HomEyANe Y womiinm S
' VT e Ing o |

CHAPTER IT
THEORETICAL CONSIDERATION

Electrical Conduction in Polymer

In order to understand ti

starting point for consideratio

uction of polymer, a suitable

g d . *
band w the essential basic concept

for the conduction process s solid. —

Band Theory

For simpliciyy atom provides one atomic
s-orbital at some energy,/Fi second atom is brought up, it
overlaps the first one and fortfis b rbital and an antibonding orbital,
Figure 2.1(b). The th:rd is bro

ﬂllghﬂ}" ltS I'I.th- ""—' ot ) V;uiif:’;-"_;u A 7____;_1_17-' Y f:.._:.;‘ Grbitals are fomed as

shown in Figure 2.1 fg). ads fo-the formation of a fourth

s its nearest neighbour (and only

molecular orbital, and thlS stage we can see that the general effect of bringing up

successive mrﬂsﬂﬂq I‘ﬁ mw m?md by the orbitals,
and also to fill imthe range wi nerg:es atoms have been slotted
onto theYggherc Y a’ width. When
N 1s mdnf:mtely ]i I]T mzm ies are mn:!iaﬁI tely close, and form a

virtually continuous band. Nevertheless this virtually continuous band consists of N
different molecular orbitals, the lowest-energy orbitals in the band bring
predominantly bonding, and the highest-energy predominantly antibonding.
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be used'to illustrate the differences
between metals, semicond ntu la £§ In metals the electrons completely
fill the valence band (VB). Ffie fiiilies enéfgy onduction band (CB) is empty at

the VB and CB for métals, abovs slectrons at the top of the highest
occupied level can gain tkerma] energy and move into the low lying empty levels of

cn. & bl P S sy o

energy levels, %ven at rela:wely low temperarure Such un aired electrons
contrib e is called a
W | G po R ﬁ“"ﬂ‘

In semiconductors and insulators, shown in Figures 2.3(b) and (c),
the VB is completely filled and an energy gap exists between it and the next higher
energy band. If the energy gap is wide (large), there is little chance for electrons to
be excited into an empty CB and the material is an insulator. If there is only a small

energy gap, the material is an intrinsic semiconductor, electrons being excited



rather easily into the CB. If the gap is wide but impurity atoms are added, it may be
possible to establish level within the gap that facilitate the movement of electrons
into the CB. These latter systems are known as impurity semiconductors, or

extrinsic semiconductors.

Increasing
energy Wide band gap
(c)
insulator
Figure 2.3 The ¢ three types of solids
emiconductors are the extrinsic type
in which the charge carrier i s détermined by trace amouts of impurities

or by lattice imperf&ct
about 0.1% to less th

“““f‘r an impurity (between
ty@ its concentration and the
conductivity of the samplg can be cnnlmll

ﬂWﬁ%ﬁ W’}u tion of impurities or

even by irregulafily in the lattice an‘gngement, isolated centers are enerated. Some
e ST AT AN e i
donors or‘donor centers. If the primary charge carriers are electrons, the material is
called an n-type semiconductor. If the centers remove electrons from the chemical
bonds, they are called acceptors and produce electron vacancies. These vacancies
behave as positive charge carriers in the VB and are called holes. If holes are the

predominant charge carriers, a p-type semiconductor results.



Conducting polymers are peculiar in that they conduct current
without having a partially empty or partially filled band. Their electrical
conductivity can not be explained well by simple band theory. For example, simple
band theory can not explain why the charge carriers, usually electrons or holes, in
polyacetylene and polypyrrole are spinless. To explain some of the electronic

phenomena in these organic pulym concepts from physics that are new for

chemists, including sniit-::-ns_, ‘ \ ? ipolarons, have been applied to
conducting polymers since the \ BI}

Nature of the Charfes .\"\.
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of A i drastically increased by
doping. This increase was@xplaifet ! \'»\(\

- ) ~ l_vmer unit cell with all its
-:.; ds [1]. The highest occupied
electronic level constitutes the ¥ %nd | uhoccupied level, the CB. The width

of the forbidden band, or barid ap (Ey), betweeRithe VB and CB determines the

intrinsic electronic ”', &l the organic conjugated
polymers we have V--.'i ssed so far, the band gap ﬁther larger so that these
materials are mtnns:ca]lypsulaung

1 2140 BB oo i oranic

polymers was thBlight to result ﬁnm the fnnnatmn of unfilled e amc bands. It
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removed fiom the top of the VB or added to the bottom of the CB, in analogy to the
mechanism of generation of charge carriers in doped inorganic semiconductors.

This assumption was however quickly challenged by the discovery that polypyrrole
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can display conductivity which does not seem to be associated with unpaired
electrons but rather with spinless charge carriers.

In organic molecule, it is usually the case that equilibrium geometry
in the ionized state is different from that in the ground state, e.g., the geometry of
polypyrrole is aromatic-like but becomes quinoid-like in ionized state, Figure 2.4.

The energies involved in the ionization process of a molecule are schematically

\\\‘\\ y

energy Ep.. If a geome ation thEn"lak€s place in the ionized state, a

depicted in Figure 2.5 . A vertica adon like ionization process costs an

relaxation energy E.. was Zained-back Coneepiually, going from the ground state
to the relaxed ionized following way. The geometry of the
molecule is first distorted way that the molecule adopts
the equilibrium geomety \.costs a distortion (elastic)
cule, this distortion leads to
orbital (HOMO) and a
downward shift of the lotesf unoc ol f.‘ orbital (LUMO), as illustrated
in Figure 2.6 . If we then pm 'fr‘ the

energy Eg;s . For one-elecifol

an upward shift Ae o

zation of the distorted molecule, it

requires an energy Ep.,.
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Figure 2.4 Aromatic (ground-state) and quinoid-like (ionized state) geometric
structure for polypyrrole

e
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lonized
State

Ground
ate

Figure 2.5 Illu,/ \\\ olecular ionization

process#E; \ ion energy, E.q, the
relaxatiog’ e - mzed state, Egs, the
distortion gne 3"---;' ¢ e " pund state in order that the
molecul€ ad@pts m geometry of the ionized state,
and Ejp., th ﬁc" et
;m, ergetically favorable to
have a geometry relaxafion ini the ionized st 2N the 2 quantity Epp.y - Ep.a (Which

A\
actua]ly corresponds to Af can be inferged from Fugure 2.6) is larger than the
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energy upon distdftion is larger than the energy E.quuamd to make that distortion.

’Qﬁ?ﬁﬂﬂ‘immﬂﬂﬂﬁﬂﬂﬂ

e distorted molecule.
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; | ization process Epp., results
in creating a hole on top of the Vi f ure 2.9(a). In this case, three remarks
can be made. First, by the very *_ the process, no geometry relaxation
(lattice distortion) takes place oir the * : d, the positive charge on the
chain is delocalized 'T__—S"g—-—m'—— ,the presence of a hole
(unfilled level) on mp sed e, to the appearance of a

metallic character. This sltuatmn currnpm to the initial assumption made about

e Wﬂ"ﬂ %“H"ﬁ%’] 179

However, in an m-%;uuc. pol;,rmer chain, it can be energetically
favorahmﬁﬂ around the
charge, & local dﬁﬁoﬂgﬁw th?lgm ﬂg causes the
presence of localized electronic states in the gap due to a local upward shift, Ae, of
the HOMO and downward shift of the LUMO, Figure 2.7(b). Considering the case
of oxidation, i.e., the removal of an electron from the chain, the ionization energy
was lowered by an amount Ae. If Ag is larger than the energy Eg, necessary to
distort the lattice locally around the charge, this charge localization process is
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favorable relative to the band process. It was obtained the formation of what
condensed-matter physicists call a polaron [5-7]. In chemical terminology, the
polaron is just a radical ion (spin 1/2) associated with a lattice distortion and the
presence of localized electronic state in the gap referred to as polaron state.

........... y?,;' \QF\X _l_

v =1 N

The quaniitLAa-Eﬁ, (= B..Q’mrrespnnds to the polaron binding

R T IR ——_—

indicated that pblaron formation is energeticall lly favorable i l the organic
cunjuga@ Wﬁl&fﬂlwm Wm ﬁ[}ﬂnnle It must
be stressed that in the case of polaron formation, the VB remains full and CB
empty. There is no appearance of metallic character since the half-occupied level is
localized in the gap, Figure 2.7 (b).

If another electron is now removed from the already oxidized
polymer containing the polaron two things can happen : This electron could come

from either a different segment of the polymer chain, thus creating another
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independent polaron, or from the first polaron level (remove the unpaired electron)
to created a special dication, which solid-state physicists call a bipolaron. A
bipolaron is defined as a pair of like charges associated with a strong local lattice
distortion. The formation of a bipolaron implies that energy gained by the
interaction with the lattice is larger than the Coulomb repulsion between the two

charges of same sign confined in the sa E location. The two positive charges of the

Figure 2.8 Be i »f 2'poly haip-containing;

ié bipolaron

0

The elecupn band structure, cprresponding to the presence of two

s 4 830854 SR B 3. s e

relaxation aroundtwo charges is stronger than arnuncl only one c£9rge Egis for the

oroe AT PG WAIH vi n

gap for a Bipolaron are further away from the band edges than for a polaron.

In the comparison of the creation energy of a bipolaron relative to
that of two polarons, the calculation for polypyrrole indicates that the distortion
energy Eqis to form one bipolaron is roughly equal to that to form two polarons. On
the other hand, the decrease in ionization energy is much more important in the

bipolaron case ( 2Ae") than for two polarons (2Ae™"); see Figure 2.8 . This is the
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reason why one bipolaron is thermodynamically more stable than two polarons in
these systems despite of the Coulomb repulsion between two similar charges.
Furthermore, the latter is also largely screened by the presence of dopants
(counterions) with opposite charges. The bipolaron binding energy is calculated to
be larger than that of two polarons by about 0.45 eV in polypyrrole.

In case of p-(n-) type doping, the bipolaron level in the gap is empty

( fully occupied); see Figure 2.8(b. n is thus spinless. The presence of

bipolarons on polymer chains.fésult in tH ibility of two optical transitions
below the bandgap transitieof" far p-typé dom polypyrrole, from the VB

to the lower bipolaron levglsfaefic m/the \ pper bipolaron level. In the
case of polarons, a third gSogptiah’ s peksible b \ ie gap, corresponding to an

wdl, {8 AR
optical transition between ifie ivg polaronlévels, Fig ©2.8(a).
Evolution of the'Ele

The state of poldafis o be observed and explained
J.}.,__.—‘

by the optical absorption da ation of the electrical transport

mechanism in con ,:.::**’?"‘-’“’—‘-:F#u problem in the

understanding of theser ations on a deformable

polypyrrole chain shm:%t polarons and b: larons are formed upon doping and

o 4 5 i

spinless bipolaroks. The localized deformatmn assucmted w;th a polaron or
bipolaro _ ulil ﬂ‘:}ﬁ E* the single
b ?I‘W’“‘I AT H“ﬂi"ﬁ‘ ®alri

Yakushi, K, et al. have recorded the optical spectra of polypyrrole at
various stages of oxidation, from the as-grown highly oxidized film to the almost
neutral polypyrrole, Figure 2.9 [8]. At low levels of oxidation (lower curve, F igure

2.9), there is a strong absorption maximum at 3.2 eV, associated with the interband

n-m*transition. Within the gap region, there are three additional features at 0.7, 1.4
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and 2.1 eV. As the level of oxidation increases, the middle 1.4 eV absorption
disappears, and the interband transition weakens and shifts to higher energy. In the
fully oxidized sample (upper curve, Figure 2.9), two intense, broad absorption
bands are present at 1.0 and 2.7 eV and the interband transition appears as a
shoulder at 3.6 eV.

Optical Density

1| g - - : sr,:l

AU INENITNYINS

B LA N it

of doping The concentration of perchlorate anions

increased from bottom curve (almost neutral polypyrrole) to top
curve (33 mol % doping level).

In order to interpret these experimental results, they present a
theoretical study of the energetics of polaron and bipolaron formation on
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polypyrrole chains and the band-structure evolution upon oxidation. The result is to
demonstrate that the evolution of the absorption spectra upon oxidation can be fully
explained in terms of initial polaron formation and then bipolaron formation on the
polypyrrole chains. From the ESR measurements, the theoretical studies of the
absorption spectra indicate that bipolarons are the spinless charge carriers in the

highly conducting rclgirne of doped poly;

Calculation of the energe / aron and bipolaron formation on
polypyrrole chains are perforfiied us wdling Huckel theory with o bond

compressibility and bond-ordesbond length ationships. A polaron is formed
e atti s¢ deformation is more than
e difference corresponding

charge on the chain, it was

plus o energy needed for the ghang i1 georieiy. The presence of a polaron on the
chain introduces two localized ‘e fevels in the gap: a singly occupied
bonding polaron s ate, 0.49 the VB and an empty antibonding

A) The polaron states in the
gap account for the I&e trans L« withiﬂthe gap in very slightly
oxidized polypyrrole (lowercurve, Figure 2:9). The first absorption peak at 0.7 eV

can be related 4 tahftlongr ] fid Y8 13 R \bSukink phiaton state; the peak at

1.4eVis assnma%d with a transition from the bonding to the angibonding polaron

s, SHEPEE PY R BIATY S Al vo o e

ant:bondn‘gg polaron state. Exact matching of calculated transitions to the peaks in

the absorption spectrum should not necessarily be expected, since the experimental
data have not been transformed due to their limited spectral range. Nevertheless,
the semiquantitative agreement between calculation and data is quite satisfying.

It must be stressed that the sum of the first two peak energies exactly
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corresponds to the peak energy for the third transition, as it should be within a one-
electron model.

Note that the peak positions indicate that the location of the
antibonding polaron state is further away from the CB edge than the location of the
bonding state from the VB edge. This asymmetric location arises because of the
different nitrogen orbital contributions to the VB and CB states. In the fourth

\ at / CB, should be observed at ~2.5
' the disorder-broadened edge of
the band-gap transition. ‘_—_—-—' 1

At highe .
calculations indicated thaf 1

transition, from the bonding polaro

eV. This energy value unfortiinat

state starts interacting The
reach each other, become
unstable with respect to ghe d the formation of a doubly
charged spinless bipolaro “Ometry relaxation is stronger
than in the polaron case'(i.gf, the geametry withis the bipolaron is more quinoid-

like than within the polaron)y so the ipty bipolaron electronic levels in the

gap are 0.75 eV above the VBZedze and 079 eV below the CB edge, Figure
2.10(b). The bipola: ) bi , ety 2V means that a bipolaron is favored

tmportantly, the bipolaron
bonding state, in cont@ 0 the po emﬂ As a result, only two
transitions within the gap are now poss;b Thus the emptying of the bonding

states in the gqﬁc%ﬁ@ JHIE} muwglq ﬂ @mrphnn peak when

going from slighfly oxidized to highlx. oxidized pul pyrrole.

2 T IS S Y o i
repeat unif) is displayed in Figure 2.11 . The overlap between the bipolaron states
leads to the formation of two ~0.4 eV (0.45 and 0.39 eV, respectively) wide
bipolaron bands in the gap. The bandgap has widened from 3.16 eV in the neutral
state to 3.56 eV in the 33 % doped state, 0.4 eV larger than in the undoped case.
This is due to the fact that the bipolaron states coming in the gap are taken from the
VB and CB edges. This band structure supports the fact that, upon application of
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an electric field, the spinless bipolarons(which carry two charges) could become
mobile at high dopant concentration, where the Coulomb attraction with the
counterions is largely screened This conduction mechanism would be highly
unusual in the sense that all bands are either totally filled or empty (as shown in the
band structure in Figure 2.11) and that mobile bipolarons, got electron, transport

the current.

Figure 2.10 Elec ymm_'-? 4 ole chain containing
(a) lo ul oping atio
(b) mne?te doping Iavel b:polamn formation

ﬂumwﬂmwmm
Qﬁ?ﬂﬂﬂ‘imﬂﬂﬂﬂmﬁﬂ
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Figure 2.11 Band st Ahighly oxidizedi(33 mol % doping level)
‘ " two broad bipolaron bands

d bipolaron is now thought to
be the dominant mechnism of eliarge tran in polymers. These concepts also
explain by the optical absorption-éhe in, these. polymers with doping,
which its data demo ;,_#"—f‘

1. polarons are fo 0 woxidation level.

2. at h[gher oxidation &evels, polarons r;ombme to form spinless bipolaron

ot A6 ] 1 s

Htwever, it should b.g emphas:zed that these models were device

I ARSI ey o oo

in the dofled and undoped states, are unknown, and all data show that certain
polymers have a large number of defects.
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Polypyrrole and Preparation

Among the conducting polymers, one of the most intensively studied
polymer is polypyrrole. Polypyrrole is attractive as an electrically conducting
polymer because of its relative ease of synthesis, good environmental stability and
good electrical conductivity. Polypyrrole as shown to be a conducting polymer in
1968. Dall'Olio et al. preparediit b}

synthesized polypyrrole

f pyrrole in sulfuric acid. The

temperature conductivity of
-1 1 — . n ‘ - Iy ,

8 Sem™. The five memberg & hcteracycle 0f pysigle polymerizes through oo

coupling (2,5-position

J D
There w ﬁ‘ in, pr ' le. The area of
synthesis is u@ﬂ mmﬂm summarize the
major es of synthetic techni used t6» prepare _po ole.such as
elmcﬁnﬂlmmiim Qagrhmjﬁd chemical

polymerization.
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Electrochemical Polymerization

Typically,conductive polypyrrole are prepared electrochemically
by dissolving pyrrole in an appropriate solvent in the presence of an electrolyte. The
electrochemical polymerization can be carried out either potentiostatically (constant

weriieally polymerized in aqueous
sulfuric acid in 1968 by Dafl'Qfig’ahl ee*workers, They.obtained * pyrrole black, »
as it was called at that timeé’ Iyfof 4 ol fe powds re::ipitate on the platinum
electrode. Elemental analygis ghowe " the pyi 1-“'\ ack so obtained consisted
of 76% * polypyrrole ,” (et ‘ s, therefore the polymer was

cationic. It was found to have of 8 Sem™.

But it was not tmtit subsequent experiments in 1979 that the

importance of the elecirochemical app is of conducting polymer

became apparent. !T 85¢) later and the earlier
experiments was that @w ere ﬁblz&d which could be peeled
off the platimun electrodes te,yield free-stanging, easily manageable films that were

stable in air anﬂ'n%la %ﬂ% @ w)&lcqiﬂﬁan achieved before,

namely 10° Scm

o Vil ANAIRLINAD ANLARL « one

Figure 2. 13 The initial step involves the oxidation of the monomer unit to the
radical cation. Two of these species combine with loss of two protons to form the
dimer of pyrrole. Further oxidation of the dimer occurs in preference to the
monomer because of the lower half-wave oxidation potential of the dimer. By
continued reaction, polymer is generated. The additional loss of an electron, which

results in a partial positive charge on the pyrrole ring (from the neutral polymer), is



probably due to further partial oxidation of the polymer. In order to maintain charge
neutrality in the polymer, there must be an affiliation of an anionic species which

comes from the electrolyte salt.
QR
+ 2t (@)
(3)
C))
N+ 2m0s)

ﬂ‘lJEl’J‘lﬂWlﬁWEl']ﬂ‘i

lgure 2.13 Mechahism for polymer formation o
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From the mechanism, the polymerization reaction proceeds via
radical cation intermediates, it becomes apparent that the reaction will be sensitive
to the nucleophilicity of the environment in the region near the electrode surface.
This then places some limitations of the choice of the solvent and the electrolyte
salt. For this reason, many of the reported studied have been performed in aprotic

solvents, which are poor nucleophiles. Table 2.1 shows solvent effects of the
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conductive polypyrrole obtained by electrochemical polymerization. The
conductivities of these material, as determined by the standard four-probe

technique are reported in Sem™.

With regards to the electrolyte salt, the main considerations are the
solubility, degree of dissociation, and the nucleophilicity. For this reason, most of
the salts used are tetraalkylammoni pts, since they are soluble in aprotic

solvents and are highly dissociat //
Table 2.1 Solvent Effe( ity engrated Polypyrrole Films

\

4 4
Solvent * ‘ ;s ity _ Conductivity(Sem™)
Electrolyte (0.1 M)* i 5
Acetonitrile 24LL 50
, 2

Tetraethylammonium tetrafl ==
Acetonitil = = film 50

- i .v-".-l“li‘_.#f'"
Toluenesulfonic acid i
Methylene chloride od fitm | 50
Tetrabutylammonium tet @

.w

Butanone ¢ Good film 40
Tetrabutylamm : | M s
Propylene carbopat | o inid 50
Tetrabutylammonium t uo C P
Dimet id | m 20
Tﬂluenesc?lfunic acid
Ethanol Rough flaky 0.2
Tetrabutylammonium tetrafluoroborate
Ethanol Good film 3
Toluenesulfonic acid
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When in the conducting form, the electropolymerized films contain
10-35% anion (by weight) which is affiliated with the cationicallly charged polymer
chains. This polymer-anion compositional balance of the films actually proves to be
quite useful, since the properties of the films can be conveniently altered by
changing the anion. Since the anion in the film is incorporated from the electrolyte

salt in the preparative solution, the modifications can be made by simply changing
the electrolyte salt of the solution. * Vy/

been used to prepare thi -e-starling films, and cafl be seen in Table 2.2 . The
anions listed in Table 2 ' '
quality films. Tetraal
films, These films are
oxidation of polypyrrole 4§ 02540, 2 P ‘orresponding to one anion
5o intrinsic characteristic of the

nion. The anion, however does

ermit the formation of good-
in the preparation of these
moisture. The level of

for every 3-4 units. The
polymer and 1s not sensitiveffo Hoe natur

influence both the stmctura! pre ctroactivities of the films.

Table22 B

1-"erchlorate 60-200
Hydrogen sulfate 0.3
Fluorosulfonate 0.01

Trifluoromethylsulfonate 0.3-1
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The electrochemically prepared polypyrrole films are electroactive
and can be switched between the neutral and nonconducting state to the oxidized
and conducting state. The oxidation reaction 1s chemically reversible and can be
driven repeatedly without loss of electroactivity. This behavior was observed with
thin polypyrrole film, 200-400 A" thick, by cyclic voltammetric analysis, Figure
2.14[13,14].

Figure 2.14 ﬁcﬁﬁw ﬂ@ W’Tfﬁq;lm 20 nm thick,

ptépared and measul}d in0.1M Et.;NBF.; acetonltnle solution [13].

The electrochemical process gives the pure and relatively high

molecular weight polymers. They can be prepared from commercially available
reagents in a relatively straightforward synthetic procedure. In addition, many of
the thick free-standing films are stable in air and show little change in their

electrical and mechanical properties when handled in air. But it has the major
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drawback of having low yield and limited by the size, shape and the nature of the
electrode.

Chemical Vapor Deposition

In 1986, Takeaki Ojio and Seizo Miyata synthesized the conducting
composite films of polypyrrole,. vwhic prepared by exposing polymeric
matrix films containing fe ide _ Fyrrnle vapor. The composite
films are, moreover, highl{y"transpaient U dﬂwﬁm preparation condition.

In that communication, the™ Cofiduct ‘ Y. ane “ sparency of polypyrrole

composite films by the gas®iag nerigat \\ Soussed.
\ was \\\ polymeric matrix. FeCls

was an oxidizing ageﬁt fof the pblymerizatic AR dis solving PVA and FeCls in
the water, the solution was/€asted on'a pe i{ethylene terephthalate) film substrate.

‘ *.: films was carried out in a
dessicator at -15°C by exposi ,:: i nsonts ning FeCl; on the PET film to the

pyrrole and H,O wapc ich™ had ggn: ed sufficiently. The

Poly(viny

polymerization Tgv‘,._""“ 0 min he cos ‘ posite films were then
dried under vacuum a.ﬁuom :
film shows about 10 Sem# canductivity. g

AULINENINYINT

U

PR TUAMINYAE

Op :mu@mndiﬁon, the composite
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Chemical Polymerization in Solution

In the past, the synthesis of conducting polymer via chemical method
is less popular, even though this method allows a simple preparation of large
quantities, more convenient and economical. The majority of the chemical synthesis
xidation with oxidative transition metal
u(NOs); over more, the use of

Iectmn acceptors have also

method involves the polymerization a
ions, for example, FeCls, A '

other oxidants such as acid “haloge

reported [11].

Reoent! .-:::.\t": mical polymerization in
solution can exhibit ve / .; ioal .\\\
LT NN

selected and the oxidatiofl pote

nen a suitable solvent is

Polypyrrol al polymerization in FeCls

solution. Using methang h suitable polymerization

conditions, the polypyrrole abtaj :_h _‘ 3 ctrical conductivity as high as 190
Sem'". It is found that the oxidatiom posentiali@fithe solution strongly affects the
polymerization processfand conduct ptimum vaive of oxidation potential
(versus SCE) to prﬂd' highl 7 3; approx:mately 500 mV.

When the oxidation pote tlal of FeCls in methanul sulu on is controlled by adding
FeCl; before th Efj be increased up to
220 Sem™ v::«ummaCJ ﬂﬂﬂmmilmﬂiuﬁon From
the resul ifm ﬁ" this method.
e A RS L AW T T &)
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"
W

+
n é \ + 2330 FeCly —» {—Q+ 0.33CI] + 2.33n FeCly + 2nHCI
i

Figure 2.15 Reaction stoichiometries of polypyrrole synthesized from chemical
polymerization [4].

From the p ‘*-_:_5'-':-‘-‘?:'\ 'k in (R iales ory [17], polypyrrole had been

prepared by chemical polys ride solution. it was found
. q»:w\

that reaction temperaty gerConctatigtion r -. lonide solution, reaction time

and solvent affected o hi ". 1emic lly synthesized polypyrrole.

However, when 1 ml of p s treated with FeCl; 2.5 M

at 0°C for 20 mins, the hig
recorded. This was thus
chemically synthesized polyp§rrole

33 Sem’”, of polypyrrole as
lest electrical conductivity of

ﬂ‘IJEl’J‘VIEWﬁWEﬂﬂi
ammnimumqwmaﬂ
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Rechargeable Polymer Battery

A battery is an energy storage device which performs the conversion of
chemical energy into electrical energy. Electrical energy is generated as a result of
electrochemical reactions operating in a battery. The electrochemical processes
involved in primary and secondary batteries are similar, but in a secondary battery a

reversible process of chemical-elegtrochénigal. reactions occurs: therefore, it has

the major advantage of recha ity miary battery. In the charging and
discharging processes, a“Seeofdary bat an electrolytic and voltage

A rechargeabl wBatRRNIRNGBL consisting of three main
components; positive and € fiefefeotrades) i \ conductive electrolyte, and
a separator. In the d geable battery, a careful
consideration of these

to be matched are as follo

ary Or N the practical requirements
ccfodes age the backbone of a battery:
7 should possess high electrical
conductivity, good mechanical stéeng " i ,- tness to the electrolyte. According

i cie ' odes and their porosity

i
have to be defined. Seco
the process of energy gfnerauon 'I‘herefnre the electrolyte that provides the

; ‘ ﬁﬂc conductivity and
low viscosity. Inqpn:[er to famhtate the e!ectmchemlr.:al reactmns an appropriate

combin I‘W IW important
requirer;ﬂt n ::!Eng a secomzﬂﬁﬂamr ?rl::h prevents

contact and shorting between electrodes should be made of a nonconducting

t role, since it governs

material. Therefore, taking these factors into account, a rechargeable battery can be
designed.
Rechargeable battery makers are always exploring new chemical

reactions in hope of finding one that uses cheap, light weight materials and can be
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mass produced into a reliable product. The chemical process should run in both
directions, so the rechargeable battery can be charged and discharged often without
the materials breaking down, and it should run at everyday temperatures. While no
one knows which chemical processes will pan out, several companies and
industrial research budgets are betting on lithium-polymer batteries.

Lithium polymer battery offers obvious advantages. Lithium is the

hydrocarbons, are also light™" " “__,,_- -—..__-‘

Conmdenng t es, potential of an organic
lect | was realized. In 1979
Nigrey et al. first foundgthat® the F p A ._ mical 4 1ng of polyacetylene is a
reversible process. The imgoring 3 ﬁ’ reversible e' ochemical phenomenon
was immediately materfaliz ‘geable polymer battery. In
polyacetylene, both p- and' n-flype, déping cas mpl:shed electrochemically,

therefore, it can be used as 4 cathiode s anode in a rechargeable battery.

For practical appli veral disadvantages; mainly

its poor charge reterfig. =stabiitly-tiiscouraged its use as an
arg i g

2
electrode active matehal. A the processability and
environmental stability gecessanly requlred in fabrtcanng an electrochemical

s S LB BARGHBI Fimme by o

conducting polyfers. Considering the smta'l:ﬂhty of the electmactwe material 1n
battery IWW ﬁ mw re found to
be murﬁmmmmg These polymers are ﬂﬂeﬁﬂi@;ﬂ:ﬂr ease of
synthesis and fabrication, environmental stability, and, at least to some extent, cost.
Theoretically, these polymer electrode batteries have greater advantage
over the conventional inorganic rechargeable batteries as summarized in Table 2.3 .
In development of lithium-polymer batteries, a polypyrrole-lithium
battery was developed and tested by BASF and VARTA Batterie A.G. of Germany.
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Electrochemically synthesized polypyrrole doped with tetrafluoroborate (BFy) was
used as a positive electrode. Elemental analysis showed that three pyrrole monomer
units carry one unit of charge. This concludes that the maximum doping level of
polypyrrole is 1/12 per carbon atom. When polypyrrole is used with a lithium
counter electrode a cell volatage is about 3.5 V.

Table 2.3 Potential Advantag lyn eab[e Battery
 —

Low cell voltage ( about 1 oltage (about 2-4 V) are
for electrodes are linuteds# dye
electrochemical decompasitigh il ag

electrolyte.

Low energy-to-weight ratio Q-e:a,-- f' \er energy-to-weight ratio means

sican be expected.

relatively heavy batterie§

3 1.‘
Shorter lifetime due _V : e

ce the ions involved in

redeposition of ele e material that | the delivery afid storage of charge come

oceurs during trﬁw ﬂl?’ %:WMﬂ?ther than from the

(chemical-electrofliemical reactmns) electrm':las themselves.

Cnnminw
I

Can not be'easily shaped to fit the device. | Can be easily shaped to fit the device.

In the electrochemical cell, the starting electrolyte 1s a 0.5 molar solution
of lithium perchlorate (LiClOy) in propylene carbonate. The polypyrrole electrode
is used with lithium as a counter electrode. During the discharging process (Figure

2.16), the electrochemical reactions proceed as follows:
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N ol - i

} ..v.jffjr‘ - ~ |
Positive Elect/ ‘ N | ‘ egative Electrode

A

;3;;"1‘! ithium battery

. I
The electron frqm the negative ]'%m electrode moves along a circuit to

replace BFy .ﬂh%%ﬂ{l Eﬁt}ﬁw ’%ﬂﬁ counterion BFy4™ is

released from pblypyrrole to the ;lectrulyte Durmg the chq.;gmg process, a

R RERSHHN 1IN YA Y

The half-cell charge and discharge curves of polypyrrole electrodes are

Figure 2.1 -’-. ——y—————y

shown in Figure 2.17. The upper and lower voltage limits of the cell were 2 and

4 V versus Li/Li", respectively.
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Figure 2.18 BASF's polypyrrole-lithium battery
(a) mignon-size (b) sandwich type
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