100th.
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electrolyte anions and additives without nucleophilicity. However, it not easy to keep

nucleophilic contaminants such as H,0 out completely.
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Conclusion

The electrochemical polymerization of aniline from an aqueous acidic electrolytic

solution results a free-standing, tightly adhere film PANI coated onto a Pt substrate

working electrode.

When the electrolytic solution contains either of MB or PR or TiO,, the polymerization
leads to the formation of composite film of hybrid structure such as PANI/MB or
PANIPR or PANI/TIO,. Each film coated onto the Pt electrode appears to be free-

standing too and show excellent redox activity during electrochemical processes.

The PANI and the composite films, PANI/MB, PANI[PR and PANI/TiO; thus electro-
synthesized show good electro activity in sulphuric acid solution. The voltammetric

features confirm that these film electrodes can be switched between doped (conductive)
| and dedoped (insulating) states with concomitant color chan ges suggesting their potential
use as thenew electrode m aterials. T he redox reactivity, i.e., dopingand d edoping o f
these films in the acid solution is not same and this may happen as the different entities,
viz., MB, PR and TiO, are incorporated into the PANI film. The inclusion of these
entities probably ¢ ould m odify the behavior of the electrode surface properties to lead
different redox reactivity of the film electrodes. However, all the film electrodes show

good reversibility although the extent of reversibility varies film to film.

The mass and thickness of the film formed on the electrode was proportional to the
anodic peak current at +0.17 V. Therefore, the rate of polymerization can be measured by
the rate of increase in this peak current. The rate of polymerization in the presence of
MB, PR and TiO; was found to be different. The growth rate of PANI/TiO; film is found
to be faster compared to that of PANI, PANI/MB or PANI/PR.

The IR spectrum of PANI shows characteristics absorption for PANI components. The
general pattern of the spectrum is consistent with the previous observation. The samples
PANI/MB, PANI/PR an_d PANI/TIO; and their respective controlled components, viz.,
MB, PR and TiO, were also characterized by IR. Their spectra show characteristics peaks
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identifying the presence of the MB, PR and TiO; in the polymer matrix. The UV-Vis
optical analysis was also performed in the DMF solution. The UV-Vis spectra of the
samples show mainly two absorptions at 335 and 660 nm which represent interband
transition and mid-gap state transition of the PANI The characteristic optical feature is
_ seen to be modified when MB and PR was incorporated to the PANI matrix although the
peak appears to be in the same position. XRD studies of the samples indicate the
amorphous nature both for PANI and the composite matrices. This result indicates that
even incorporating the MB, Pr and TiOy, the molecular arrangement of the matrices
remain unchanged and exists as that of the parent PANI. However, the d. c. conductivity
of the samples was found to be considerably affected when MB, PR and TiO; were
incorporated to the PANI matrix. The conductivity of PANI/TIO, was found to be 3 time
higher while that of PANIVMB were seen to be about 3 time lower than that of PANI
does. The surface morphology of the PANI matrix also seems to be modified
significantly when MB, PR and Ti0, are embedded into the matrix. The grain like PANI
morphology seen to be fibrillar when MB is embedded whereas a deposits of
agglomerates appears when PR is incorporated in the PANI matrix. On the other hand, a

non-uniform deposit results when TiO; is embedded.

The composite films, PANIMB, PANI/PR, and PANITIO; thus | prepared
electrochemically in this work are found not only to show good electroactivity, they also
show better durability and stability in the electrochemical processes when used as fiim
clectrodes. The electrochemical degradation either by repeated potential scan or biasing
at high anodic voltage, these film clectrodes show more stable voltammetric features than
that of the PANT does. The stable voltammetric response is an indicator of the electrode
stability in the electrochemical processes. Thus, it may be conclude that, by incorporating
cither of MB, PR or TiO, into a PANI matrix, a new class of organic/organic and
organic/inorganic electroactive electrode system with better electrochemical stability can

be achieved.
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