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Abstract

Impedance spectroscopy has been used to study polypyrrole/perchlorate
(PPY/CIO), PPY/poly(styrenc sulphonate) (PPY/PSS), poly-(3-methyl-pyrrole-4-
carboxylic acid) (poly-MPCA), poly-[1-methyl-3-(pyrrol-1-ylmethyl)pyridinium]
(poly-MPMP), bilayers of PPY/CIO, and PPY/PSS, and polypyrrole formed in
mixed perchlorate and poly(styrene sulphonate) (PPY/CIO, +PSS) polymer films
coated Pt electrodes in electrolyte solutions. All impedance responses can be
modelled with a porous electrode theory to extract reliable electronic and ionic
conductivities, which agree with the results of other independent measurements.

The impedances of PPY/CIO, and PPY/PSS reveal dominant anion and

cation transport, respectively, in these

A strong i ion between the
anions and the positive charges on the oxidized polypyrrole chains hinders anion
movement in PPY/CIO,". Absence of such an interaction for the mobile cations in
PPY/PSS gives this polymer a ca. 20 times higher ionic conductivity than
PPY/CIO;,.

Deviation from the ideal model impedance response occurs for poly-MPCA

because of its iform Mixed ion

can cause another type



of deviation as shown by the impedance of PPY/CIO, +PSS polymers and the
simulated data. High frequency data for reduced films of PPY/PSS and poly-
MPCA form a semicircle in the complex impedance plane. This semicircle is
attribi;ted to electron transfer at the Pt/polymer interface for PPY/PSS but ion
transfer at the polymer/solution interface for poly-MPCA.

The impedances of the PPY/CIO,” and PPY/PSS bilayer films show that the
location of the initial reaction induced by a potential perturbation for a highly

conducting PPY film coated el de is at the poly lution interface. The

impedances of poly-MPMP and PPY/PSS show that the location of the initial
reaction depends on the relative magnitudes of the film’s electronic and ionic

as

Tonic conductivity measurements were used to probe polymer structure.
Filins of PPY/CIO,’, PPY/PSS and poly-MPCA all have a two phase structure, a
polymer phase and a pore solution phase. Ionic conduction in the polymer phasc
occurs mainly through the movement of mobile counterions via an ion-exchanging
process, while in the pore solution phase migration of both electrolyte cations and

anions contributes to conduction,

il
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Chapter 1
Polypyrroles

Most polymers, such as the common plastics. are well known electronic
insulators with room temperature conductivity less than 10" S cm’. As
cngineering materials, plastics have other remarkable properties such as light
weight, flexibility, high strength and good processibility. They have been used
extensively as wire insulating materials and insulating parts in electronic
equipment. As a matter of fact, we were so familiar with the insulating properties
of these plastics that we did not expect to find conducting plastics. This view was
changed when Walatka and coworkers' found in 1973 that polysulfurnitride ((SN),)
has an electronic conductivity of 10° S cm” at room temperature. A study by
Greene and coworkers? showed that this polymer becomes superconducting at
about 0.3 K. Although the explosive nature of this material precluded virtually any
practical usage, the discovery that some polymers can conduct electricity led
researchers to look for other conducting polymers which muy be processed using

conventional plastics technology. Since then, a whole new class of polymers



including polyacetylenes™, polyanilines*®, polypyrroles™®, polythiophenes® and

poly(p )'°, has been di d to have high el i d

y.
Room temperature conductivity as high as 10* S cm™ has been reported for
polyacetylene", and 2x10? S cm! for polypyrrole'>". These polymers (so called
conducting polymers) have altracted the attention of many researchers in a variety
of fields. The extensive and intensive research effort has generated an astronomical
amount of information from basic properties to new scientific concepts and
technological applications, Many reviews of the field have appeared"*®. Today

research on conducting polymers is one of the most dynamic arcas in

y. As an introduction, the following di: ion will be focused on

polypyrrole based polymers which are the subject of this thesis.

1.1 Polymerization

1.1.1 Chemical and Electrochemical Polymerization

Polypyrrole can be formed by oxidizing pyrrole with an oxidizing agent™*

or at an el ina solution”**?, The former route is

called chemical polymerization and the latter el hemical polymerization. The




chemical polymerization of pyrrole was reported as early as 1916 by an Italian
chemist Angeli®, who discovered that oxidation of pyrrole forms a black
conducting powder. The first electrochemical polymerization of pyrrole was
reported in 1968 by Dall’Olio et a*. They found that when pyrrole was anodically
oxidized in sulphuric acid a conducting polypyrrole film was formed on the
electrode. However, it was not until Diaz and coworkers™® showed that stable good
quality polypyrrole films could be formed by electrochemical polymerization in
acctonitrile containing 1% water that full scale research activity on this and other
conducting polymers was launched. Electrochemical polymerization is now
regarded as a general method for forming the various conducting polymers, except
polyacetylene.

Compared to chemical polymerization, the electrochemical route offers
several advantages for electrochemical studies. Most chemical oxidations form
polypyrrole powders. Although films can be prepared by oxidizing pyrrole at a

solid or liquid interface™*™, these films are of poor quality and sometimes even

7. In el ical polymerization, an adhering polymer film is
formed on the electrode and is ready to be characterized with a variety of
electrochemical techniques. For some of the applications, such as

electrocatalysis®®* and electroanalysis'®“*#!, the formation of a thin fitm adhering



to the electrode is desirable.

Electrochemical methods give the researcher much better control over the
polymerization process. The film thickness can be controlled by monitoring the
charge density, and the electrode potential can be adjusted so that overoxidation‘>*
of the polymer film is kept to a minimum. To do this in chemical polymerization,
the oxidizing agent has to be carefully chosen so that its formal potential matches
the oxidation potential of the monomer. This sometimes requires the use of toxic
compounds such as Br, and AsF;”. Warren and coworkers® showed by x-ray
diffraction that chemically polymerized polypyrroles have a higher degree of
disorder than their electrochemically polymerized counterparts.

The electrochemical polymerization method also allows the formation of
various polypyrrole/electrolyte anion composites by simply changing the electrolyte
in the monomer solution. Since the formal potential of the polymer is lower than
the oxidation potential of the monomer, the freshly formed polymer is in its

oxidized state and el lyte anions are incorp: d to reach electr

Various electrolyte anions have been incorporated this way to allow researchers
to systematically study the film’s conductivity'®, morphology**" and
structure’™*S, Applications such as controlled release of drugs which are

50,5861

incorporated in polypyrrole during pol ization have been




1.1.2 Mechanism of Electrochemical Polymerization

The hanism of el hemical pol, ization of pyrrole has been

studied by many workers®$*¢" but is still not fully understood. The first step

certainly involves the oxidation of the at the to form a radical
cation. However, there are two different views regarding the coupling of monomer
units to form the dimer and propagation to form the polymer. Diaz er a** have
found that the growth of polymer is terminated as soon as the electrode potential

is lowered below the oxidation potential of the This, they d

indicates that the propagation occurs via addition of monomer radical cations to
oxidized oligomer chains, since at the potential needed to oxidize the monomer,
the dimer and higher oligomers would also be oxidized due to their greater 7-

orbital conjugation. They p

d a radical cati dical cation coupling

for the electrochemical p ization. Inoue and Yamase™ suggested
that the strong coulombic repulsion between the monomer radical cations would
prevent this direct dimerization step. They proposed a radical cation-monomer
coupling mechanism. However, recent MO calculations” and experimental
results®™ favour the radical cation-radical cation coupling mechanism. Formation

of the trimer involves the oxidative conpling of the monomer with the dimer,

Formation of the tetramer can involve either the coupling of the monomer with the



trimer or two dimers. As the size of the oligomer is increased, the number of
possible combinations increases.

A study by John and Wallace™ showed that polypyrrole is formed by the

I precipitation of oli on to the el de surface and not by addition
of pyrrole monomers to the ends of polymer chains in the growing film.
Consequently, polypyrrole has a densely packed space filling appearance, and
elongation of less than 1 % is sufficient to break the film™. Oligomers in solution
have been detected with a rotating ring disc electrode by Raymond and
Harrison™”, and with ultramicroelectrodes by Andrieux and coworkers™”. A
nucleation process has also been observed prior to the precipitation of oligomers
during the polymerization of polypyrrole™®. Despite the complicated steps
involved, the current efficiency for polymerizing pyrrole has been reported to be
near 100% in some cases™*.

The electrode potential has a profound affect on the quality of the final
polymer obtained. In a study of the electrochemical polymerization of
polythiophene, the molecular weight distribution has been found to be a function
of the electrode potential®. This may also be true for polypyrrole. Also, since the
oxidation potential of the monomer is much higher than the polymer redox
potential, overoxidation*? can easily occur during the polymerization process,
especially in the presence of nucleophiles such as OH', CN', CH,0, and Br.

6



Nucleophilic addition of such species to the pyrrole rings destroys the conjugated
w-system of the formed polymer. These factors and others contribute to the

complex nature of the electrochemical polymerization process.

1.2 Composition, Structure and Conductivity

Elemental analysis of polypyrrole chemically polymerized with H,0,
revealed an empirical composition of CyqysH; 045N 000,45 indicating linked
pyrrole units®. Since oxidative degradation of this polymer using KMnO, forms
mainly pyrrole-2,5-dicarboxylic acid®, the pyrrole units are linked at the a-o”

positions. The composition of polypyrrole electrochemically polymerized in

CH,CN ining Et,NBF, is il CH,;N(BF,), 25, indicating that every
four pyrrole rings carry one positive charge®. This is in agreement with the charge
consumed during polymerization (2.2 to 2.4 per pyrrole ring) and the integrated

anodic or cathodic charge in cyclic voltammograms. Linkage at the a-o’ position

for lly polymerized polypy is indi i by the fact that o~
substituted pyrroles cannot be polymerized®.
X-ray diffraction studies on the pyrrole dimer and trimer have shown that

these oligomers are linear with all pyrrole units lying in a plane and the N-H

a



bonds on adjacent pyrrole rings orientated in opposite directions*. However, such
an ideal structure has not been observed for polypyrrole. X-ray diffraction analysis
of polypyrrole shows only very broad peaks, indicating an amorphous
structure®®*¢, Short range structural order exists but is limited to within 10 to 20
A®. Part of the structural disorder is caused by a significant number of a-f" linked
pyrrole units as shown by x-ray photoelectron spectroscopy (XPS) results™®.
Linkage at the 8 positions can form a branched polymer chain and, consequently,
decrease the conjugation length and thus the conductivity*®*. Increased siructural
ordering has been observed for poly-3,4-dimethylpyrrole by electron diffraction®
and XPS™* studies.

Neutral polypyrrole; like most plastics, has a filled valence band and is a
poor conductor. When the polymer is oxidized (p-doped), electrons are withdrawn
from the valence band and the polymer becomes conductive. Since the 7-electrons
have a low ionization potential due to the extended conjugated m-electron system
along the chains, they can be relatively easily removed from the valence band to
switch the polymer to the conducting state.

Early studies showed that oxidized polypyrrole has a strong electron spin
resonance (ESR) signal®, indicating the presence of unpaired electrons. Recent in-

situ electrochemical e.s.r experiments reported by Genoud”™™, Waller et a/” and



Albery et al''" show that there is a one-to-one relationship between electron
withdrawn and the ESR signal in the early stages of oxidation. As the oxidation
level is increased, the ESR signal passes through a maximum (at about one
unpaired electron per six pyrrole rings™*) and then starts to decrease.

Quantum chemical calculations have shown that significant geometric and
electronic structure modification of the polymer occurs upon the removal of
electrons from the conducting polymer chains®#!™1%, At a low oxidation level,

ithds I of el creates ic (S=1/2) polarons. Fig. 1.1A shows

a polaron spread over four pyrrole units. As the oxidation level increases, two
adjacent polarons are converted to a spinless bipolaron (Fig. 1.1B). Electronic
conduction occurs by movement of the charged polarons or bipolarons along (or
hopping between) the polymer chains'®. Optical absorption spectra of polypyrrole

doped with ClO, as a function of dopant ion show three at

bands below the band gap absorption for the polaron doping level and two
absorption bands for the bipolaron doping level'®'®. This result agrees with the
band structure of a polymer chain containing polarons at a low oxidation level and
bipolarons at a high oxidation level'®.

The conductivity of polypyrrole can be altered by changing the structure of

the polymer, such as by introducing substituent groups at the nitrogen or 8



Fig. 1.2.1 Structural distortions of a polaron (A) and a bipolaron (B) over four
pyrrole units.

positions of the pyrrole ring. Compared to polypyrrole, poly-N-methylpyrrole
exhibits a conductivity decrease of over 5 orders of magnitude™, while poly-3-
methylpyrrole is less than 2 orders of magnitude less conductive than
polypyrrole™. X-ray diffraction studies on the tetramer of N-methyl pyrroie
indicate that the adjacent pyrrole ring planes are rotated almost 90° to each other*®.
The effect of torsion angle on a polymer’s conductivity has been elucidated in a
valence effective hamiltonian (VEH) study on poly-p-phenylene by Brédas and

coworkers'?, Their results indicate that a 90° orientation eliminates the possibility



of signifi lect

Changing the electrolyte anions can produce a variation of as much as 10°
in the electronic conductivity of polypyrrole films'!!, indicating some form of
anion-induced localization of the radical cation (polaron) or dication (bipolaron)
in the polymer structure™. Such interaction between the anions and cations on the
polymer chains has also be shown to slow down anion movement''>', X-ray
photo emission'* and Raman scattering'"’ data clearly verified the above
interaction in polypyrrole/doping anion materials. It may be expected that coupled
transport of electrons and counterions occurs in certain types of experiments such

as i 116 where of both pol /bipolarons and

counterions occurs.

1.3 Redox Reaction and Ion Transport

One of the unique properties of conducting polymers is that they can be
reversibly switched between insulating (neutral) and conducting ( doped) states
within a certain potential range?>'"”. This inherent electrochemical activity is due
to electron withdrawal from, or addition to, the =-system of the polymer
backbone. This differs from the electrochemical activity of redox polymers, such

11



as poly-vinylpyridine and vinylbipyridine complexes of ruthenium'*®, which contain

discrete redox centres attached to an electro-inactive polymer fr: k.
Since large changes in electronic conductivity, polymer ionic strength,

polymer ion permeability and optical properties, etc., accompany redox switching,

p are very promising materials for applications such as

rechargeable battery el R, itors?12!, el ic display
materials'®'®, molecular electronic devices'™'*'3, electroanalysis'*"' and
electrocatalysis®1913¢,

The oxidized (p-doped) polypyrrole chains are polycations. The positive
charges on the chains are counterbalanced by anions (A’), which are called the
dopant anions or counterions, to preserve electroneutrality. Switching the polymer
film between the doped and undoped states involves anion movement in or out of
the polymer film. For polypyrrole, it has been found that ion movement in the

polymer phase is the rate d ining step in switching'>'**'*” and thus is the

limiting factor for many practical applications. To enhance the ion transport rate
in the polymer, ion-exchange centres have been introduced in the polypyrrole
backbone**1, Also, by forming polypyrrole on a nitrile butadiene rubber
precoated electrode, Naoi and coworkers'*"** have shown that the morphology of

the polymer can be regulated with improved ion transport. Polymers exhibiting



self-doping, which will be discussed in the following section, also have enhanced
ion transport rates.
1.3.1 Normally Doped Polypyrroles

In the normal doping process, the positive charges on the oxidized polymer
chains are counterbalanced by anions from the electrolyte. Reduction of the
polymer involves expulsion of these anions into the bulk electrolyte solution. In
the reverse process, oxidation of the polymer causes anions from the electrolyte
to be inserted. Polypyrroles prepared in electrolyte solutions containing small
anions such ClOy, CI and BF; exhibit this normal doping process.
1.3.2 Self-doped Polypyrroles

Although most involve the i ion of anions into

upon as above, there

the polymer to maintain
is an important class of polymers in which cations are expelled upon p-doping.
These so called self-doped polymers have permanent anionic sites fixed within the
polymer matrix, and electroneutrality in the undoped form is maintained by mobile
cations. There are of two types of self-doped polymers:

Type I: The conducting polymer is

ly polymerized in a monomer

solution containing a polyanion electrolyte. Because of the physical size, and more

13



importantly, the entanglement of the two types of polymer chains, the polyanions
are physically trapped in the polymer matrix. Thus instead of anion insertion,
cations are expelled into the bulk electrolyte solution to maintain electroneutrality
upon oxidation. Polypyrrole doped with polystyrene sulphonate is an example of
a type I self-doped polymer. It has been studied extensively in literature’10!112:144-

' and in this work. Other polypyrrole/polyelectrolyte composite polymers include

PPY/Kodak AQ'®, PPY/flavi ining polyanion'!, PPY/sulphated poly(8-

hydroxyethers)'?, PPY/sulphated poly(butadienes)'®®; PPY. hated

poly(imides)'®?, PPY/sulphated poly(methacrylates)'®>, PPY/poly(p-
phenyleneterephthalamide  propane  sulphonate)'*®'®,  PPY/poly(vinyl

sulphate)!46-164165 PPY/poly(vi 14148 poly(sty leic acid)®

and PPY/Nafion'**1%1™, These polypyrrole composites are reported (o have high
tensile strength'™, high thermostability (>300 °C)™*, environmental stability'**'™

and excellent processing properties'®®.

Type II: The conducting polymer is prepared from a monomer which contains an
anionic substituent. The reduced polymer is in the acid or salt form. Self-doped

conducting polymers of this type reported in the literature include polypyrroles

with late"’5176, alkyl cart 1 and 169,176-181
Y



1 123,182-185 ¢ bt

and polythi: with

There are several advantages to be gained from self-doping. In aqueous
solution, the proton is the smallest and most mobile ion. Relatively rapid
doping/undoping processes may be realized by utilizing proton movement. In
aprotic solutions, Li salts have high solubility and the small light Li* ion should
also speed up the doping/undoping processes. Our experimental results show that
slow anion movement in the oxidized polymer is due to a strong interaction
between the anions and diffuse positive charges (polarons/bipolarons) on the
oxidized polymer chains''»'?, In self-doped polymers the mobile cations and fixed
anions can be selected to minimize ion pairing and so enhance the polymer’s ionic

conductivity.

The ad: ges of self-doped pol are particularly important in lithium
batteries because they can enhance the charging/discharging rate and charge
density. During the discharging process, Li* is released from the Li anode into the
bulk electrolyte solution and inserted into the polymer cathode. Because the two
electrodes are the source and drain of Li* respectively, the concentration of the
clectrolyte solution does not change during the charge/discharge cycle. The volume
of the electrolyte solution can be kept at a minimum level to make the battery

light-weight and robust.



1.4 Scope of This Work

Since charge transport in conducting polymers is crucial to many of their
applications, it has been the focus of intensive research. Cyclic voltammetry is the
simplest and most commonly used technique'>2%17.16187  Noticing that the
shapes of cyclic voltammograms were sensitive to the counterions, Diaz and
coworkers'!%* predicted correctly that the ion movement in polypyrrole was the

rate limiting charge step. Other

used include p

pulse transient experiments®!#1%, galvanostatic pulse transient experiments'?''*

lving dual working 1919 rotating disc voltammetry®@2!
ionic conductivity measurements on polymer membranes'**?? and impedance
spectroscopy .

Impedance spectroscopy (IS) is one of the most powerful techniques

to ist. It has been applied in the study of many

electrochemical systems, such as corrosion, batteries, coatings ecvaluation,

1 — fosis 1 hemistry and elect ganic synth
It can provide a wealth of kinetic and mechanistic information®*. Bard and
coworkers™ first introduced IS in the study of conducting polymers (polypyrrole

films on electrodes) in 1982. Since then, this method has been widely

16



used!12:116,156,199,206:219

{ , the i of i J} reported
in the literature vary widely and there is so far no settled theory and equivalent

circuit to model experimental impedance data. It was the purpose of this study to

the i of various conducting pol under a wide

variety of different conditions. To select the most appropriate model, measured

such as ic and ionic conductivities, were

compared with the results obtained from other independent measurements, The
polymers studied in this work are poly-3-methyl-pyrrole-4-carboxylic acid (poly-
MPCA), poly-pyrrole-3-carboxlic acid (poly-PCA), poly-[1-methyl-3-(pyrrol-1-

ylmethyl)pyridinium] (poly-MPMP), polypyrrole/perchlorate (PPY/CIO;) and

1 le/poly(sty Iph (PPY/PSS) composites. In Chapter 5, the

impedance responses for these polymer film coated electrodes immersed in
electrolyte solutions are analyzed to test various models discussed in Chapter 4.

Deviations from the ideal model impedance were investigated. The film ionic

d from i data was used to probe the polymer

structure (Chapter 6 and 8), and i ion between the ions and positive

charges on oxidized polypyrrole chains (Chapter 7). The impedance responses of

a self-doped conducting polymer film was shown for the first time to be different

from that of a normally doped polymer film (Chapter 7). This difference was used
17



to locate the initial reaction layer in conducting polypyrrole film when subjected

to a potential perturbation by studying the impedance responses of bilayer films

(Chapter 9). A polypyrrole film which has both normal and self-doping propertics

can function as an jon-gate device which can be electrochemically switched

between the anion exchanger state and cation exchanger state (Chapter 10). Some

results of this work have already been published!!%!16:156.1%9,
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Chapter 2

Experimental

2.1 Synthesis of Monomers

3-methyl-pyrrole-4-carboxylic acid (MPCA) and pyrrole-3-carboxylic acid
(PCA) were synthesized by a literature method', which can be used to prepare
various pyrroles substituted at the @-positions. In this type of reaction,
tosylmethylisocyanide (TosMIC) reacts under basic conditions with an c,(-
unsaturated ester to give a 3-methoxycarbonyl-4-alkylpyrrole with concomitant loss

of B-toluenesulphonic acid.

R’ COOCH,
Tos—CH,—C=N
2 base / \
+ —
-TosH H N H
R’—CH=CH—COOCH, I
H

Where: R’ = H, CH,



To prepare MPCA, a solution of 4 mmol TosMIC (Aldrich) and 4 mmol
methyl crotonate (Aldrich) in 90 mL Et,0/DMSO (2:1) was added slowly to 7
mmol NaH in 40 mL Et,0 uader N,. After the reaction mixture was stirred for 2
hours at 50 °C, the reaction was stopped by adding 50 g of ice. The rcaction
mixture was then neutralized with concentrated HCI. 3-methoxycarbonyl-4-
methylpyrrole (MMP) was extracted into dichloroethane. The extract was washed
three times with water (15 mL each), and dried with MgSO, overnight. Crude
product was obtained by removing the solvent under reduced pressure.
Recrystallization from petroleum ether (b.p. 30 -40 °C) gave white needle shaped
crystals.

The MMP was then hydrolysed in 1 M KOH over a steam bath for 10 min.

The solution was cooled to room and d with d

HCl. MPCA was obtained as a precipitate after cooling at -20 °C overnight.

To prepare PCA, methyl acrylate (Aldrich) was used instead of methyl
crotonate. The overall yields for MPCA and PCA were 40% and 25%
respectively.

Mass spectra of MPCA and PCA were obtained with electron impact
ionization (70 eV). The molecular ion and other major ionic fragments correspond
to the expected structures.

MPCA: m.p. ca. 200 °C; H' NMR(DMSO-dg) 11.5 (s,1H), 11.0(b,1H),
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7.2(s,1H), 6.6(s,1H) and 2.2(s,3H). MS:(m/z) M* (125); -OH (108); -COOH
(80).

PCA: m.p. ca. 152 °C; H' NMR(DMSO-dy) 11.7 (s,1H), 11.3(b,1H),
7.3(s,1H), 6.8(s,1H) and 6.4(s,1H). MS:(m/z) M* (111); -OH (94); -COOH
(66).

2.2 Chemicals

Tetr i 1 hemical grade, Fluka), NaCl

(certified ACS, BDH Inc), HCI (certified ACS, Fisher Scientific). Poly (4-styrene
sulphonate) sodium salt (NaPSS) (Aldrich, M.W. ~ 70,000), methyl viologen
dichloride hydrate (Aldrich), acetonitrile (Fisher, HPLC grade), (+)-propylene
carbonate (Aldrich, 99+ %, water <0.005%) were used as received.

Pyrrole (Aldrich) was purified by passing through a dry aluminium oxide
column followed by distillation under N,.

LiClO, and NaClO, (both from Fluka) were vacuum dried at 100 °C for 24
hours. Tetraethylammonium perchlorate (Et;NCIO,) was prepared by reacting
tetraethylammonium chloride (Et,NCl) with perchloric acid (70-72%). The
precipitate of Et,NCIO, was collected by filtration, washed with water,
recrystallized twice from water, and dried under vacuum at 100 °C for 24 hours

before use.
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1-Methyl-3-(pyrrol-1-ylmethyl)pyridinium (MPMP) was synthesized by
Mao? and used here without further purification.

In the early stages of this study, MPCA was purchased from Aldrich as a
rare chemical. Due to lack of supply, sufficient MPCA was later synthesized by

a literature method'(Section 2.1).

2.3 Electrodes, Cells and Electrochemical

Instrumentation

Oxygen is an important yet often overlooked factor that affects the

. Diaz and coworkers® have found

1 hemistry of most ing poly
that oxygen can irreversibly oxidize a neutral polypyrrole film. An optical study
of polypyrrole/perchlorate by Street and coworkers® has shown that this
irreversible oxidation occurs for both the oxidized and neutral films. In this study,
the electrolyte solutions were purged with argon to avoid the interference of
dissolved oxygen. A sheath of argon gas was then allowed to flow above the

electrolyte solution to prevent oxygen re-entering the solution during the
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experiments.

For experiments using non-aqueous solutions (Chapters 3, 6 and 7), an
aqueous sodium chloride saturated calomel electrode (SSCE, Fisher), which has
a potential of 0.212 V vs. SHE, was used as the reference electrode. In other
chapters when aqueous electrolyte solutions were used, a Ag/AgCl electrode in 0.1
M NaCl(aq) solution, which has potential 0.223 V vs. SHE, was used as the
reference electrode. Potentials are quoted with respect to either the SSCE or
Ag/AgCl. Other electrodes were a large surface area Pt wire (~ 0.6 cm?) as

counter electrode and the polymer film coated support electrode as working

The support el des are further described as follows:
1. Small Platinum Disc Electrode. These electrodes are prepared by sealing
a piece of platinum wire (Aldrich) in a soft glass tube and consisted of 0.0045 cm?

exposed platinum disc. Most of the cyclic y and all of the i

measurements were carried out using this type of support electrode.

2. Large Platinum Disc Electrode. This electrode was manufactured by Pine
Instrument Co by sealing a platinum disc in polytetrafluoroethylene (PTFE). The
exposed platinum disc has an area of 0.458 cm?.

3. Glassy Carbon Electrode. These electrodes were prepared by sealing a
piece of Glassy carbon rod (Electrosynthesis Co) in a glass tube with epoxy. The

exposed glassy carbon disc has an area of 0.0707 cm®.
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4. Indium/Tin Oxide (ITO) Coated Glass Electrodes. These electrodes were
made with a piece of indium/tin oxide coated glass plate (NESATRON glass, 20
ohm/sq, PPG Industries Inc.). These electrodes were used to study the cross
sections of polymer films with scanning electron microscopy and observe the
electrochromic effect of polymer layers.

5. Dual Pt Disc Electrode. This electrode assembly was used for in situ

measurement of the polymer film el i ivities®, and isted of two

small Pt disc electrodes (area=1.3x10* cm?) sealed in glass. The polymer film is

d

ited on one Pt disc

A thin porous gold film is then coated over the
whole electrode assembly surface (Edwards Pirani Penning (model 4) vacuum
coating unit). The gold film provides an electrical contact between the outside of
the polymer film and the second Pt disc electrode. With the twin clectrode
immersed in an electrolyte solution in an electrochemical cell, a potential ramp is
applied to the two electrodes such that a constant 20 mV potential difference is
maintained between the two sides of the polymer film. The current flow between
the two electrodes is used to determine the film’s electronic resistance at each
applied potential using Ohm’s Law.

All electrochemical experiments were carried out in the conventional three

compartment glass cells. The electrochemical cell has a Luggin capillary tip

positioned close to the working el de to control precisely the el d
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potential. Before the experiment, the platinum electrode was polished with 0.3 ym
Linde A alumina paste (Micro Metallurgical Ltd) on a flannel cloth, then washed
with water and wiped clean with acetone moistened Kimwipes tissue.

To preliminarily characterize the polymer film coated electrodes, cyclic
voltammetry was performed using a HA-301 Potentiostat/Galvanostat with a HB-
104 Function Generator (both from HOKUTO DENKO Ltd.) and a SE780 BBC
XY recorder (GOERZ METRAWATT). For dual electrode voltammetry a RDE
4 Potentiostat (Pine Instrument Company) was used. Polymer films were prepared

with the HA-301 P i /Galvanostat in gal mode.

Impedance measurements were carried out with a Solartron Frequency
Response Analyzer (Model 1250) coupled to a Solartron Electrochemical Interface

(Model 1286). The instruments were regularly checked with a 12861 ECI Test

Module to assure the accuracy of d imped: In the i di study
of conducting polymers, the polymer film coated electrode was polarized by a dc
potential bias to various redox states. Upon the dc potential a sinusoidal wave
potential perturbation of 5 mV root mean square (RMS) amplitude was used. The
frequency of potential perturbation was usually in the range of 65 kHz - 0.005 Hz.
All the data were collected and analyzed using a Laser 286/2 microcomputer and
ZPLOT software (Scribner Associates Inc.). Fig.2.3.1 shows a schematic diagram

of the measuring system.
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2.4 Scanning Electron Microscopy and

Energy Dispersive X-ray Analyses

The thickness and morphology of polymer films were directly observed with
a Hitachi S-570 Scanning Electron Microscope (SEM). To examine the cross
section of a polymer film, the polymer was electrochemically deposited on an ITO
glass plate electrode, which was then broken to expose a cross section of the

polymer film. Since polymer morphology may change with the nature of the

were also

support electrode, polymer layers ited on Pt
by tearing part of the films away with a scalpel.
An Energy Dispersive X-ray Analyzer (EDXA. Tracor-Northern 5500)
equipped with a Microtrace 70152 silicon detector was used for semi-quantitative
clemental analysis of Cl, K, Na, S in free standing films peeled from the

1 de. Relative el 1 i were cal d from the x-ray

emission counts using Tracor Northern’s Standardless Quantitative Analysis (SQ)
software. However, to obtain reliable results a standard that closely matches the

compositions and matrix of the samples is required. In this study (Chapter 10),
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polypyrrole/4-chlorobenzene sulphonate films were used as a standard for Cl and
S molar ratios and PPY/PSS films fully reduced in 0.05 M KCIO,(ag) as a

standard for K and S molar ratios.

2.5 Reproducibility of Experimental Results

The true thickness of a conducting polymer film soaked in an electrolyte
solution may be considerably different from the dry film thickness determined
using SEM, due to the unknown degree of film swelling by solvent molecules. All

conductivity results are reported based on the dry film thickness.

High precision imped can easily be obtaincd with a
properly calibrated system and with sufficiently long periods of signal integration.
Since the electrochemical polymerization process is very complicated and difficult

to control, the impedance results are more when the

are performed on the same film than on different films.

Potential cycling of a polymer film can cause considerable variation in the

results of the sub imped: 7. In this study it has been

observed that newly prepared polypyrrole films are shiny, brittle and difficult to
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remove from the electrode. After only one potential cycle, the polymer film
becomes less shiny and more flexible and can be easily removed from the
electrode. Compared to a newly formed polymer, a cycled polymer has much
higher ionic conductivity. This phenomena has long been known as the "break-in"

effect observed both in some redox poly and ing polymers’. Hillman

and Bruckenstein’ attributed this effect of film history on the redox switching
kinetics of electroactive films to pseudo-equilibrium states of the polymer films.
Clearly, a polymer film that has been subjected to different potential cycling
conditions may show variable results. In this study, all polymer films were
subjected to the minimum number of potential scans necessary to produce a

P! ible cyclic vol before the i For poly-

MPCA, and poly-MPMP the potential cycling had no noticeable effect on the
impedance results. Unless indicated, curves and tabulated data are from a single
measurement only.

All electrochemical experiments in this work were carried out at room

temperature (23 + 2 °C).
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Chapter 3

Electrochemical Polymerization and Preliminary
Characterization of Polymer Films

The polymers studied in this work were all electrochemically polymerized

by oxidizing their inan lyte solution. The resulting polymers were

formed as films adhering to the support electrode due to their insolubility in the
solvent used. Various electrochemical methods can be used to prepare the
polymer, such as potential cycling, potentiostatic and constant current methods.
Unsuitable polymerization concitions can produce a polymer of poor quality as
well as irreproducible or controversial results. For example, Casas et al' have
reported that MPCA can not be polymerized from acetonitrile containing

y ium p: ‘This result dicts a previous study

on this monomer’.

The effects of the polymerization method and various experimental
parameters on the quality of a polymer film were investigated for poly-(3-methyl-
pyrrole-4-carboxylic acid) (poly-MPCA) and poly 3-(pyrrole-carboxylic acid)

(poly-PCA). Optimal polymerization conditions were strictly controlled later to



prepare  poly-MPCA, polypyrrole (PPY)/CIO,, polypyrrole/poly(styrenc
sulphonate) (PPY/PSS), and poly-[1-methyl-3-(pyrrol-1-ylmethylpyridinium]
(poly-MPMP).

3.1 Polymerization Methods

3.1.1 Polymerization by Potential Cycling

Fig. 3.1.1 shows voltammograms recorded during the polymerization of
MPCA using the potential cycling method. The first forward scan exhibits a low
background current up to about 1.20 V, where the current starts to increase
sharply. The monomer oxidation potential (E,, ) is estimated by extrapolating the
most rapidly increasing part of the current response to the potential axis. On the
reverse scan, the anodic current is higher than it was on the forward scan in the
potential region 1.22 - 1.05 V. This shows that the monomer oxidation, which
continues at potentials above 1.05 V, is catalysed by the previously formed

oxidation products. This type of voltammetric behaviour indicates that the

polymerization follows a *3, During the second forward
scan, the current starts to increase rapidly at a much lower potential (ca. 1.05 V),

confirming that the polymer film already deposited catalyscs the oxidation of the

46



1 st scan

Anodic current

Scan rate=100 mV 5!

Figure 3.1.1 Cyclic voltammograms for MPCA polymerization on a small Pt
electrode by potential cycling in a 0.01 M MPCA itrile solution i
0.1 M Et,NCIO,.
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monomer. The electrochemical reaction of the polymer film growing on the

is responsible for the ible redox waves that develop at a formal
potential (E°’) of 0.58 V.

Similar voltammetric behaviours are observed when polymerizing poly-PCA
as shown in Fig. 3.1.2. Table 3.1.1 lists E,,, values for the two monomers on

various electrode materials,

Table 3.1.1 idation p ials on various el d ials (V vs.
SSCE).
Monomer* ITO® Pt Glassy Own
carbon polymer
MPCA 1.31 1.20 1.16 1.06
PCA 1.37 1.28 1.26 1.17
a. In all cases, the monomer solution was 0.01 M in acetonitrile

containing 0.1 M Et,NCIO,.
b. Indium Tin Oxide coated glass plate electrode.

It is interesting to note that the oxidation potential of MPCA is lower than
that of PCA. This can be attributed to the electron donating effect of the methyl

group of MPCA. Similar results have been reported for other S-substituted

polypyrroles' and polythi %7, The oxidati ials of the

d when electron-donating i are present.
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Figure 3.1.2 Cyclic voll for PCA pol, ization on a glassy carbon
electrode by potential cycling ina 0.01 M PCA itrile solution ining 0.1

M EtNCIO,.
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In choosing an electrode material for support of the polymer film, criteria

that are usually i include el i ivity and el

stability over the applied potential range. However, the observed change of the
monomer oxidation potential with the nature of the electrode material indicates that
the electrode’s catalytic effect towards the oxidation of the monomer and/or
nucleation of the polymer are also important factors. It has been observed that
some properties of the polymer, such as conductivity and morphology®, can be
affected by the electrode material especially during the early stages of polymer
formation. The lowest monomer oxidation potential is found on its own polymer
and is independent of the nature of the electrode material underneath the polymer
film.
3.1.2 Polymerization at Constant Current

In this method, a polymer film with acceptable electroactivity is formed
only over a certain range of current density. Fig. 3.1.3 shows typical traces of the

electrode potential during the polymerization. The initially high elcctrode potential

reflects the di y of oxidizing the on the bare support clectrode. As

polymer is d

the potential d rapidly. An infl of the nature
of the electrode material on the electrode potential is again observed in this

experiment. Oxidation of the at the indium/tin oxide (ITO) el d
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Figure 3.1.3 Electrode potential traces recorded during polymerization of MPCA
at a constant current density of 0.45 mA cm? from a 0.01 M MPCA-acetonitrile
solution containing 0.1 M Et,NCIO, on Pt (. ) and ITO (-,

51



requires a higher electrode potential than at Pt. However, the electrode potential
at long times (>300 s in this case) is independent of the electrode material. This
potential is similar to the monomer oxidation potential on its own polymer found

in the potential cycling experiment (Table 3.1.1).

The obvious disad ge of using a low p ization current is the long
polymerization time. Other id may also di the use of a low
current density. According to the polymerizati hani i in Section
1.1 the polymer film is deposited by the ipitation of the oli; formed

close to the electrode®". If the oligomer formation rates are low relative to their
rates of diffusing away from the electrode, no precipitation occurs since the
oligomer concentration remains low. Thus decreasing the current density decreases
the current efficiency of polymerization. It has been observed in this work that
polymer films formed at low current densities (< 0.05 mA cm?) exhibit a low
total cycling charge compared to films prepared under optimal conditions.

‘When the current density is too high, the electrode potential increases

during the pol izati ly the deposited film becomes
overoxidized and non-conductive, which causes the termination of polymerization.

In this case, a thin insulating film is found on the electrode. Since the monomer

isa itive reactant, i ing the ion i the
upper limit of the allowable polymerization current density. Table 3.1.2 shows the
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effects of the current density and monomer concentration on the near-constant

de potential (at pol ization time > 300 s). Here, the potential is used as

an indicator for the quality of the deposited polymer film. Based on potentiostatic
experiments (Section 3.1.3), the polymer film suffers an insignificant amount of
overoxidation as long as the near-constant clectrode potential at long times is no
higher than 1.20 V. According to the data in Table 3.1.2, the best ratio of current
density to monomer concentration is ca. 0.044 mA cm? mM™.

Table 3.1.2 Near-constant electrode potentials at long times (> 300 s) during the

formation of poly-MPCA as a function of the current density and the monomer
concentration.

Monomer Current density Electrode potential
concentration mA cm? V vs. SSCE
mM
1.25 0.109 1.24
2.50 0.109 1.09
10.0 0.444 1.04

3.1.3 Potentiostatic Polymerization

Figs. 3.1.4 and 3.1.5 show traces of the anodic current during the
polymerization of MPCA at various constant potentials in 1.25 and 2.50 mM
MPCA solution respectively. The current-potential transients are characterized by
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Time / sec

Figure 3.1.4 Anodic current transients for polymerization of MPCA from a 1.25 mM MPCA-
acetonitrile solution containing 0.1 M Et,NCIO, at a Pt electrode (0.458 cm?®) at constant potentials of
1.235(a), 1.255(b), 1.275(c), 1.295(d), 1.305(¢e), 1.315(f), 1.325 (g) and 1.335 V (h).
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Figure 3.1.5 Anodic current transients for polymerization of MPCA from 2.50 mM MPCA-acetonitrile
solution containing 0.1 M Et,NCIO, at a Pt electrode (0.458 cm?) at constant potentials of 1.215(a),
1.235(b), 1.255(c), 1.275(d), 1.295(e), 1.315(f), 1.335 (g) and 1.345 V (h).
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a current spike at short times; followed by a period of rising current at
intermediate times and a gradually decreasing current at long times. At potentials
less than 1.20 V (the minimum potential for the oxidation of the monomer at
platinum, Table 3.1.1), there is only a small current spike at short times. This
current is due to charging the double layer at the electrode/solution interface when
the electrode potential is changed. As the potential is increased above 1.20 V, the
amount of charge passed in a given period of time (15 s for example) increascs

, indicating the of a ined cxidation reaction at the

electrode. At a very high potential (1.525 to 1.345 V), there is a large initial
current followed by a sharp decrease.

The charge passed in the first 15 ¢ was calculated by evaluating the arca
under the current-time curve, and plotted in Fig. 3.1.6 as a function of the applicd
potential. When the concentration of the monomer is doubled, the polymerization
charge is doubled in nearly the whole potential range studied. However this docs

not imply that the polymerization rate is controlled by the diffusion rate of the

lecules to the el de, since il ing the el de potential also

increases the polymerization charge.
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Figure 3.1.6 Charge passed during the first 15 s of the potentiostatic
polymenzanon of MPCA calculated from Figs.3.1.4 and 3.1.5. The monomer

mM (&) MECA.

g 0.1 M Et,NCIO, and 1.25 mM (OJ) or 2.50



In studying the potentiostatic ~polymerization of polypyrrole,
Asavapiriyanont and coworkers* analyzed the rising current portion of the transient
at the intermediate times by plotting I vs. €. Their results fit the model of three
dimensional film growth with instantaneous nucleation*. Such a mode of polymer
formation is consistent with the space filling appearance of the polypyrrole film'-*

and its amorphous structure indicated by X-ray diffraction experiments'®'®,

et al’ have that in spite of the positive potential
imposed on the electrode during polymerization, polypyrrole is formed cssentially
in its reduced state (during growth) and exhibits a conductivity several orders of
magnitude lower than that attained after polymerization is terminated. They
therefore attribute the current decrease at long times to an ohmic potential drop
across the film. However, the assumption that the growing polymer is in ils
reduced state is not acceptable. As shown in Figs. 3.1.1 and 3.1.2, there is a
reduction wave in each cathodic potential scan following the polymer forming
anodic potential scan. Also, in constant current experiments, the electrode potential
does not increase at long deposition times at a suitable current density (Fig. 3.1.3)
as would otherwise be expected if the growing film was poorly conductive. On the
contrary, all the experimental results indicate that a normally growing film is in

the oxidized state and exhibits high electronic conductivity.

58



A decrease in the polymer’s conductivity due to overoxidation at too high
an clectrode potential may cause the potentiostatic current to decrease at long times
as observed in Figs. 3.1.4 and 3.1.5. According to Table 3.1.2 for the 2.5 mM
MPCA monomer solution, the best current density to use for constant current
polymerization is about 0.11 mA cm?, which corresponds to 1.67 mC cm? of
charge density in the first 15 seconds. Now referring to Fig. 3.1.6, this charge
will correspond to a polymerization potential of less than 1.20 V vs. SSCE if the
polymerization could be carried out potentiostatically. As shown in Fig. 3.1.4
there is no current decrease at long times when the applied potential step is less
than 1.235 V. This implies that as long as the electrode potential is less than 1.235
V there will be no significant overoxidation of the film during its preparation.
Increasing the potential step above 1.235 V will cause overoxidation of the
polymer and thus a decrease in current at long times.

3.1.4. Conclusions

The electrochemical polymerization is a complicated process and can be
affected by many factors. The difficulty in preparing reproducible and defect free
polymer films may account for the widely different and sometimes contradictory
results found in the literature. However, with the polymerization conditions strictly

controlled, the quality of the polymer as well as the experimental reproducibility
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can be considerably improved.
The oxidation potential of the monomer is related to its structure and can

be affected by the surface conditions of the el d ials, which can exhibit

a catalytic affect on the formation of the polymer.

Of the three polymerization methods studied, the potential cycling method
is the simplest and is especially useful to test whether a new monomer can be
polymerized. The formation of a conducting polymer film is clearly indicated by
monotonically increasing redox peaks due to the electroactive polymer film
accumulating on the support electrode during potential cycling. The number of
potential cycles can be used as a rough control of the thickness of the polymer

film. The oxidati ials of the and the formal potential of the

polymer can be estimated from the cyclic voltammograms.

At a given monomer concentration, there is an optimal current density for
formation of the polymer at constant current. Too small a current density lowers
the polymerization efficiency, while too large a current density causes the polymer
to be overoxidized. Overoxidation occurs when the electrode potential rises too
high, and consequently the polymer becomes non-conductive. In extreme cases,
overoxidation terminates the polymerization process. To prevent overoxidation, a
safe upper limit for the electrode potential was determined by examining current-
time transients for various potential steps in potentiostatic experiments. The current
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decreases at long times due to overoxidation if the applied potential is too high.

Since the monomer can usually be oxidized at a lower electrode potential
on its own polymer than on a support electrode material, maintaining a high
clectrode potential which is necessary for the initial oxidation of the monomer on

the bare support electrode renders the polymer vulnerable to overoxidation. This

ge of p i ic p ization is in the constant current
method, where the electrode potential automatically adjusted favourably as the
polymerisation proceeds. An additional advantage of the constant current method
is that the coverage of the polymer on the electrode is proportional to the
deposition time, which can be used as a convenient way to control the film
thickness. In the subsequent studies, the polymer films were all prepared at
constant current. Fresh monomer solution was used each time since it was found
that an aged monomer solution produces polymer films of poor quality. An aged

monomer solution contains soluble oligomeric species which may be responsible

for the poor quality of the polyiner®.

3.2 Poly-(3-methyl-pyrrole-4-carboxylic acid)

MPCA was polymerized from 0.01 M solution in acetonitrile containing 0.1
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M EtNCIO, at a constant current density of 0.44 mA cm?. Scanning clectron
microscopy revealed that deposition of 1 um of poly-MPCA film requires a
polymerization charge of ca. 0.3 C cm?. Although there is considerable
uncertainty (+50%) in the absolute thickness of poly-MPCA films, relative
thicknesses (up to 0.6 um) can be quite precisely controlled by the polymerization
charge. A charge to thickness conversion factor of 0.34 C cm? per micron is used
to obtain the quoted thicknesses.

Cyclic voltammetry is a convenient method for the preliminary
characterization of a newly prepared polymer film adhering to the electrode.

Figs. 3.2.1A and B show cyclic voltammograms of a 0.7 um poly-MPCA film in

and propy yte solutions, respectively. The cycling
charge (Qn, = [I/v dV, where v is the scan rate) from the slow scan in propylene
carbonate (Fig. 3.2.1B, 20 mV s™) is presented in Fig. 3.2.2. There is a hysteresis
in the cycling charge as generally observed for conducting polymers”®. Table
3.2.1 lists some cyclic voltammetric data for poly-MPCA films in acctonitrile
containing 0.1 M LiClO,. Data for this polymer in acetonitrile containing 0.1 M

Et,NCIO, are very similar to those listed in Table 3.2.1.

The cyclic voltammetric charge (Q,,) in Table 3.3.1 is obtaincd by
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ANODIC
CURRENT

Flgnre 3.2.1 Cyclic voltammograms of a 0.7 um poly-MPCA film on a Pt

in: (a) itrile 0.4 M LiClIO, and (b) propylene carbonate
containing 0.8 M LiClO,. The scan rates (mV s") are indicated.
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Figure 3.2.2 Plots of cycling charge vs. electrode potential for a 0.7 pm poly-
MPCA film constructed from the 20 mV s voltammetric data in Fig.3.2.1B
(: anodic scan; - - - cathodic scan) and from the capacitance data from
impedance spectroscopy in Fig.6.2.8 (++++).




integrating the anodic current belows 0.9 V vs. SSCE. There is a linear relationship
between the preparation charge (Q,) and Q,, as shown by the near constant ratio
of these two values. The formal potential (E”) of the polymer redox reaction is
obtained by averaging the anodic and cathodic peak potentials. As the film
thickness increases, the peak potential separation (E,-E,) increases and the formal
potential (E”=(E,,+E,)/2) shifts anodically. Both the anodic peak current (L)
and the cathodic current (I,) increase with increasing film thickness, and the ratio

of /L. is nearly constant. The vol ic i (Cy...) (obtained as Cy .,

= (I,+1)/2vd) at 0.8 V of thin films are small relative to those of thicker films.
Similar results have been cbserved in the values of ac capacitances (Cy,,) from
impedance measurements and the possible cause is discussed in section 6.2.1.

A polymer film of poor quality can be identified by the irregular shape of
its cyclic voltammogram (e.8. Qu/Qup <0.12 and L,/I,>1.4) and thus is
rejected. Table 3.2.2 lists peak currents and peak potentials for a 0.7 um poly-
MPCA films on a Pt electrode in acetonitrile containing 0.1 M Et,NCIO,. The
anodic peak current increases linearly with the scan rate up 1o at least 400 mV s
while the cathodic peak current shows a linear response to only ca. 200 mV s™ as
shown in Fig. 3.2.3. Increasing scan rate increases the peak potential separation

as shown in Fig. 3.2.4. However, even at very low scan rates (e.g. 1 mV s¥)
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there is still a significant peak potential separation of ca. 50 mV.

Table 3.2.1 Cyclic voltammetric data for poly-MPCA film coated Pt electrodes
in acetonitrile containing 0.1 M LiClO, at a scan rate of 60 mV s™.

Thickness 0.14 | 028 | 042 | 056 |070 {098 | 1.30
Ipm

Q, /mCcm? || 691 | 140 | 202 | 252 | 34.1 | 46.7 | 63.9
Qu/Qpp 0.144 | 0.146 | 0.140 | 0.131 | 0.142 | 0.139 | 0.144
L/ mA cm? | 0.53 1.19 | 1.64 | 2.42 | 2.80 | 4.31 5.67
I/ mA cm? || 0.40 | 0.97 [ 1.37 173 | 222 | 3.42 | 4.61
Ll 133 | 1.23 | 1.20 | 1.29 | 1.26 {126 | 1.23
Cyo/ Fem® | 320 369 | 407 | 429 [ 415 | 433 450
E./V 0.605 | 0.615 | 0.630 | 0.650 | 0.660 | 0.680 | 0.655
EJ/V 0.535 | 0.555 | 0.555 | 0.545 [ 0.540 | 0.555 | 0.555
E"/V 0.57 | 0.59 | 0.59 | 0.60 | 0.60 | 0.62 | 0.61
E,E,/ mV 70 60 75 105 120 | 125 100

For an immobilized electroactive thin film of Nernstian behaviour, the full
peak width at half maximum (Bpypy) f the cyclic voltammogram peaks is 90.6/n
mV and the peak potential separation is zero®, The non-zero peak potential
separation (Table 3.2.1) suggests that the redox reaction produces conformation

changes in the polymer?'*?’, The broad peak shown in Fig. 3.2.1 has a value of
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Egwnm at least 200 mV. The broadening may be due to repulsive interactions
between the clectroactive sites™?* and/or the distribution of polymer formal

potentials?**

as have been di in the li for redox poly

Table 3.2.2 Cyclic voltammetric data for a 1.0 ym poly-MPCA film coated Pt

de in acetonitrile ining 0.1 M Et,NCIO,.

Scan rate I L. E,. E,

mV s! mA cm? mA cm? v \
1 0.07 0.07 0.645 0.655
3 0.21 0.18 0.640 0.600
5 0.34 0.32 0.640 0.585
10 0.69 0.63 0.640 0.580
20 1.34 1.20 0.650 0.570
40 2.71 2.38 0.665 0.565
60 4.12 3.47 0.680 0.560
80 5.49 4.68 0.685 0.560
100 6.69 5.84 0.700 0.550
200 13.4 11.4 0.735 0.520
300 20.1 16.7 0.770 0.500
400 26.5 21.6 0.800 0.475
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Figure 3.2.4 Plot of anodic (a) and cathodic (O)

peak p
poly-MPCA film coated Pt electrode in 0.1 M Et,NCIO, ncetommle solution.
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3.3 Polypyrrole/perchlorate and

Polypyrrole/poly(styrene sulphonate)

The polymer films were prepared from aqueous solutions containing 0.5 M
pyrrole and 0.5 M supporting electrolyte (NaClO, or NaPSS) using a constant
anodic current density of 0.88 mA cm®. The concentration of poly(sodium 4-
styrene sulphonate) was calculated based on the sulphonate unit. The clectrode
potential during polymerization remained steady at ca. 0.47 V vs. Ag/AgCl in both
electrolytes.

PPY/CIOy and PPY/PSS both had similar compact and homogencous
morphology when observed using the scanning electron microscope (SEM). A

linear ionship between thick and d

p charge was found for
PPY/PSS films up to 3 um (Fig. 3.3.1). Deposition of 2 um PPY/CIO, or
PPY/PSS requires ca. 0.48 C cm?.

The composition of PPY/PSS films was determined by quantitative IR

absorbance In these i the polymer film was prepared

on a 0.456 cm? Pt disc electrode using a charge of 0.6 C. Since ca. 2.25 clectrons
are required to polymerize each pyrrole unit, the mass of polypyrrole in cach film
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should have been 0.18 mg. Prior to removal from the monomer solution, cacl. ilm
was reduced at -0.9 V for 5 min in 0.2 M NaClO, (aq). Then, after rinsing with
water and acetone, and drying in air, it was peeled from the cicctrode and
weighed. From three films, a reproducible mass of 0.37 mg per film was cbtained.

The content of NaPSS in each PPY/PSS film was determined by using
quantitative IR analysis. Each polymer film (0.37 mg) was ground with 150 mg
KBr (Infrared Grade, Spectrex LTD) and pressed under vacuum into a transparent
pellet of 1 cm in diameter. Three NaPSS standards and one neat KBr pellet were
prepared similarly. IR spectra were collected using a Matison Polaris FTIR
spectrometer at 2 cm™ intervals and averaged for 300 scans. After subtracting the
background absorbance of the neat KBr pellet, the peak height of the characteristic
SO, band at 1200 cm™ was used as the analytical signal. It was found that each
PPY/PSS film contained 0.14 mg NaPSS. Combining this result with the expected
mass of polypyrrole, it can be concluded that the molar ratio of pyrrole:sulphonate
in the PPY/PSS composite is 4:1. There is a discrepancy between the measured
(0.37 mg) and expected (0.32 mg) masses. This is presumably duc to waier
remaining in the air-dried polymer films. Based on chemical énulysis of the
nitrogen to sulphur ratio for the PPY/PSS composite, Shimidzu and co-workers®
have found that there is approximately one sulphonate anion incorporated into the
composite for every four to five pyrrole units.
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3.4 Poly-[1-methyl-3-(pyrrol-1-ylmethyl)pyridinium]

Poly-MPMP thin films were polymerized on to Pt electrodes from a 20 mM
monomer solution in acetonitrile containing 0.1 M Et,;NCIO, at an anodic current
density of 0.44 mA cm?. The electrode potential remained at about 1.08 V vs
SSCE with little variation during polymerization. Polymer film thickness was
estimated from the deposition charge using the relationship (150 mC cm? per

micron) reported by Mao and Pickup®. The polymer films were preliminarily

ized by cyclic y after the polymer electrode was removed from
the monomer solution and washed with the test electrolyte solution. In the case of
propylene carbonate solution a special procedure was followed. After the clectrode
was removed from the monomer solution, the film was washed with acctone,
allowed to dry in air for 5 min. and then soaked in propylenc carbonate clectrolyte
solution for about 4 hours.
Fig. 3.5.1 shows cyclic voltammograms of a poly-MPMP film coated Pt
electrode in water + 0.1 M NaClO,, acetonitrile + 0.1 M Et{NCIO, and

propylene carbonate + 1.6 M LiClO,. In all three solutions, the cyclic
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ANODIC CURRENT
2 mAlcm?

1.0 Vvs. SSCE

Figure 3.4.1 Cyclic voltammograms of 1.6 um poly-MPMP film coated Pt
electrode in acetonitrile + 0.1 M Et,NCIO, (- ), water + 0.1 M NaClO, (- -)
and propylene carbonate + 1.6 M LiCIO, (). The scan rate is 60 mV s*.
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voltammograms exhibit very symmetrical waves with small peak potential

separations as compared with the cyclic voltammograms of PPY/CIOy (Fig.

7.3.1A). The cyclic voltammograms of poly-MPMP in acetonitrile and propylene

carbonate solutions are similar in shape as well as size. However, changes occur

in aqueous solution as shown by the increascd peak currents and anodic shift of

both peak potentials. The peak potential separations in the three solvents decrease

in the order of propylene carbonate {ca. 140 mV), acetonitrile (ca.100 mV), and

water(ca.70 mV). This order parallels the decreasing ionic conductivity of the

polymer (section 5.3) in these solvents.
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Chapter 4

Impedance Spectroscopy of

Electroactive Films

4.1 Introduction

Many applications of conducting polymers arise from their reversible
switching between the doped and undoped states'. During switching, both electron
and ion transport occur within the polymer film which is generally immersed in
an electrolyte solution. Because the mass and charge transport processes
accompanying switching are directly related to fundamental properties, such as
electronic and ionic conductivity® and ionic permeability®’, and are crucial to the

applications, they have been the focus of intensive research.

Compared to cyclic 'y and other a large

potential perturbation, imped: p py (IS) has the ge of perturbing
the system only slightly from its equilibrium state with 5-10 mV peak-to-peak
sinusoidal signals*. This is particularly important in the study of conducting

polymers, since large perturbations cause str changes in the

polymer'™* and may induce an inhomogeneous state!. Using a small potential



perturbation also reduces the measurement error caused by the technique itself,
since in large potential perturbation experiments measurement errors can occur due
to inadequate control of the electrode potential. An additional benefit of using a
low amplitude perturbation is that the response can be assumed to follow a lincar
current-potential characteristic, which simplifies the theorelical treatment's,

Ini d; a si i ing signal (it can cither

be current or voltage, but in this thesis only potential perturbation was used) of
constant amplitude and known frequency is applied to the working electrode,
which is usually held at a steady state by a dc-bias potential. The phase and the
magnitude of the system response (current) are determined. The impedance (Z) is
defined as the ratio of the ac input voltage (V) against the ac current (I) of the

system response. For i h ical i ion, the i can

be expressed as a complex number:

a=ziefe [@.1.1)

which is denoted by a point (Z',Z") in the complex impedance plane, where Z'

and Z" are the real (in phase) and imaginary (90° out of phase) components of the

ped: pectively. With made over a widt igh i

range, various processes, such as interfacial charge transfer and bulk charge
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transport during the redox switching of a conducting polymer, may be separated
through the difference in their time constants. Often these time constants are also
a function of the electrode potentia! and the properties of the bathing electrolyte
solution. Therefore, changing these experimental conditions can cause additional
separation. In contrast, the system response in pulse transient experiments is
observed in the time domain, and decoupling the overlapping responses is usually
difficult.

High precision measurements are usually obtained with the impedance
methods because the system response is intrinsically stable and the signal at each
frequency can be averaged over a unlimited period of time. Indeed, the

fucibility of the i d in this study was found to be

limited mainly by the rep ibility of the electrochemical polymerization of the

polymer films. With precaution to prevent deterioration of the polymer film at
extreme dc bias potentials and to avoid changes in the concentration of the
electrolyte solution due to solvent evaporation during the experiments,
measurements on a single polymer film can be remarkably reproducible (relative
standard deviation < 5%).

To und 1 hemi the system impedance response

is analyzed according to an equivalent circuit which contains circuit elements such

as resistors, itors and

Unfortunately, a circuit which
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can reproduce a given system’s impedance response is not unique. The best
equivalent circuit should contain the least number of circuit elements'®, and more
importantly each circuit element must have a defined physical meaning. The
objectives of an impedance experiment are thus to find the most appropriate

qui circuit to rep the el ical system under study and to

determine the value of each circuit element from the experimental data to quantify
the electrochemical parameters.

‘The complex phenomena involved in the clectrochemistry of conducting
polymers have rendered it difficult to extract unambiguous information from
impedance data, and even to select an appropriate kinetic model. Some authors®'®
» have used the model proposed for redox polymers* and metal oxide clectrodes?
to explain their impedance data. In their treatment, the movement of charge
balancing ions is assumed to be a diffusion process driven by concentration

gradients. Others®® believe that the polymer film behaves like a porous

336, where ion within the polymer matrix is due to migration
and is driven by a potential gradient. Discrepancies often arise when results from

the two different models are d®*. Additional lications arise due to

individual habits in preparing and handling the polymers. The complex
electrochemical polymerization processes often leaves the researcher with less than

complete control over the quality of the final polymers. Overoxidation of the
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polymer film can easily occur during the electrochemical polymerization step
(section 3.1). Such difficulty in preparing a typical and defect free polymer
accounts partly for the widely varied impedance data reported for conducting
polymers. For example, some authors have reported a high frequency semicircle
in complex plane impedance plots for oxidized polypyrrole films'#1$3¢ which

have not been observed by others™'*#"*%, In many cases the origin of this

is not well A variety of temporary explanations have
appearcd such as a charge transfer resistance in parallel with the double layer
capacitance of the underlying electrode'®, the polymer’s electronic resistance in
parallel with its bulk capacitance®, an ion transfer resistance in parallel with the

polymer’s double layer capacitance'?, or some other parallel resistance-

bination®, Obviously, different types of polymers or the same type

of polymer but handled differently may require different models to describe their

circuits which incorporate different

Furthermore, equi
opinions and assumptions can also provide far different results from the same set

of experimental impedance data.



4.2 Models of Electroactive Polymer

Film Electrodes

Current theories of charge transport in electroactive polymer film coated
electrodes can be divided into three groups, the redox layer model, the porous
electrode model and the metal oxide electrode madel. The metal oxide electrode
model was deduced by Ho and coworkers® in studying lithium (a neutral
electroactive species) insertion in tungsten trioxide (conducting and clectroactive)
thin film electrodes. They treated the insertion of lithium into the clectrode as
driven by diffusion, not by migration. Since this model is inappropriatc for the
insertion of ions into a conducting polymer, only the redox layer model and the
porous electrode model will be discussed in this section.

4.2.1 Redox Layer Model

This type of theory has been used to describe the impedance responses of
redox polymer modified electrodes. In these systems an oxidized or reduced
species is generated at the electrode/thin layer interface, and its movement through
the film is diffusion controlled, but restricted to the thin layer. Gabriclli et a'*
proposed a model which includes the interfacial kinetics and charge transport for
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a reversible redox polymer film. They treated charge ransport in the polymer film
as a diffusion process, which occurs through a bimolecular self-exchange reaction
between adjacent oxidized and reduced sites. A simpler model with no interfacial
process can be derived under the following assumptions:

1. Counterion movement is facile and does not limit electron hopping rate;

2. Electron transport within the film obeys Fick’s second law;

3. Electron movement is blocked at the polymer/solution interface;

4. Electron transfer at the electrode/polymer interface is fast so that

Nernstian equilibrium is always maintained there.

‘The general impedance response of the polymer coated electrode according to this

model would be:
7 - Icoh@s) @2.1]
:I
where:
R T
r o= ——
2 o Cr
and F*AD -

Co and cyare the average concentrations of oxidized and reduced sites respectively,
w is the angular frequency of rotation. D is the diffusion coefficient for the
electron hopping process, d the film thickness and A the electrode area. The
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symbols R, T, and F have their usual meanings. The parameter r has the

dimensions of Q@ cm™, and thus rep the resi per unit film thicks

The mathematical form of eq. [4.2.1] is exactly the one that describes the
impedance of the transmission line** shown in Fig. 4.2.1, which may thercfore
be considered as a possible electrical equivalent circuit.

Simplified forms of eq.[4.2.1] can be obtained for two extreme cases. First,

consider the impedance at the high frequency limit: As w - oo,

7. = \lz Sl [4.2.2]

which corresponds to a Warburg impedance (Z,)*. The real component (Z') of the

impedance equals the imaginary component (Z"), and varics with frequency as w*:

1241 = 122 S

The Warburg i d (Z,,) is independent of the film thick (d) in this high

frequency range. That is, the restricting effect of the finite film thickness is not felt
and the film appears infinitely thick to the potential perturbation. The phasc angle

(6) between the ac current and potential perturbation is:

85



Electrolyte
Solution

Figure 4.2.1 Eqmvn.lenl cnrcml for slow clcclron hoppmg The uncompensated bulk electrolyte solution
resistance (R,) which is not included in th quations is added.
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[4.2.4)

and is independent of the frequency.

The other simplified case occurs at the low frequency limit:

As w0,

d rD
Z{w-0) ~ L% e ) 4.2.5
oty 2 8 v L ©#25)

which corresponds to the impedance of a resistor (R,;) and capacitor (C,) in series,

where;
R, = rd
3 (4.2.6]
d
C, CR 4.2.7
r b { 1

Therefore the low frequency data form a vertical line in the complex impedance
plane. The projected length of the 45° Warburg line on the real axis is one third
of the total resistance of the transmission line (rd).

According to the first assumption above, the resistive rail of the
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transmission line circuit shown in Fig. 4.2.1 represents the slow election hopping
process while the fast counterion movement is represented by the zero resistance
rail. The distributed capacitance represents the redox reaction involved in the
impedance measurement,

Limitation of charge transport in a redox polymer by the movement of
counterions has been encountered in a number of experiments*”*!. This coupled
clectron and ion movement has been treated theoretically by Savéant and
coworkers™¥, and by Buck and coworkers®**¢!, They have derived modified
diffusion/migration equations to describe electron transport between fixed sites.

Mathias and Haas® have proposed an impedance model for redox polymer

giEod diffusi

coated el des using the equation for electron

hopping and the standard Nernst-Planck equations for i They

have assumed that the redox reaction of the polymer layer starts at the
electrode/polymer interface.

Albery and kers® have also p d an imped model for

modified electrodes and thin layer cells. From the fundamental transport equations,
they® related electron and counterion charge transport to a novel transmission line
circuit similar to that shown in Fig. 4.2.2, where R and Ry, are the distributed

polymer el ic and ionic resi: pectively, across the polymer

thickness.
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The polymer’s capacitance (Cg), which is also distributed uniformly across the
film, has been described by Feldberg™ as an indistinguishable combination of a
faradaic pseudo capacitance and a double layer capacitance. The current flows
across the electrode/polymer interface through the metallic contact only and the
polymer/solution interface through the ionic contact only. Albery’s model differs
from previous work in that the potentials that drive the current through the

polymer rail and solution rail of the transmission line are the modified Nernst

p ial and modified Donnan p ial respectively.
Since the experimental results of this work can be best analyzed with
Albery’s model, a detailed discussion of the model’s equations and method of

experimental data analysis is given here. The impedance is'

2p " 1-2p

Ry=p+———F+ v ——
e s¥sinh(s)'?  s"tanh(s)"?

[4.2.8]
where

__Re Ry
R



s=jw R Cyp

The Cy is the combined capacitance defined in eq. 11 of Ref. 19 and equals
approximately Cy. By plotting the imaginary impedance at low frequency vs.
1/frequency, Cg is calculated from the slope of the linear plot (Cr=1/(27 slope)).
R; is the sum of Rg and Ry,,.

The film electronic and ionic resistances can be obtained from
measurements of the impedance plotted in the complex impedance plane, using the

following two equations'®,

[4.2.9]
Ry =Ry + Ry,

[4.2.10]

where R, is the high frequency intercept of the 45° Warburg-type region in the
complex plane impedance plot minus the uncompensated solution resistance (R,),
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and R/3 is the th ically constant real imped at low frequency minus R,.

However, in almost all reported impedance experiments on conducting polymers,
instead of the ideal vertical line for an ideal capacitance response at low frequency
a slightly titled line has been obtained. The value of (R, +Ry/3) is thus obtained
by extrapolating the experimental data at low frequency to the real axis. Since the

data form a

istic shape in the complex impedance plane, most
of the data has been analyzed using the above method in this thesis.

Rg and Ry, can also be obtained by analyzing the high frequency data on
the Warburg-type line. For this region, plots of |Z - R, - R,|? vs.1/w form a

straight line as predicted by eq, [4.2.11], which is derived from eq. [4.2.8]*

Ry (L-2pp

1Z-R, - RJ?
w Cp

@.2.11]

When Ry and Ry, are very different, Eq. [4.2.11] is reduced to the form

given by Jakobs and coworkers?’.
4.2.2 Porous Electrode Theory

The impedance response of a porous carbon electrode in a sulphuric acid
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solution® can be described using the simple model of a single uniform pore. The

i ic form of the imped 8

@ e cothyfjo R, C [4.2.12]

where Ry, is the total ionic resistance in the pore and C the total distributed
interfacial capacitance of the pore. The equivalent circuit for this impedance is the
simple transmission line shown in Fig. 4.2.3. The resistive path here represents

the slow migration of ions in the pore solution and the zero resistance rail the fast

electron transport in the el ically ducting el de material.

Further extensions of the porous electrode model include the electrode rail
resistance (Rg) and an electrochemical reaction at the electrode/pore solution
interface. The equivalent circuit is then the same as shown in Fig. 4.2.2%%** and
the values of Rg, Ry, and Cj can be derived from the experimental impedance data
in the same way as for Albery’s redox model. It is at this point that Albery's
redox model derived from a microscopic point of view agrees with the porous

electrode model derived from a macroscopic point of view.
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Figure 4.2.3 Equivalent circuit for polymer film-coated electrode according to the porous metal
electrode model. R, which is not included in theoretical equations is added.
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4.3 Discussion

The imp P of conducting polymer coated electrodes can be

d based on the ission line circuits shown in Figs. 4.2.1,4.2.2 and
4.2.3. The experimental impedance responses can be categorized into the following
three cases; Rg > > Ry, Rg < < Ry, and Ry = Ry,
43.1 R; >> Ry,

The equivalent circuit representing this case is shown in Fig. 4.2.1. At very
high frequency, the (near) zero resistance rail allows ionic current to pass through
the polymer layer and the charging/discharging begins at the support electrode

(Pt)/polymer interface®. Therefore, the polymer electrode exhibits an additional

d resi R pared to the bare Pt electrode® . As the
frequency is decreased, the redox reaction layer grows outwards toward the
polymer/solution interface. The impedance data in this frequency range forms a
45° Warburg line, which characterizes the slow electron hopping in the polymer.

The projected length of the Warburg line on the real axis equals Rg/3. The
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diffusion coefficient of the electron hopping process (Dg) can be calculated using

the Nernst-Einstein relationship™;

[@43.1]

In this case, the conducting polymer behaves like a redox polymer. This has
been shown to be correct for lightly doped polypyrrole by small step
chronoamperometry studies*® and by a rotating disc voltammetry study®.
Therefore the redox model derived by Gabrielli ez a' can be used to derive the

diffusion coefficient for the electron hopping process from the experimental

impedance data. Under the ion that Rg > > R, Albery’s model" is
reduced to the Gabrielli’s model*".

Gabrielli’s*! and Ho’s™ models have been incorrectly used to derive the ion
diffusion coefficient (so called apparent diffusion coefficient) by some authors™™ %,
They may be perfectly correct in stating that the rate limiting step is the slow ion
movement for their cases, but do not realize that Fick’s diffusion equations are no
longer valid. Instead, the modified Nernst/Planck equation for coupled

migration/diffusion charge transport should be used and the impedance data should
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be modeled with Albery’s model or the porous electrode model.

43.2 R << Ry,

The equivalent circuit representing this case is shown in Fig. 4.2.3. In this
case, the polymer coated electrode behaves like a porous metal clectrode. This has
been recognized by Bull er a/®, Burgmayer et al**®, Jakobs e al*’, Waller et al’®
and Pickup et a/®*"™ for oxidized polypyrrole films. At very high frequency, both
the polymer coated Pt electrode and the bare Pt electrode have real impedances
equal to the uncompensated bulk solution resistance (R,)**. The redox reaction of
the polymer induced by the ac potential perturbation starts at polymer/clectrolyte
solution interface. As the frequency is decreased, the redox layer grows inwards
to the Pt/polymer interface. This prediction has been recently proven by Ren and
Pickup using a conducting polypyrrole bilayer electrode® (Chapter 9). The
projected length of the 45° Warburg-type line characterizes the slow ion migration
process in the pore solution and equals Ry,,/3. The diffusion coefficient for the
counterion in the polymer phase can be calculated using the Nernst-Einstein

relationship?®*:

R—
2
F

on = Oron

[4.3.2]
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@321

433 R; = R,

The cquivalent circuit representing this case is shown in Fig, 4.2.2. This
is the case of coupled electron hopping and counterion migration treated in
Albery’s model. At very high frequency, the transmission line has the resistance
of a parallel combination of Rg and Ry,,. The polymer redox reaction layer induced
by the ac potential perturbation starts at both interfaces and grows towards the
centre as the frequency is reduced. Solving the simultaneous egs. [4.2.9] and
[4.2.10] gives two values for the resistances, but to assign them to Rg and Ry,
requires additional information, such as an independent measurement of Rg or Ryg,.
The diffusion coefficients for electron hopping and ion migration can be calculated

using eqs. [4.3.1] and [4.3.2] respectively.

4.4 Conclusion

The simple redox model of Gabrielli et aP can be used to derive the

diffusion coefficient for electron hopping when it is slow relative to counterion

9%



movement. When charge transport in the polymer film is limited by counterion

= i igrati i must be used to describe

electron hopping and the coupled counterion movement. In this case, the
impedance data should be modelled with Albery’s model®. When R; > > Ry,

the polymer behaves like a porous metal electrode and the impedance can be

with a simple tr ission line circuit. The dual transmission line circuit,
which can either be viewed as the equivalent circuit for Albery’s model or an
extension from the porous metal electrode model, can be used to model both types

of charge transport in a conducting polymer.
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Chapter 5

Experimental and Simulated Impedance

Responses of Polymers

Since oxidized polypyrrole has a much higher electronic conductivity than
its ionic conductivity, a polypyrrole fiin coated electrode can be treated as a
porous metal electrode as discussed in Section 4.3.2. In this chapter experimental
impedance data for a variety of polymers are compared with the simulated data
from this and other moclels.

‘The impedance response of polypyrrole doped with perchlorate (PPY/CIO,)
is presented in section 5.1. Complex plane impedance plots for this polymer are
very close to the porous metal electrode model’s impedance response due to its
uniform structure. An oxidized poly-MPCA film coated electrode can also be
treated as a porous metal electrode. However, the morphology of this polymer
differs from that of polypyrrole. A dense bottom layer and dendritic top layer have
been observed by SEM for poly-MPCA films. Due to this non-uniform structure,
the polymer film’s impedance response deviates from the ideal one. Various

imp are si d by linearly varying the distributed ionic




and film i in the ission line circuit shown in Fig.

423.
As discussed in Chapter 4, Albery ef al have recently proposed a new
transmission line model for electroactive polymers'?. In this model, two rails of
distributed resistances are used to model charge transport in the polymer phase and

the pore solution respectively. They have applied this model to study the

p of poly(vinylfer dified el des® and polypyrrole
coated electrodes"*. In section 5.3, Albery’s model is thoroughly tested with the
impedance response of poly-[1-methyl-3-(pyrrol-1-yimethyl)pyridinium] (poly-
MPMP) over a wide potential range. There were two reasons for choosing this
polymer for this study. Firstly, poly-MPMP is an anion exchange polymer, which

contains about 5-6 M of anion exch sites®. It is permselective® and its ionic

conductivity is dominated by the mobile counter anions’. Therefore, unlike other
conducting polymers such as polypyrrole® and poly-3-methyl-pyrrole-4-carboxylic
acid®, the ionic conductivity of poly-MPMP does not vary greatly with the
oxidation level of the polymer film®. This property provides the opportunity to

study the imped: response of a ing polymer which has various relative

levels of ionic and electronic conductivities, since the latter can be easily changed
by varying the electrode potential while the former shows much less change with

potential. ly, both the el ic' and ionic” conductivities of this polymer
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have been measured by various other independent methods. The correct transport
mode of charge carriers within the polymer film can be identified by comparison
with these experimental results.

The electronic and ionic resistances of polypyrrole (PPY) doped with
perchlorate anions increase as the electrode potential is decreased®. The low
mobilities of both charge carriers at low electrode potentials make the Warburg-
type line extend to very high resistance, which requires using very low frequency

potential perturbations to determine the limiting low frequency capacitance and

C ly, these are both time consuming and
inaccurate.

The potential depend: of the ionic ductivity of PPY doped with

poly(styrene sulphonate) (PSS) is different from that of PPY/CIO,". For PPY/PSS

films, d ing the el potential d the polymer’s jonic resistance®

and increases its electronic resistance. Changing the polymer film’s oxidation state

by varying the electrode potential from a highly oxidized state to the near neutral

state produces three different types of i corresponding to the

three situations o;,, < 05, 0j,, = 05 and 0y, > 0g. At very low electrode
potentials (<-0.73 V vs. Ag/AgCl), the high frequency impedance data also form
a well defined semicircle in the complex impedance plane. It is one of the

purposes of this study to investigate the origin of this semicircle.
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5.1 Polypyrrole/perchlorate

A complex plane impedance plot for a2 um PPY/CIO, coated Pt electrode
in 0.2 M NaCl(aq) at 0.0 V vs. Ag/AgCl is shown in Fig. 5.1.1A. The real axis

intercept at high freqp incides with the d resi: of the bulk

electrolyte solution (R, = 311 0, determined with the bare Pt electrode). Thus
according to the dual transmission line circuit (Fig. 4.2.2), either the ionic or the
electronic resistance of the polymer is negligible when compared to the other.

Based on the known high i ductivity of polypy when it is even

slightly oxidized'"", it can be luded that the el i i of the

polymer film is negligible in the case treated here (i.e. electron transport is very

fast). The redox reaction induced by the ac potential wave at high frequency

herefore starts at the pol. /solution interface'*'* (a more detailed discussion on
this topic is given in Chapter 9). As the frequency is decreased, the redox reaction
layer expands inwards from the polymer/solution interface, and the corresponding

impedance data forms a 45° Warburg-type line which is characteristic of the slow
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Figure 5.1.1 A; Complex plane impedance plots for a 2 um PPY/CIO, in 0.2 M NaCl (aq) at 0.0 V

vs. Ag/AgClI (O) and simulated data (a) from the classical transmission line circuit shown in Fig.4.2.3

with R, =311 Q, R;,,=972 0 and C;=18.1 mF. B and C; Comparisons of the magnitude (|Z|) and
phase angle (6) of the impedance respectively for the experimental (O) and simulated data (a).
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ion transport in the film. At low frequency, the redox reaction layer encompasses

the whole polymer film which remains in equilibrium with the ging
potential. Under these conditions the polymer coated electrode behaves like a
simple capacitor and the complex plane impedance plot becomes a vertical linc.
The polymer’s impedance response can be modelled with a finite transmission line
circuit (Fig. 4.2.3). The ionic resistance Ry, of the polymer film is given by: R,,,
=3 Ry, where Ry, is the real axis intercept of the (almost) vertical low
frequency region of the complex plane impedance plot minus the solution
resistance. The ionic conductivity of the film (oy,,) is calculated by g1, =d/(Ry,, A),
where A is the geometric area of the electrode and d the dry film thickness. From
Fig. 5.1.1A, R, equals 971 Q and the film ionic conductivity is 15.3 uS cm.

Fig. 5.1.2 shows a plot of the imaginary impedance (Z”) vs. 1/frequency
for the low frequency data. The film capacitance (C;) calculated from the slope
(Cs= 1/(2x slope)) is 1.81x10* F, the volumetric capacitance (Cy.= Cg/(A d))
is 201 F cm?.
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5.2 Poly-(3-methyl-pyrrole-4-carboxylic acid) and

Simulated Impedance Responses

5.2.1 Poly-(3-methyi-pyrrole-4-carboxylic acid)

The impedance response of a typical oxidized poly-MPCA film is shown in

Fig. 5.2.1 in the complex plane. The real axis intercept of the high frequency data

with the d resi of the bulk yte solution (R, =
670 0) measured with the bare Pt electrode. This value does not change with the
thickness of the polymer film on the electrode nor with the clectrode potential.

Thus either the ionic or the electronic resistance of the polymer is negligible when

compared with the other. I of the film el
ivity with dual el de vol y (Table 6.2.1) confirm that Ry is less
than 2 Q and is thus negligible. The polymer’s i d: response was modelled

with the classical transmission line circuit (Fig. 4.2.3) with the resistive path
representing the slow ion transport across the polymer film thickness. From Fig.
5.2.1, Ry, (ca. 540 Q) equals three times the projected length of the Warburg-type

line on the real axis and the film ionic conductivity is 9.6 S cm’.
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Figure 5.2.1 Complex plane impedance plots for a 0.7 um poly-MPCA film
coated Pt electrode at 0.8 V vs. SSCE (- ), and for the bare Pt electrode (—
— —), both in acetonitrile containing 0.1 M LiClO,. Frequencies in Hz are

indicated for selected points.
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A plot of the imaginary impedance (Z") vs. 1/frequency for the low
frequency data forms a straight line. The film capacitance (Cy) calculated from the
slope (Cp= 1/(27 slope)) is 1.1x10* F and the volumetric capacitance (Cy,.) is
352 F cm™. The deviation from the ideal vertical line at low frequency is similar
to that observed in Fig. 5.1.1A for PPY/CIOy.

The complex plane impedance plot for poly-MPCA also differs from the
ideal response of the classical transmission line circuit (Fig. 4.2.3) in that the
Warburg-type line has a angle to the real axis of ca. 55° instead of 45° and the
transition from the Warburg-type line to the vertical line (finite film thickness-
limited charging/discharging region) is less distinct. In comparison, the impedance
response for PPY/CIO, is closer to the ideal response (Fig. 5.1.1A). The
differences in the polymer film impedance response between PPY/CIO," and poly-
MPCA can be related to their difference in film morphology obscrved by scanning
electron microscopy (SEM). Fig. 5.2.2A shows the cross scction of a PPY/CIO;
film deposited on an indium/tin oxide (ITO) coated glass plate clectrode. The
uniform appearance of this polymer justifies the use of the classical transmission
line circuit which has uniformly distributed resistances and capacitances to mode!
the experimental impedance response. In contrast, the morphology of poly-MPCA

shown in Fig. 5.2.2B, C and D is clearly different. Two types of polymer
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structures can be easily identified. The polymer layer formed at the beginning of
the electrochemical polymerization (less than 0.6 pm thick) has a uniform
appearance while the polymer deposited at later stages assumes a more open
dendritic structure. Clearly, the ionic resistivity of the polymer layer will decrease
from the Pt/polymer interface outward. The capacitance per unit film thickness
also decreases across the polymer film thickness as the polymer structure becomes
more open. For poly-MPCA it is therefore necessary to vary the distributions of
resistors and capacitors in the modelling circuit accordingly.
5.2.2 Simulation with a Transmission Line Circuit

For the majority of cases studied in this work, the electronic conductivity
of the polymer film is much larger than its ionic conductivity. A transmission line
with a zer. resistance wire representing the fast electron transport and a resistive
rail representing the slow ion transport is therefore sufficient to model the
experimental impedance response. In the classical transmission line circuit shown

in Fig. 4.2.3, the capacitance and resistance are uniformly distributed across the

polymer film thi Attheel de/polymer interface only electrons carry the
current and at the polymer/solution interface only ions carry the current. Since the

transmission line can be described as a two-port cascaded network, network
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Figure 5.2.2 A & B Scanning electron micrographs of an across section of 5.3 yum PPY/CIO, film
on ITO electrode (A), and a 1.3 um poly-MPCA film deposited on a Pt electrode after peeled off the
electrode with a scalpel for comparison of the top and bottom morphologies (B).



Figure 5.2.2 C & D Scanning electron micrographs of side view (C) and an across section revealed
after part of the film torn away with a scalpel (D) for a 1.3 um poly-MPCA film deposited on a Pt
electrode.
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theory can be used to calculate the impedance response of such a circuit.
However, the calculation can be greatly simplified by making use of the zero

resistance wire to redraw the network as shown in Fig. 5.2.3. The circuit is

merely a repetition of a capacitor and a resistor in series combination which then

parallels with the next i The i d: can be cal by using a
successive reduction method”, Starting from the electrode/polymer interface the
total impedance from the electrode (plane 0) to plane k+1 is calculated from the
total impedance to plane k using the following iterative equation.
Zku:Rm"‘le-
Z; joCp,

[5.2.1]

Since only electrons can pass through the electrode/polymer interface, the resistor
R, is infinite for such an open circuit point. Therefore Z, is calculated from eq.
[5.2.1] with 1/Z, = 0.

For t'z simulation of the i | imped: response using the

classical transmission line circuit, the film ionic resistance and capacitance were
divided among 2000 equal resistors and 2000 equal capacitors respectively,

distributed according to the circuit in Fig. 4.2.3. Fig. 5.1.1A shows a comparison
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of the simulated and experimental impedance data for PPY/CIO,’ in the complex
impedance plane. The magnitude (|Z|) and phase angle (6) of the impedance as
a function of frequency are compared in Figs. 5.1.1B and 5.1.1C respectively for
the simulated and experimental data. Clearly, there is a very good agreement
between the experimental and simulated data except that the experimental data
shown in Fig. 5.1.1A deviate from the ideal vertical line at low frequency. Such
deviation has been observed in all impedance studies of conducting polymers.
Possible reasons, such as non-uniform film thickness®** and distribution of
diffusion coefficients®, have been discussed in: the literature. In addition, the
various pathways for ion transport across the film may contribute to this
deviation®. Detailed discussion of this topic is given in Chapter 10.

To simulate the experimental impedance response of a non-uniform polymer
film like poly-MPCA, the film ionic resistance and capacitance were both
decreased linearly with distance from the Pt/polymer interface as shown in Fig.
5.2.4. Since the variations of film ionic resistance and capacitance are assumed to
be symmetrical about the half film thickness plane, the distribution can be defined
with a single parameter (sc or sg), which is the ratio of the value at the
polymer/electrolyte interface (C(d) or R(d)) against the average value across the
film thickness (C or R). The classical transmission line circuit can be regarded as

a special case when both s¢ and s, are unity.
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liigun 5.2.4 A schematic diagram showmg uniform and linearly varying
ions of film ionic resi and cap across the film thickness.
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Complex i

plots of p of the
transmission line circuit with linear film ionic resistance and capacitance
distributions are shown in Fig. 5.2.5. Table 5.2.1 summarizes the characteristic
shapes of the simulated complex plane impedance plots for various combinations
of sy and sc. The angle between the high frequency Warburg-type line and real
axis is denoted by 3, and (Z'/Ry,.),— is the constant value of the real impedance
for the low frequency data on the vertical line divided by the film ionic resistance
(Rioo)-

It is surprising to notice that even for a non-uniform film it is possible to
have the ideal impedance response as long as both s, and sc are the same. When
sg < Sc, the Warburg-type line at high frequency has an angle (8) larger than 45°
to the real axis and the transition from the Warburg-type region to the capacitance
region is less distinct. On the other hand, when s3> sc the Warburg-type line at
high frequency has an angle (8) smaller than 45° to the real axis and the transition
from the Warburg-type region to the capacitance region becomes more abrupt.

The experimental impedance response of poly-MPCA can thus be modelled
with s < sc, ie., the decrease in film ionic resistance towards the
polymer/solution interface is more rapid than the decrease in capacitance (e.g. sg
= 0 and s = 0.5). This result corresponds qualitatively with the observed

morphology of this polymer.

121



1.2 T T T T
| .7J| J8 l 1 1
4 111 J5| 25
w O|S[1] 1] 1
] s V|11 |5 0
0.9 ia
g
~ 0.6
-
N ]
23
0.3
i 58 1.7
233
] 584
0.0 T T T T T
0.0 0.3 0.6
-Z" [ Ry,

Figure 5.2.5 Complex plane impedance plots for tlle sunulnted unpedance
response of linearly distributed ission line circuit. q
(wRy,,Cy) are marked for selected points.




Table 5.2.1 Ch of simul lex plane impedance plots
sc 5 Bldeg. (Z'Rdo
1.00 1.00 45.0 03338
1.00 0.00 60.0 0.1675
1.00 0.25 53.0 0.2091
1.00 0.50 48.9 0.2507
1.00 0.75 462 0.2923
0.75 1.00 43.6 03777
0.75 0.75 45.0 03338
0.75 0.50 474 0.2903
0.75 0.25 513 0.2466
0.75 0.00 58.1 0.2029
0.50 1.00 415 0.4255
0.50 0.75 2.8 0.3798
0.50 0.50 45.0 03338
0.50 0.25 48.9 0.2883
0.50 0.00 55.2 02426
0.25 1.00 36.7 0.4776
0.25 0.75 39.1 0.4298
0.25 0.50 412 0.3820
0.25 0.25 45.0 03338
025 0.00 52.0 0.2864
0.00 1.00 30.0 05337
0.00 0.75 316 0.4838
0.00 0.50 34.3 0.4340
0.00 0.25 383 0.3841
0.00 0.00 45.0 03338




5.3 Poly-[1-methyl-3-(pyrrol-1-ylmethyl)pyridinium]

5.3.1 Impedance of Poly-[1-meihyl-3-(pyrrol-1

-ylmethyl)pyridinium]

Fig. 5.3.1 shows a ison of an plot for a

poly-MPMP film coated Pt electrode with that calculated from the dual
transmission line circuit shown in Fig. 4.2.2 using eq. [4.2.8]. The value of C;
used in the calculation was obtained from the slope (=1/Cg) of an imaginary
impedance (Z") vs. 1/frequency (1/w) plot for the low frequency experimental
data. The values of R, and R,+R; were obtained by extrapolating the low
frequency data on the near vertical lines for the bare Pt electrode and the polymer
film coated Pt electrode to the real axis respectively, and the value of R, by
extrapolating the high frequency data on the 45° Warburg-type line to the real
axis,

Impedance data for 4 1.6 pm poly-MPMP coated Pt electrode at various
potentials in water containing 0.1 M NaClO,, acetonitrile containing 0.1 M
EtNCIO, and propylene carbonate containing 1.6 M LiClO, are shown in the
complex impedance plane in Figs. 5.3.2, 5.3.3 and 5.3.4, respectively. Figs.

5.3.5, 5.3.6 and 5.3.7 are the plots of the el ic and ionic ductivities,
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Figure 5.3.1 Experimental impedance plot for a 1.6 um poly-MPMP film at 0.86
V in propylene carbonate + 1.6 M LiClO, (A) and simulated impedance plot
based on the circuit shown in Fig.4.2.2 (B). The plot marked Pt is for the bare Pt
electrode at open circuit. Frequencies of selected points are indicated in Hz.
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Figure 5.3.2 Complex plane impedance plots for a 1.6 um poly-MPMP film on
a Pt electrode at potentials of 0.70(A), 0.00(C), 0.63(D), 0.57(E), 0.55(F), and
0.53(G) V in 0.1 M NaClO,(aq) solution. Plot (B) is for the bare Pt electrode at
open circuit. Marked points correspond to frequencies of 10°(#), 10%(@), 2(a)
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Figure 5.3.3 Complex plane impedance plots for a 1.6 um poly-MPMP film on
a Pt electrode at potentials of 0.00(A), 0.82(B), 0.74(C), 0.70(D), 0.68(E) and
0.66(F), and 0.64(G) V in acetonitrile containing 0.1 M Et,NCIO,. The plot
marked Pt is for the bare Pt electrode at open circuit. Marked points correspond
to frequencies of 10°(#), 10°(®), 1(M) and 0.5(a) Hz.
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Figure 5.3.4A Complex plane impedance plots for a 1.6 um poly-MPMP film on
a Pt electrode at potentials of 0.85(A), 0.65(B), 0.63(C), 0.59(D), 0.00(E),

0.53(F), and 0.51(G) V, in propylene carbonate containing 1.6 M LiClO,. The
plot marked Pt is for the bare Pt electrode at open circuit. Marked points
correspond to frequencies of 10°( ), 10°(®), 100(O), 1(M), 0.5(a) and 0.1(0J)
Hz.
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Figure 5.3.4B Complex plane impedance plots for a 1.6 um poly-MPMP film on
a Pt electrode at potentials of 0.00(A),0.49(B), 0.47(C) and 0.45(D) V, in
propylene carbonate containing 1.6 M LiClO,. The plot marked Pt is for the bare
Pt electrode at open circuit. Marked points correspond to frequencies of 10%( ¢ ),
10°(®), 100(O), 1(M), 0.5(a) and 0.1(J) Hz.
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Figure 5.3.5 Electronic (©,+) and ionic (O, X) ductivities from the imped: data shown in

Fig. 5.3.2(plus additional data) for poly-MPMP in 0.1 M aqueous NaClO,. Circled points were
obtained using low-frequency data while the others were obtained using data from the Warburg-type
region.
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Figure 5.3.6 Electronic (®,+) and ionic (O, X) di m the imped: data shown in

F'S 5.3.3 (plus additional data) for poly-MPMP in acetonitrile conmnmg 0. l M Et.NCIO‘ Circled
points were obtained using low-frequency data while the others were obtained using data from the
Warburg-type region.
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Figure 5.3.7 Electronic (®,+) and ionic (O, X) ivities from the imped:

data shown in

Fig. 5.3.4(plus additional data) for poly-MPMP in propylene carbonate containing 1.6 M LiCIO,.
Circled points were obtained using low-frequency data while the others were obtained using data from

the Warburg-type region.
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obtained by solving eqs. [4.2.9] and [4.2.10], as a function of the electrode
potential for the three electrolyte solutions. The conductivity which shows the least
variation with electrode potential and is closest to the value of the film ionic
conductivity measured for the reduced state (e.g. at 0.0 V vs. SSCE, see below)
is assigned as the ionic conductivity.
5.3.2 Conductivity of Reduced Films

The impedance responses of reduced poly-MPMP (e.g. at 0.0 V) films
shown in Fig. 5.3.2 curve C, Fig. 5.3.3 curve A and Fig. 5.3.4A curve E arc
almost the same as those of the bare Pt electrode; the only significant difference
being a shift along the real impedance (Z') axis. The similar values of the
capacitance for the reduced film coated Pt electrodes and the bare Pt clectrode
(Table 5.3.1) indicate that no Faradaic processes (charging/discharging) of the
polymer film occur during the impedance measurement. The very high electronic
resistance of the reduced film prevents substantial electronic current (Faradaic
current) to flow into the polymer. However its ionic conductivity allows the
charging/discharging of the Pt/polymer interface. In this case the ionic current

travels through the bulk electrolyte solution and across the polymer film to reach

the underlying Pt el de. The d resi for a reduced film coated Pt

electrode is therefore the sum of the solution resi which is

measured with the bare Pt electrode, and the film’s ionic resistance. Tables 5.3.2
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and 5.3.3 list the ionic conductivities of reduced poly-MPMP films in various

electrolyte solutions.

Table 5.3.1 Capacitances of poly-MPMP film coated Pt electrodes at 0.0 V and

the bare Pt electrode at the open circuit potential in various electrolyte solutions.

Electrolyte solutions Poly-MPMP Pt
Thickness Capacitance | Capacitance
pm uF cm? uF cm?
Water + 0.1 M 1.6 24.4 20.1
NaCIO, 32 25.3 217
CH,CN + 1.6 99+ 0.1 83 + 0.6
0.1 M Et,NCIO,
Propylene carbonate 0.4 129 £ 0.1 | 16.1 £ 0.5
+ 0.8 13.4 £ 0.7 | 13.8 £ 0.6
1.6 126 £ 0.1 | 150 £ 1.9
1.6 M LiCIO, e C
4.0 15.0 16.7
Propylene carbonate+ 1.6 11.6 £ 0.1 | 149 £ 0.5
0.4 M LiCIO,
The average and standard deviation are for four on the same
film.

‘This interpretation of the impedance response of reduced poly-MPMP has
been previously discussed by Pickup and shown to be correct’. The ionic

conductivities of reduced poly-MPMP in 0.1 M KCI and KI (Table 5.3.3) are in
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reasonable agreement with the values of 2.8 mS cm™ and 1.2 mS cm! respectively

d ined by d.c. conductivity on free-standing films’.

Table 5.3.2 Ionic conductivities of reduced poly-MPMP films in various

electrolyte solutions.

Electrolyte solutions Film thickness Conductivity
pm uS cm’!
Water + 1.6 312 + 21
0.1 M NaClO, 32 384
Propylene carbonate + 0.4 20.2
1.6 M LiClO, 0.8 1.4
1.6 7.97 + 0.78
3.2 7.61
4.0 8.23
Acetonitrile + 1.6 95.1 + 13.0
0.1 M EtNCIO, 32 107

The average and standard deviation are for measurements on the three
films,

533 oy, > o

Poly-MPMP films have a much higher ionic conductivity in aqueous
solutions than in acctonitrile and propylene carbonate solutions due to a much

larger swelling factor in water. In both aqueous and acetonitrile solutions, poly-
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MPMP films have a higher ionic ivity than el i ductivity over the

whole potential range studied. Thus in both solvents (Fig. 5.3.2 and Fig. 5.3.3)
the high frequency end of the Warburg-type line in the complex plane impedance
plot starts near the real axis intercept for the reduced polymer film. These
experimental results show that the polymer resistance at high frequency is
dominated by the low resistive path for ion transport. The polymer redox reaction
starts at the Pt/polymer interface at high frequency and spreads to the

polymer/electrolyte interface as the frequency is decreased.

Table 5.3.3 Ionic conductivities of a reduced 1.6 um poly-MPMP film in various

electrolyte solutions.

Electrolyte solution Tonic conductivity
«S cm'!
Water + 0.1M KCI 1.61x10°
Water + 0.1IM KBr 1.01x10°
Water + 0.1M KI 9.66x10*
Acetonitrile + 0.1M Et,NCI 9.21
Acetonitrile + 0.1M Et,NBr 8.30x10"
Acetonitrile + 0.1M Tetrapropyl 7.70x10™*
ium bromide
Acetonitrile + 0.1M Tetraethyl 1.24
ammonium toluene sulphonate
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534 o6, < 0

In the very viscous propylene carbonate solution, poly-MPMP exhibits the
lowest ionic conductivity among the three solvents studied. Fig. 5.3.4A curve A
shows a complex plane impedance plot for a highly oxidized film. The high
frequency end of the Warburg-type line starts near the real axis intercept for the

bare Pt electrode, indicating that charge transport in the oxidized polymer film at

high freq is dominated by electron

port, which is now the lower
resistance rail in the transmission line (Fig. 4.2.2). In this case, the polymer redox
reaction induced by the potential perturbation starts near the polymer/electrolyte

interface at high frequency and spreads inwards to the Pt/polymer interface as the

frequency is decreased.
For Poly-MPMP, d: ing the el de potential its el
ductivity. At el d ials lower than 0.51 V vs. SSCE, the electronic

conductivity of the polymer film is lower than its ionic conductivity, and the
complex plane impedance plots (Fig. 5.3.4B) are similar to those for the aqueous

and acetonitrile solutions.
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5.3.5 0y = 0

The movement of charge carriers within the polymer film can bc described
by the classical transmission line circuit (Figs. 4.2.1 and 4.2.3) when the
electronic and ionic conductivities are very unequal, and the impedance plot in the
complex plane has a well defined 45° Warburg-type region. However, as the two
conductivities approach each other, the Warburg-type region becomes steeper and
shorter as shown in Fig. 5.3.4A curve C and D, and eventually egs. [4.2.9] and
[4.2.10] offer no real solutions. For these equations to have a real solution, the
length of the Warburg-type region (projected onto the real axis) must be at least
33% of R, (i.e. Ry must at least 4R,,). Similar situations were encountered for
thicker films as well (Table 5.3.4). Fig. 5.3.8 shows a comparison of the complex
plane impedance plots for a poly-MPMP film in propylene carbonate at 0.59 V vs.
SSCE (previously shown as curve D in Fig. 5.3.4A) with the simulated data from
the model circuit (Fig. 4.2.2) using Rg = Ry, = R./2. Clearly the Warburg-type

region for the experimental data is too short.
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Table 5.3.4 El ic and ionic conductivities (uS cm™) for Poly-MPMP films
in propylene carbonate containing 1.6 M LiCIO,.

Electrode 1.6 pum 3.2 pm 4.0 um
Potential

v O Oloa Og Oloa Og Olon.
0.85 33.8 6.11 38.2 4.10 23.0 5.04
0.83 26.2 6.15 30.0 4.23 19.3 5.19
0.81 21.8 6.22 25.8 4.32 17.4 5.28
0.79 19.6 6.39 23.8 4.28 16.3 5.35
0.77 16.3 6.80 21.3 4.26 15.4 5.36
0.75 15.5 6.82 20.4 4.25 14.4 5.77
0.73 13.9 7.10 15.8 4.45 13.3 5.71
0.71 12.3 7.48 14.7 4.49 12.5 5.77
0.69 10.4 8.25 13.6 4.60 11.3 5.98
0.67 - - 12.3 4.77 9.90 6.29
0.65 - - 11.2 4.67 - -
0.63 * - 9.20 4.85 = -
0.61 A - 7.40 553 * -
0.59 i -~ -~ - = -
0.57 i . = a - -
0.55 5 - _. - 3 =
0.53 4.32 4.84 3.64 4.57 3.08 6.14
0.51 2.20 6.10 2.06 5.31 2.17 6.64
0.49 1.31 6.98 1.51 5.86 1.70 7.00
0.47 0.68 7.61 1.05 573 1.29 7.40

* — No real solutions for the egs. [4.2.9] and [4.2.10].
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Figure 5.3.8 Experimental impedance plot (A) for a 1.6 um poly-MPMP film at
0.59 V in propylene carbonate + 1.6 M LiClO, and (B) simulated impedance plot
based on the circuit shown in Fig.4.2.3 when R,,,=R;. Frequencies of selected
points are indicated in Hz.
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The d ing ioni ductivity with increasing potential observed in Figs.

5.3.5,53.6and5.3.7 is lous since the i i ion of counter

ions in the polymer as it is oxidized should lead to an increase in ionic

conductivity. Extrapolation of the sloped low-fr region of the i

plot will bl i R;. the low il ionic

conductivity results indicate that Ry is overestimated. To investigate the
significance of this error, Ry and R,,, were also estimated from data in the
Warburg-type region. Plotting |Z - R, -R,|? vs. l/w for these data forms a
straight line (Fig. 5.3.9) as predicted by eq. [4.2.11]. Ry and R, values were
obtained from the slopes of such plots and R, (eq. [4.2.9]). Conductivities
obtained in this way are not significantly different from those obtained using the
low-frequency data (Figs. 5.3.5, 5.3.6 and 5.3.7). This confirms that the ionic
conductivity of the polymer indeed decreases as it is oxidized. Similarly, there are
no solutions for egs. [4.2.9] and [4.2.10] for the data in curves B to D in Fig.
5.3.4A using this alternative data analysis method. Since all deviations from the

transmission line model are centered at a potential where the film exhibits equal

ic and ionic ivities, a coupling of ion and electron transport may
be responsible. Further discussion of the coupling of ion and electron transport can

be found in a published paper®.
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Figure 5.3.9 Plot of (Z-Z..-R)? vs. 1/frequency for the high frequency data on the Warburg-type line
for curve A shown in Figure 5.3.5A.
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5.3.6 Discussion
Since one of the major purposes of this study was to examine the

applicability of the dual rail ission line model in analyzing the i

data of conducting polymers, it is essential to compare the derived electronic and
ionic conductivities of poly-MPMP with previously reporied data®™. The
accuracy of the electronic conductivities can be seen by comparison with results
from independent methods™ as shown in Fig. 5.3.10. The impedance results agrce

1 de voli

well with results from rotating-di y and dual el y.

The discrepancy at higher potentials has been attributed to the coupling of ion and
electron transport”. Ion and electron transports are involved simultancously in

impedance spectroscopy but not in the other two methods, and the coupling effect

becomes more p d at ial

where both ivities approach each
other (Fig. 5.3.4).

The accuracy of the ionic conductivities can be assessed from the data in
Figs. 5.3.5, 5.3.6 and 5.3.7 by comparing the values for the oxidized polymer (E
> 0.4 V) with those for the reduced polymer. The determination of the reduced

" . el

P py is y an

polymer ionic ivity by

independent method and there is no doubt that the values obtained are accurate.
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Since poly-MPMP contains 5.6 M of cation exchange sites and oxidation adds at
most 20% more cationic sites located on the polypyrrole backbone®, it is expected
that the ionic conductivities of the oxidized states are not significantly different

from that of the reduced state. The discrepancies in Figs. 5.3.5, 5.3.6 and 5.3.7

are at most ca. 50%. This is good ag given the di in
the electrochemistry involved in the polymer film during impedance measurements
on the oxidized and reduced states. For the reduced polymer, only the Pt double
layer is charged/discharged and the polymer film merely acts as a barrier to ion
transport between the bulk electrolyte solution and the Pt surface. For oxidized
films, a redox reaction occurs in the polymer layer and at low frequency the whole

film is charged/discharged during each cycle or the potential perturbation.

5.4 Polypyrrole/poly(styrene sulphonate)

Complex plane impedance plots covering three different electrode potential
ranges for a 2 um PPY/PSS coated Pt electrode in a saturated NaClO,(aq) solution

are shown in Figs. 5.4.1A , B and C. A saturated solution was used in these
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Figure 5.4.1A Complex plane impedance plots for a 2.0 um PPY/PSS film on
a Pt electrode in saturated aqueous NaClO,. Electrode potentials are indicated in
V vs. Ag/AgCl. The plot marked Pt is for the bare Pt electrode at open circuit.
Frequencies in Hz are marked for selected points.
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Figure 5.4.1B Complex plane impedance plots for a 2.0 um PPY/PSS film on a Pt electrode in
saturated aqueous NaClO,. Electrode potentials are indicated in V vs. Ag/AgCl. The plot marked Pt
is for the bare Pt electrode at open circuit. Frequencies in Hz are marked for selected points.
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Figure 5.4.1C Complex plane impedance plots for a 2.0 um PPY/PSS film on
a Pt electrode in saturated aqueous NaClO,. Electrode potentials are indicated in
V vs. Ag/AgCl. The plot marked Pt is for the bare Pt electrode at open circuit.
Frequencies in Hz are marked for selected points.
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experiments to minimize the degree of polymer film swelling by water. The
polymer films exhibited high stability in this solution. Consequently, very
reproducible measurements (within 6 % at the same potential) were obtained either
for a single film over a period of 24 hours or for different films preparcd under
the same conditions.

For the potential range covered by Fig. 5.4.1A, the electronic conductivity
of the polymer film is much larger than its ionic conductivity. The impedance

p were with the classic transmission line circuit (Fig.

4.2.3) to extract ionic resistances for the polymer film. Table 5.4.1 lists the film
ionic conductivities measured in this potential range.

The complex plane impedance plots shown in Fig. 5.4.1B are characterized
by a shift of the real impedance intercept of the high frequency data for the
polymer electrode away from that for the bare Pt electrode, indicating that the

electronic resistance of the film has become with its ionic

To model these impedance data and extract the polymer’s electronic and ionic
resistances it is necessary to invoke the dual rail transmission line circuit (Fig.
4.2.2). The film electronic and ionic conductivities are also listed in Table 5.4.1.
It is interesting to notice that for this polymer eqs. [4.2.9] and [4.2.10] offer no
real solutions for the impedance data at -0.69 V because the Warburg-type region

is too short.
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Table 5.4.1 El ic and ionic conductivities for a 2 um PPY/PSS film coated
Pt electrode in saturated NaClO, (aqg).

E Ry Ry Gion s Ce®

v Q Q uScm? | pScm? | mF cm?
0.00 60.6 149 168 - 28.1
-0.10 60.5 137 194 - 313
-0.20 60.5 125 230 = 37.0
-0.30 60.8 111 294 - 41.4
-0.40 60.8 104 341 - 43.2
-0.50 60.6 94.4 438 - 38.7
-0.55 60.6 88.7 527 -+ 32.8
-0.60 63.1 89.6 526 1.73x10* 27.1
-0.63 68.0 91.3 529 5.48x10° 24.0
-0.65 3.1 93.6 527 3.03x10° 21.8
-0.67 83.4 100 506 1.44x10° 19.5
-0.68 89.4 105 492 1.05x10° 18.2
-0.69 96.7 107 > - 17.9
-0.70 109 126 517 401 15.1
-0.71 - 140 - -° 14.9
-0.72 - 166 - - 13.5

* The electronic conductivity of the polymer 1s very high, and the

is with a line circuit (Fig.

423).

® No real solutions for the equations from Albery’s dual rail transmission
line model.

© Ryg can not be accurately determined due to the ill-defined emerging
ircle at high freq in the lex plane imped: plots.

‘ Capacnances were obtained from the slope (=1/Cg) of an imaginary
d: (Z") vs. 1/fr y (1/w) plots for low frequency data.
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Fig. 5.4.1C shows the impedance responses for PPY/PSS as the electrode
potential is further decreased. Now the film's electronic resistance becomes much
larger than its ionic resistance. In this potential range, the high frequency data

form a distinct semicircle in the complex i

plane. As the frequency is
decreased, the semicircle merges with the 45° Warburg-type line. At very low
frequencies the impedance data form a nearly vertical line.

Based on the same argument used for the reduced poly-MPMP film coated
Pt electrade in section 5.3, the ionic resistance of reduced PPY/PSS film can be

i i dently d ined by the real i shift between the

bare Pt and the polymer coated el de at very high fi ies. It was found
that the film ionic resistance in the potential range from -0.75 to -0.86 V is nearly
constant at ca. 509 pS cm. This value is remarkably close to the values (526 to
492 S cm™) obtained using the dual rail transmission line circuit (Fig. 4.2.2) for
electrode potentials from -0.6 to -0.7 V, and the value (527 pS cm™) obtained
using the classical transmission line circuit (Fig. 4.2.3) for the data at -0.55 V.
Thus varying the electrode potential between -0.55 V and -0.86 V does not appear

to change significantly the number of mobile Na* ions in the polymer film. This

is i with cyclic vol of the polymer (Fig. 7.2.1B),

which show little anodic current over this range.
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The high freq real axis i of the semici in Fig. 5.4.1C

d to the d bulk solution resistance plus the film ionic

resistance. This suggests that the semicircles originate from a process at the
polymer/Pt interface, where electron transfer occurs. However, an ionic double
layer at the polymer/solution interface in parallel with an ion transfer resistance
across the polymer/solution interface is also a possibility. In this case, the redox
reaction of the reduced PPY/PSS film would still start at the Pt/polymer interface.
Oxidation of the polymer would involve the transport of Na* ions towards the
polymer/solution interface. It is possible that there is a kinetic barrier which
hinders the Na* ions crossing the polymer/solution interface. Charge balance may
be more easily achieved by bringing the electrolyte anions from the bulk solution
to the polymer surface to form an ionic double layer at the polymer/solution
interface. The equivalent circuits that describe the two kinds of interfacial charge
transfer process discussed above are shown in Figs. 5.4.2A and 5.4.2B
respectively.

Starting from the fund: kinetic i it has been icted by

Albery* that the charge transfer resistance (R.) for electron transfer at the
Pt/Polymer interface will increase as the electrode potential is shifted away from

the polymer’s formal potential. For a polymer film such as PPY/PSS which
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Figure 5.4.2A Modified ission line circuit ining a R, and C, element at the
electrode/polymer interface.

154



contains mobile cations as the ionic charge carriers, decreasing the electrode
potential will decrease R, for ion transfer at the polymer/solution interface; while
for a polymer film such as PPY/CIO, which contains mobile anions as the ionic
charge carriers, decreasing the electrode potential will increase R,, for ion transfer
at the polymer/solution interface. Therefore the observation of the potential

dependence of R, for PPY/PSS (Fig. 5.4.1C) quickly confirms that the semicircle

is due to electron transfer at the Pt/polymer interface. Discrimination between (he

two charge transfer processes for PPY/CIO, requires additional information such

as the y ion d d of R, since R, values for both
interfacial processes will increase with decreasing electrode potential.

The equivalent circuit shown in Fig. 5.4.2A can describe the impedance
response of PPY/PSS at all potentials. For oxidized PPY/PSS film, R, is
negligible. The small capacitance of Cq in parallel with the large capacitance of
the polymer layer is also negligible. In this situation, the equivalent circuit is
reduced to the dual rail transmission line circuit (Fig. 4.2.2).

Table 5.4.2 lists the parameters obtained by fitting the experimental
impedance data in the potential range from -0.73 to -0.86 V to the cquivalent
circuit shown in Fig. 5.4.2A with a complex non-linear least square fitting

program (ZSIM/CNLS, Scribner Associates, Inc). Fig. 5.4 3 shows an example
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Table 5.4.2 Fitting results for the impedance data shown in Fig.5.4.1C to the

equivalent circuit shown in Fig. 5.4.2B. (R, is 88.1 Q at all potentials)

E Ca Ry Rg Ce* Ce® Og

v uF cm? Q Q mF cm? | mF cm? | uS cm?
-0.73 42.6 26.4 158.3 10.7 13.2 281
-0.74 37.4 43.1 295.6 10.1 11.5 150
-0.75 36.4 62.0 516.7 9.27 11.0 86.0
-0.76 36.5 85.1 782.7 8.81 9.96 56.8
-0.77 35.4 126 1.31x10° | 7.97 9.65 34.1
-0.78 38.5 169 2.02x10° | 7.62 8.55 22.1
0.79 43.9 227 3.20x10° | 7.28 8.13 13.9
-0.80 46.8 343 4.81x10° | 6.67 7.48 9.23
-0.81 49.6 516 7.65x10° |  6.20 6.74 5.81
-0.82 52.9 782 1.21x10° | 5.70 6.36 3.67
-0.83 59.8 1.15x10° | 1.78x10° | 5.44 592 2.50
-0.84 59.6 1.91x10° | 2.94x10° | 4.71 5.03 1:5%
-0.85 63.1 | 2.99x10° | 4.48x10° | 4.29 4.81 0.9
-0.86 67.3 | 4.48x10° | 6.95x10° | 4.01 4.64 0.64

* From the best fit time constants (r = CgxRg) of the transmission line.
(Z") vs.1/freqy

® From the slopes (=1/Cy) of i

(1/w) plots for low frequency data.
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Figure 5.4.3 Complex plane imped: plots of the experi 1 data (curve for

-0.79 V in Fig. 5.4.1C) and its fitted data to the circuit shown in Fig. 5.4.2A.



of the fitted data as compared to the experimental data in the complex impedance
plane. The double layer capacitance of the polymer coated electrode is close to that
for the bare Pt electrode (34.6 uF cm™) in the same electrolyte solution. Plotting
logR,, vs. electrode potential forms a straight line (Fig. 5.4.4) with a slope of -60
+ 1 mV (average for three films) per decade. Such super-Nearstian behaviour of
the polypyrrole film is due to a very high self-exchange rate for the charge transfer
process at the Pt/polymer interface so that the equilibrium state is always
maintained with the changing potential.

The film electronic and ionic conductivities are plotted in Fig 5.4.5 as a
function of electrode potential. The relative values of the electronic and ionic

conductivities in the three potential regions discussed above are clearly presented

in this figure. A plot of the film i ivity vs. el de potential
forms a straight line with a slope of 60 mV /per decade (Fig. 5.4.6). The film
electronic conductivities derived using the dual rail transmission line (Fig. 4.2.2)
in the potential range -0.6 to -0.7 V are . "nsistent with those obtained by fitting

the experimental data to the equivalent circuit shown in Fig. 5.4.2A.
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Figure 5.4.4 Plot of Log (charge transfer resi ) vs. el de p ial for a PPY/PSS film coated

electrode. The best fit line has a slope of -60 mV /decade.

159



1200
-
E L
/4]
£ S
~
2600}
.E IS
2
Kl
g +
Qo
0 L 1 L I L 1
-0.9 -0.6 -0.3 -0.0
Electrode potential / V vs. Ag /AgCl
Figure 5.4.5 Electronic (X and M) and ionic (a, (J and O) conductivities from the imped: data

shown in Fig.5.4.1 (plus additional data) for PPY/PSS in saturated aqueous NaClO,. Circled points
were extracted using the classic transmission line circuit shown in Fig.4.2.3 and squared points using
the dual rail transmission line circuit shown in Fig.4.2.2. Crossed points and triangular points were
obtained by fitting the experimental data to the circuit shown in Fig.5.4.2A.
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Figure 5.4.6 Plot of Log (el ! d ial for a PPY/PSS film coated

electrode. Circled points were obtained by ﬁmng thc expenmental data to the circuit shown in
Fig.5.4.2A and crossed points were extracted using the dual rail transmission line circuit shown in
Fig.4.2.2. The best fit line has a slope of 60 mV /decade.
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5.5 Conclusions

The impedance response of oxidized PPY/CIO, film on a Pi electrode is
very close to the ideal impedance response of the classical transmission line circuit
shown in Fig. 4.2.3. The high electronic conductivity of this film relative to its
ionic conductivity and the uniform film morphology allow the use of the classical
transmission line circuit to extract the film ionic resistance from experimental
impedance data. The projected length of the Warburg-type line on the real axis
equals one third of the film ionic resistance.

The high frequency Warburg-type line for poly-MPCA deviates from the
ideal response. This has been shown to be related to the non-uniform structure of
this polymer. Plots of simulated impedance responses obtained by linearly varying
film ionic resistance and capacitance distribution across the film thickness can be

used to ct ize the i 1 imped: data for films that have a non-

uniform structure.
Overall, the experimental impedance data of poly-MPMP fit the dual rail

transmission line circuit (Fig. 4.2.2) and the extracted film ionic and electronic
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conductivities under a variety of conditions agree with ind

‘This anion exchange polymer exhibits a nearly constant ionic conductivity over the
electrode potential range studied. The ionic conductivity of the polymer film
changes with the solvent used to prepare the electrolyte solution, from about
3.1x10* pS cm® in water to 8.0 pS cm™ in propylene carbonate, while the
maximum electronic conductivity of the oxidized polymer is almost constant at ca.
38 S em''. In propylene carbonate electrolyte solution, the oxidized polymer has
a higher electronic conductivity than its ionic conductivity, and the reduced

polymer has higher ionic

ivity than its i ivity. As the
electrode potential is changed, the whole spectrum of impedance responses for a
conducting polymer has been observed. The experimental results generally support
Albery’s dual rail transmission line model, where the mobilities of charge carricrs
in the polymer phase and in the pore solution phase are each modelled with a
uniformly distributed resistance rail. When cither the electronic or ionic resistance
is much larger than the other, the complex plane impedance plots exhibit a well
defined 45° Warburg-type region. As the two resistances approach each other, the

length of the Warburg-type region decreases and the polymer reaches the finite

hick limited charging/discharging region at a higher frequency than predicted
by Albery’s model. Although there are no real solutions for eqs. [4.2.9] and

[4.2.10] when the two resistances are very similar, the Warburg-type region is still
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observed. The unexpected changes of ionic conductivity of poly-MPMP with
electrode potential suggest that electron transport in the polymer phase is coupled
with the dopant ion transport in the solution phase.

The impedance response of PPY/PSS can be modelled with a modified dual
transmission line circuit (Fig. 5.4.2A) which includes a parallel R, and C, element
to represent the electron transfer process at the Pt/polymer interface. As the
electrode potential is decreased from the highly oxidized state to the near neutral
state, three types of impedance responses have been observed. For a conducting
film (potential >-0.55 V), the classical transmission line circuit (Fig. 4.2.3) is
sufficient to extract the ionic resistance, which equals three times the projected
length of the Warburg-type line on the real axis. At intermediate potentials (-0.6
t0 -0.7 V), the electronic resistance of the polymer film becomes comparable with
its ionic resistance and the dual rail transmission line circuit (Fig. 4.2.2) is

required to model the i d data. Ab: 1 t i similar to those

observed for poly-MPMP have also been observed for PPY/PSS when the

electronic and ionic conductivities are very similar. As the electrode potential is

further d d, the el i i becomes much larger than the ionic

resistance. Ideally, the classical transmission line (Fig. 4.2.1) can be used to

extract the film’s el ic resi from the p length of the Warburg-

)

type line on the real axis. However, in this potential range the high frequency data
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form a semicircle in the complex plane impedance plots. A better data analysis

method is to fit the experimental data to the modified transmission line circuit

(Fig. 5.4.2A). The ionic resistances obtained for the above three potential regions

agree reasonably well with each other.
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Chapter 6

Ionic and Electronic Conductivity of

Poly-(3-methyl-pyrrole-4-carboxylic acid)

Poly-(3-methyl-pyrrole-4-carboxylic acid) (poly-MPCA) was first reported
as a conducting polymer by Pickup'. This polymer shows interesting self-doping®*

properties in aqueous solution”® and has many potential applications, particularly

as a battery cathode material. Here its ic and ionic ivity are
measured in situ by dual el de vol y and imped: v
respectively, in aprotic solvents itrile and propyl which are

appropriate for applications in lithium batteries®".

6.1 Dual electrode voltammetry

Fig. 6.1.1 shows a dual electrode voltammogram for a 3.0 um poly-MPCA
film in acetonitrile containing 0.1 M LiClO,. The recorded current has been
directly converted to the polymer’s electronic conductivity. The contribution of

ionic ductivity to this is negligible because under the steady-state




(=)

laonw:m"

Anodic cument

e

Electronic conductivity / mS cm™

Scan rate:
20mV s’

0 A i ’ ' 10
Potential / V vs. SSCE

Figure 6.1.1 Dual electrode voltammogram for a 3.0 um poly-MPCA film in
acetonitrile containing 0.1 M LiCIlO,.
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dc ditions used the soluti ds interfaces are fully polarized. The

polymer acquires a higher electronic conductivity during the cathodic scan than
during the anodic scan. This hysteresis increases as the scan rate and the potential
difference between the two sides of the polymer film are increased, and parallels
the hysteresis in the cycling charge (Fig. 3.2.2). Table 6.1.1 lists clectronic

conductivities measured at 0.8 V for films of various thickness. There is no

significant on film thick The el i ivity of poly-
MPCA at 0.8 V in acetonitrile containing 0.1 M Et,NCIO, is thereforc calculated
to be 9.1 + 2.1 mS cm™. Conductivities measured in acetonitrile containing (.1

M LiClO, were not significantly different.

Table 6.1.1 Electronic conductivities of poly-MPCA films at 0.8 V in
acetonitrile + 0.1 M Et,NCIO,.

Film thickness Electronic conductivity
pm mS cm!
1.9 7.9
3.0 9.9
4.0 6.3
4.8 11
5.0 10.2
Average: 9.1
Standard deviation: 2.1
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6.2 Impedance studies

To derive information about the mobility of charge carriers in a conducting
polymer, the experimental impedance response is modelled with an clectrical
circuit containing a transmission line element (Fig. 4.2.3). The assumption in
using this circuit is justified by the high electronic conductivity of poly-MPCA
compared to its ionic conductivity. The film ionic resistance (R,,,) is estimated by
extrapolating the low frequency part of the complex plane impedance plot to the
real axis, as shown in section 5.2. Similar results are obtained by analyzing the
Warburg-type region according to the equation: Z* = Ry,,/(w Cp)"'.

The following sections present the effects of the main experimental variables
on ion transport in poly-MPCA, as revealed by impedance spectroscopy.

6.2.1 Film Thickness

Table 6.2.1 lists film ionic conductivities obtained from impedance
measurements on poly-MPCA films of various thickness. The variation for films
of the same thickness is due primarily to the difficulty in controlling the

electrochemical polymerization. Factors such as electrode preparation,
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1315

water content'®'” may all influence the morphology, and hence the conductivity,

of the polymer.

Table 6.2.1 Film ionic ies and v i
impedance measurements on poly-MPCA films at 0.8 V in acetonitrile + 0.IM

changes duet

LiCIO,.

Film thickness Film ionic conductivity Cyu
pm uS cm* F cm?®
0.14 5.1 294
0.28 8.5 359
0.42 10 353
0.56 8.4 351
0.70 11 370 + 8.4*
0.98 22 386
1.30 48 407
3.90 560 434

* Results calculated from 8 films

Over the thickness range 0.28 to 0.70 um the ionic conductivity of poly-
MPCA is approximately constant at 10 + 1 uS cm. However, for thicker films,
the apparent film ionic conductivity increases rapidly with increasing film
thickness. The cause of this increased conductivity is apparent from the

morphology changes seen with scanning electron microscopy (Fig. 5.2.2B, C and
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D). The polymer deposits as a dense film with no observable pores up to a film
thickness of about 0.5 um. As polymerization continues, clumps are formed and
surrounded by electrolyte solution. The formation of clumps is perhaps due to a
non-uniform current density distribution across the surface of the polymer film
covered electrode. Rapid precipitation occurs ncar a projected polymer tip, where
a higher than average current density increases the local polymerization rate. Once
the polymer begins to deposit in this more open structure its effective thickness in
terms of its ac response becomes the average radii of the clumps, sincc the
polymer’s ionic conductivity is about three orders of magnitude lower than that of
the electrolyte solution surrounding the polymer clumps. The average radius of the
clumps is similar to the thickness of the underlying dense film (0.5 to 1 pm). The
surface area of the film increases due to an increase in surface roughness and an
increase in geometric area due to lateral growth. Thus the film’s ionic resistance
begins to decrease as it becomes thicker. Clearly, ionic conductivities calculated
for films thicker than 0.7 um overestimate the conductivity of the polymer phase.
However, they do provide an estimate of the conductivity of the thick poly-MPCA
films that would be used in lithium batteries, and in this respect they are very
encouraging.

The thinnest film studied here appears to be anomalous both in its low ionic
conductivity and low volumetric capacitance (Tables 6.2.1 and 3.2.1). This may
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be a result of the high initial potential during the constant current polymerization
(Fig. 3.1.3). Thus thin films will contain a higher proportion of overoxidized
sites'*?. The lower value of the volumetric capacitance (Cy,,) for the thinner film
(Table 3.2.1) agrees with the lower concentration of intact redox centres.

In view of the results discussed in this section, results for films in the
thickness range of ca. 0.2 to 0.8 um provide the best estimate of the ionic
conductivity of poly-MPCA. Therefore only films within this thickness range are
considered in the remaining sections.

6.2.2 Solvent and Electrolyte Concentration
Figs. 6.2.1 and 6.2.2 show complex plane impedance plots for a 0.7 um

film at 0.70 V in propylene carbonate and acetonitrile electrolyte solutions,

pectively. In these i the same film was used and the electrolyte
concentration was changed from low to high, and before each impedance
measurement, the polymer film was cycled between the oxidized and reduced

states (1.0 to -0.1 V) at 60 mV s’ until no further change was observed.

Voltammograms are almost i of ly ion  at
concentrations above 0.1 M, but at lower concentrations, the redox peaks become
more separated and less cycling charge is obtained in the doping/undoping of the

polymer.
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Figure 6.2.1 Complex plane lmpedanoe plots for a 0.7 pm poly-MPCA film at
0.80 V in LiCIO, propyl El 1.6
M (A), 0.8 M (B), 06M(C),04M(D)02M(E)nnd01M(F) Frequencies

in Hz are indicated for selected points.
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Figure 6.2.2 Complex plnne lmpedance plots for a 0.7 pm poly MPCA film at
El ations: 0.8 M (A), 0.6

ile

0.80 V in LiCIO4
M (B), 0.4 M (C), 0.2 M (D) 0.1 M (E) and 0 05 M (F). Frequencies in Hz are

indicated for selected points.
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The ionic conductivity of poly-MPCA is found to increasc as the

of the solution is i d and as the viscosity of the
solvent is decreased. The high viscosity of propylene carbonate lowers ion mobility
in both the bulk electrolyte solution and the polymer film, indicating that the film
contains solvent. However, in solutions of similar conductivity, the film ionic
conductivity is almost identical in the two solvents (Fig. 6.2.3). As the solution
conductivity approaches zero, the film ionic conductivity becomes very low. On

the other hand, as the solution ivity is i d, the film ionic

Y
tends towards a maximem value. In between, the film ionic conductivity increases
almost linearly with the solution conductivity.

6.2.3 Electrolyte Cation

Table 6.2.2 lists average ionic ivities from imped:

made on three poly-MPCA films (0.28, 0.42, and 0.70 pm) in various electrolyte
solutions containing three different cations. Measurements were made in a random
order among the various solutions for each film. When the solution was changed,
the polymer electrode was first rinsed with acetonitrile and then cycled between
the oxidized and reduced states (1.0 to -0.1 V) at 60 mV s™ until no further change
was observed. Under the experimental conditions used, the polymer film showed

no ioration and repeated imped: were ducibl

P P
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0.7 pm Poly-MPCA at 0.8 V

30+

25+ in acetonitrile
1 + LiClO,

204

6.

o,
in propylene carbonate
+ LiClO,

Film conductivity / pS cm™

"0 15 20 25 30 35
Solution conductivity / mS cm!

Figure 6.2.3 Plots of film ionic cond 1 lyte solution

for a 0.7um poly-MPCA film at 0.80 V in acelomtnle(@) and propylene carbonate
(©) containing LiClO,.

177



Table 6.2.2 Solution and film conductivities from imped: on

poly-MPCA films at 0.8 V in acetonitrile + electrolyte.

Acetonitrile + Sol. cond. Film cond. Cv
electrolyte mS cm’ uS cm! F cm®
0.1M LiCIO, 8.4 + 0.1 11.0 + 0.1 360 + 14
0.1 M Et,NCIO, 12.0 + 0.1 10.0 + 0.5 368 + 12
0.1 M But,NCIO, 10 + 0.1 83 + 04 374 + 17
0.05 M LiCIO, 4.8 + 0.0 8.1 +0.5 366 + 15
0.05 M Et,NCIO, 6.9 + 0.0 8.2 + 0.5 367 + 11
0.05 M But,NCIO, 6.1 +£0.0 71 +05 372 + 12
0.01 M LiCIO, 1.2 + 0.0 34+09 362 + 17
0.01 M Et,NCIO, 23+ 0.0 44 +09 370 + 14
0.01 M But,NCIO, 1.5 + 0.0 3.4 1 0.6 364 + 7

ages and standard deviations for the on films of thick
0.28, 0.42 and 0.70 pm.

Although the film conductivities in Table 6.2.2 do not exhibit a very
significant dependence on cation size they do show a distinctly different trend than
the solution ivities. This is imp because it has been shown in the

previous section that for LiClO, solutions there is a strong correlation between film
and solution conductivities. The influence of cation size can best be observed by
comparing plots of film ionic conductivity against solution conductivity for each
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of the three electrolytes, as shown in Fig. 6.2.4. The film ionic conductivity

follows the order LiClO, > EtNCIO, > But,NCIO, at the same solution

ity. These di are especially p d in the more concentrated
electrolyte solutions while film ionic conductivity is almost independent of cation
size at low electrolyte concentration.
6.2.4 Electrode Potential
Figs. 6.2.5 and 6.2.6 show complex plane impedance plots for a 0.7 um
poly-MPCA film at different electrode potentials in acetonitrile containing 0.1 M

LiClO,. The solution resistance observed at frequencies above 1 kHz is

ind d of the el de potential as d. However, the film ionic

ity ically as the film is reduced. At 0.2 V, ion
movement within the polymer is so slow that the film still appears infinitely thick
at 1 Hz. Since the Warburg-type region continues to intersect the real axis at the

solution resi the film’s el i i remains insignificant. This is

again in agreement with the dual electrode results (Fig. 6.1.1). At lower potentials
(e.g. 0 V), a distinct semicircle appears in the medium frequency range (1 to 2
kHz). Similar results were obtained in propylene carbonate electrolyte solution.

Table 6.2.3 lists film ionic conductivities at several el d ials and LiC10,

concentrations in this solvent.
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Figure 6.2.4 Plots of film ionic ivity vs. solution conductivity for poly-
MPCA films at 0.80 V in acetonitrile containing LiClO, (®), Et,NCIO, (®) and
But,NCIO, (OJ).
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Figure 6.2.5 Complex plane impedance plots for a 0.7 um poly-MPCA film at
0.80 V (A), 0.60 V (B), 0.50 V (C), 0.30 V (D) in acetonitrile containing 0.1 M
LiCIO,.

181



20000
= o.ov
1
(=]
= 2
.
- o.2v
4
1
=
2
20
[ o/ 13k
o L 1 1 1 1 1 1 1 1 1
) 20000
YA

Figure 6.2.6 Complex plane impedance plots for a 0.7 um poly-MPCA film at
0.20 V and 0.0 V in acetonitrile containing 0.1 M LiCIO,.



Table 6.2.3 Film ionic cond from imped:

on a 0.70
pm poly-MPCA film in propylene carbonate containing various LiClO,.

LiCl1O, Film ionic conductivity / uS cm™

conc. at electrode potential vs. SSCE

™) 030V [ 040V [ 050V [ 0.60V | 0.70 V
0.40 IS 2.9 4.7 6.4 7.8
0.80 1.9 3.6 6.2 8.1 10
1.6 2.8 5.1 7.9 10 13

The number of electrons removed from the fully reduced polymer per
pyrrole ring (degree of oxidati

x) at each el de p ial is calculated from
the cycling charge (Q,,) of a slow scan cyclic to that p ial, and
from the polymer preparation charge (Q,).

23 Q,
x =
Q,, [6.2.1]
Although eq. [6.2.1] is app in that it a polymerization efficiency

of 100% and a degree of oxidation of 0.3 for the freshly formed polymer, it does

provide a good estimate of relative values of x. As shown in Fig. 6.2.7, there is
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a linear relationship between the film ionic conductivity and the degree of
oxidation. A linear relationship between polymer conductivity (ionic and

electronic) and charge injection has also been reported for polypyrrole?®,

6.3 Discussion

The main purpose of this study was to determine the factors that control ion
transport in poly-MPCA and to find an appropriate model of ion transport in this
polymer. Detailed discussion can be found in a published paper®, so only the
major points are summarized here.

A novel two-phase model is proposed to explain the following observations:

1. The ionic conductivity of poly-MPCA changes with the viscosity of the
of

solvent and the ion of ing el The ionic

y
the electrolyte solution also changes with the above two factors and there is a
strong correlation between the jonic conductivities of the polymer and the

electrolyte solution.

2. At high ion the ionic conductivity of the polymer
approaches a maximum value, and is independent of electrolyte solution
conductivity.
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3. There is a weak dependence of polymer ionic conductivity on the size of
the electrolyte cations.

4. The ionic conductivity of the polymer is strongly dependent on its degree
of oxidation.

In this model, ion transport in the polymer film is assumed to be duc to
counterions in one phase (the polymer phase) and excess electrolyte in the other
phase (the pore solution). The conductivity of the polymer phase is dependent on

potential but ind dent of solution ivity (it appears to be permselective),

and that of the pores is dependent on solution conductivity but independent of
potential. The experimental results show that when the conductivity of either phase
becomes small, the film ionic conductivity is small. This implies that neither phase
alone can provide a low resistance pathway for ion transport through the film.
Charge must pass through both phases and their resistances appear in series as the
measured ionic resistance.

The two phase structure implied by the ion transport results can be
explained as follows. There is good evidence that the deposition of polypyrrole

occurs by the precipitation of oli; formed by el hemical polymerization

in solution®?’, Such a mechanism should produce films consisting of randomly
packed polymer aggregates enclosing pores filled with the electrolyte solution.
Interconnections between the pores may be constricted due to continued
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polymerization within the pores. The electron micrographs shown in Fig. 5.2.2B,

C and D suggest that poly-MPCA is deposited with this type of structure,

bly by a similar i Tons will follow pathways across the polymer

film that have mini i Such p: ys may include more pores than
polymer aggregates because the pore solution will generally have a higher ionic
conductivity than the polymer aggregates. However, a redox reaction of the

polymer agg; occurs in i As the of the

potential perturbation is decreased, the reaction layer spreads inward from the
polymer aggregate’s surface. This forces the ionic current to go through part of
the polymer aggregate at low frequency. Therefore, the total film ionic resistance
(Ry) measured here is the sum of the ionic resistances across the polymer
aggregate (R,,,) and the pores (Ry). The ionic resistance rail in the transmission
line (Fig. 4.2.2) is then an combination of R,g,;, and Ryyr.

The pore solution composition appears to be similar to that of the bulk
electrolyte solution, since film conductivity tracks with solution conductivity
despite differences in solvent viscosity (Fig. 6.1.3). When the pore solution

conductivity approaches zero, the film ionic conductivity becomes very small

because of poor jonic i ion between On the other hand, a
high solution conductivity can make R, much smaller than R,,,,. In this case, the
total film ionic conductivity will approach the constant value determined by the
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ionic ivity of the polymer at the potential.
The ionic conductivity of the polymer aggregates is increased as the

concentration of oxidized sites i because of the i ion of

counterions. Each oxidized site on the polymer chain creates one anion-exchange
site and an associated mobile anion in the polymer aggregate (in the absence of
self-doping). Thus, like polypyrrole in aqueous media® the ionic conductivity of
the polymer aggregates is dependent on potential and should be affected by the
characteristic size of the counterion.

The observed effect of cation size on the ionic conductivity of poly-MPCA
may be related to the involvement of cations in the doping/undoping process. By
plotting film conductivity vs. solution conductivity in Fig. 6.2.4, the effect of the
bulk electrolyte solution on R, is separated and differences in cation movement
in the polymer aggregates can be compared. Because R,y is important only when
Ry is small, the cation dependence becomes most apparent in the higher
conductivity electrolyte solutions (Fig. 6.2.4). The observed R, increases with
the size of the cation in the order Li* < Et,N* <But,N* as expected. However, the
involvement of cations in the doping/undoping reactions cannot be clearly
established from the present data. The weak cation effect observed for poly-MPCA

may be due to some subtle changes of the polymer when in contact with the
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different electrolyte solutions.

The low frequency capacitances (Cg) for three films of different thickness
are plotted against clectrode potential in Fig. 6.3.1. The potential of maximum
capacitance coincides with the polymer’s formal potential (E°) of 0.60 V (Fig.
3.2.1). For each curve integration to the potential of maximum capacitance
accounts for 50 to 55% of the total area under the curve (up to 1.0 V). The
cycling charge based on these impedance measurements (Q.= [ C, dV) is
presented in Fig. 3.2.2 as a function of electrode potential for comparison with the
data from cyclic voltammetry. There is a large discrepancy between these two
charges and the reason for such discrepancy has been discussed®.

The high frequency semicircle shown in Fig. 6.2.6 must be due to an

interfacial charge transfer process. Since the real axis intercept of the high

quency data on the semicircle coincides with that for the bare platinum, it can

be that the el hemical process does not involve ion transport
through the polymer layer, otherwise a large film ionic resistance (at -0.3 V, Ry,
is already > 6.4 k1, Table 6.2.3) would be clearly visible. Fig. 6.3.2 shows an
cquivalent circuit that can describe the experimental impedance response in the

whole potential range. The double layer capacitance (C4) and charge transfer

(R parallel inati a kinetic barrier for ion transport
across the polymer/solution interface.
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Figure 6.3.1 Plots of low freq i vs. el d 1 for poly-
MPCA films in acetonitrile containing 0.1 M LiClO,. Film dnclm&cses 0.98 pum
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From the diameter of the semicircle (= R, = 2.9 kQ) and the characteristic
relaxation frequency f, (1.3 kHz), the double layer capacitance (C,)) was calculated

from:

6.3.11

to be 67 uF cm™. Penner et al® have obtained the double layer capacitance C,, for

reduced polypyrrole films on a Pt sut

using t-step
experiments to be 35 to 54 uF cm?.

In this study, the double layer capacitance of the bare Pt substrate electrode
in acetonitrile containing 0.1 M LiCIO, was found to be 17 xF cm?. According
to Mermilloid ef al** the ratio of effective area to geometrical area can been found
by comparing C, of the polymer electrode with that of bare Pt electrode. This
assumes the unit area capacitance for Pt is the same as that for the polymer. With
this assumption, the poly-MPCA film exhibits an effective area about 3.5 times its
geometrical area. The higher value of the effective area presumably arises from
the roughness of the film surface since the same value of solution resistance was

obtained for both the bare Pt and a polymer film coated Pt electrode.
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6.4 Conclusions

Dual el de vol y and imped: P py have shown that

the rate of charge transport in poly-MPCA is litaited by ion mobility. The ionic
conductivity of the polymer is related to both its degree of oxidation and the
conductivity of the electrolyte solution. This could only be explained by proposing
a two phase model in which the ionic current must pass through both polymer
aggregates and enclosed pores containing electrolyte solution. Some evidence is
obtained for cation transport in the polymer aggregates. This result combined with
the high ionic and electronic conductivities cf thick poly-MPCA films supports the
idea™ that poly-MPCA is an attractive cathode material for secondary lithium
batteries.

The high frequency semicircle observed for a reduced poly-MPCA is

attributed to a kinetic barrier for ion

across the poly

interface. The effective polymer surface area corresponds well with the roughness

of the polymer film as ob: d with SEM. A modified ission line circuit
can describe the observed impedance response of poly-MPCA in the whole

potential range.
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Chapter 7

Ionic Transport in Polypyrrole and

a Polypyrrole/poly-anion Composite

7.1 Introduction

Since Shimidzu and coworkers reported that the redox processes of
polypyrrole can be greatly influenced by the size of the incorporated anions',

there has been great interest in the electrochemical polymerization of pyrrole in

P ionic electrol lutions**®. The polyel vte anions become trapped
within the polypyrrole matrix due to their large size and, perhaps morc

importantly, their entanglement with the polypyrrole chains. In addition lo

stability and ical strength, the composite materials have been
shown to be self-doped, i.e., the positive charges on the polypyrrole chains formed
upon oxidation are compensated by the trapped polyanions with the concurrent
expulsion of the cations. This has been confirmed by elemental analysis of the

polymer films in diffe idation states?, of t

potentials?, observation of the polymer’s cation exchange properties® and in situ



monitoring of the mass change during electrochemical switching, using a quartz
crystal microbalance®'.

The ion transport properties of polypyrrole/p i ites are clearly

very different from those of polypyrrole doped with a small anion. Documentation
and explanation of these differences are important to the understanding of ion
transport in conducting polymers. To this end, there have been a number of studies
of ion transport rates in polypyrrole/polyanion composite films. In a cyclic
voltammetric study, Shimidzu er al found that the electrochemical switching of

polypyrrole/poly posites was as fast as for polypyrrole doped

with chloride?. Transport of cations (Na* or K*) between the electrolyte solution

and the ite was proposed as the charge i ism facilitating

b /Nafi

rapid switching. Ch y of polypy posite revealed a

dependence on the cation in solution'”, supporting the view that the rate of cation

in the film ines the switching rate. CI y*1° and

chronogravimetry® have been used to measure apparent diffusion coefficients in

Ipol. Iph (PPY/PSS) composites in aqueous media.

Polyp, P Y

Values ranging from ca. 10 to 10* cm? s were reported. Apparent diffusion
coefficients for the release of protonated dimethyldopamine from poly(N-
methylpyrrole)/PSS composites have been determined by chronoabsorptometry’.

Elliott and coworkers have recently reported an impedance study on
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PPY/PSS in acetonitrile, Their results show that for oxidized films the ionic

slightly with i ing potential and is almost independent of

cation size. Upon reducti the ionic resi i id ly and
becomes strongly dependent on cation size. These results were interpreted in terms

of a model involving coupling of ion and polymer chain motions. However, the

reported imped spectra are licated in the high frequ region by a
semi-circle, which obscures the ideal transmission line response and could make
the experimental results difficult to interpret.

In this chapter, a comparative study of PPY/CIO;, PPY/PSS and
PPY/PSS/MV?** (MV?* = methyl viologen dication) in aqueous NaClO, solution

using cyclic

y and imp p py is The imped;

spectra are simple and ionic conductivities are obtained from impedance data using
the classical transmission line circuit (Fig. 4.2.2). The results are correlated with
cyclic voltammetry to elucidate the charge transport mechanism for each material.
The PPY/PSS/MV?* is formed simply by immersing the reduced PPY/PSS film

into an aqueous NaClO, solution containing methyl viologen dichloride. The MV?*

is strongly bound by the composite, presumably by ion pairing with the sulphonate

groups. Its infl on ion port in the posite provides valuable insight
into the factors d ining charge p i hani in polypyrrole
electrochemistry.
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7.2 Results

7.2.1 Preliminary Characterization of Polymer Films

The electrochemical properties of the three types of polypyrrole coated
electrodes were preliminarily studied using cyclic voltammetry (Figs. 7.2.1 and
7.2.2). The two main peaks for PPY/CIO, are centred at ca. -0.2 V. A second
cathodic peak appears at ca. -0.9 V and becomes more pronounced with increasing
scan rate. This peak is presumably associated with transient cation insertion'®'.
The main redox waves for PPY/PSS are at slightly lower potentials than those for
PPY/CIO, . Transient anion insertion, which has been observed for PPY/PSS in
a quartz crystal microbalance study by Lien and coworkers®, may account for the
smail shoulder on the anodic branch for this polymer film.

When a PPY/PSS composite is cycled in a solution containing methyl
viologen dichloride new redox waves appears in the -0.4 to -1.0 V region (Fig.
7.2.2). These can be attributed to the electrochemistry of MV?* in the film. The
incorporation of MV?* in the PPY/PSS film enhances substantially the peak
current for the MV?*/MV* couple relative to that at the bare Pt electrode. The
favourable partitioning of MV?* into the polymer film over that of the electrolyte

cation (Na*) must be due to a stronger interaction, such as ion-pairing, between



Figure 7.2.1 Cyclic voltammograms of 2 um PPY/CIO, (A) and 2 um PPY/PSS
(B) coated Pt electrodes in 0.2 M NaClO,(aq). Scan rates in mV s are indicated.



Potential (V) vs. Ag/AgCl
_

Figure 7.2.2 Cyclic voltammograms of a 2 um PPY/PSS coated Pt electrode in 0.2M NaClO, (aq)
containing 3 mM MVCl,. Scan rates in mV s are indicated. The dashed line is the voltammogram at
the bare Pt electrode.



MV?* cations and the sulphonate anions.
Plots of peak potentials and peak currents vs. scan rates for the
voltammograms shown in Figs. 7.2.1 and 7.2.2 are shown in Figs. 7.2.3 and

7.2.4, respectively. For both PPY/CIO, and PPY/PSS/MV?* there is a significant

peak ion which i with i ing scan rate due to an positive shift
of the anodic peak potential. For PPY/CI?; the cathodic peak also shifts positively
with increasing scan rate, although to a lesser degree. In contrast, the peak
separation for PPY/PSS is smaller, and the cathodic peak is slightly more sensitive
to increasing scan rate than the anodic peak. Table 7.2.1 lists peak potentials at
various scan rates from Figs. 7.2.1. and 7.2.2.

At low scan rates the peak currents for all three types of film increase
linearly with increasing scan rate indicating the absence of charge transport
limitations. However, departure from this relationship occurs at scan rates below
200 mV s for PPY/CIO, and PPY/PSS/MV?*, especially for the anodic peak.
For PPY/PSS both peaks increase linearly up to at least 200 mV s™.

For both PPY/CIO, and PPY/PSS the total anodic voltammetric charge
(Q.) integrated to 0.2 V (the open circuit potential immediately after
electrochemical polymerization) is ca. 52 mC cm? Assuming 100%

polymerization efficiency ding to eq. [7.2.1],

+2H + (2+x) e r.2.1
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the degree of oxidation (x) of the as formed film is given by

% x [7.2.2]

where Q, is the charge used to prepare the film. Thus x is ca. 0.23, indicating
that every four to five pyrrole units in the polypyrrole chain carries one positive

charge at 0.2 V. This result is i with the position of

PPY/PSS (section 3.3.1).

Table 7.2.1 Cyclic voltammetric peak potentials for 2 um film coated Pt
electrodes in 0.2 M NaClO, (aq).

Scan PPY/CIO; PPY/PSS PPY/PSS/MV**
rate
mV s Ep E, E. E,. E, E,
v \4 \4 v N4 \4

10 -0.22 | -0.34 | -0.31 | -0.37 | -0.14 | -0.39
20 -0.14 | -0.33 | -0.30 | -0.38 | -0.08 | -0.39
40 -0.07 | -0.28 | -0.29 | -0.39 | -0.02 | -0.39
60 0.02 | -025 | -0.28 | -0.3% 0.04 | -0.39
80 0.01 -0.25 | -0.29 [ -0.40 0.10 | -0.39
100 0.04 025 | -029 | -041 0.15 -0.39
200 0.11 -0.26 | -0.29 | -0.43 025 | -0.42

X-ray emission analysis was performed on PPY/PSS films to determine the

equilibrium ion contents of the oxidized and reduced states (Fig. 7.2.5). After
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Figure 7.2.3 Plots of peak potential vs. scan rate for the cyclic voltammograms
shown in Figs 7.2.1 and 7.2.2. Solid symbols are for the main cathodic peak, open
symbols for the main anodic peak.
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Figure 7.2.5 X-ray emission spectra of 2 pm free-: slandmg PPY/PSS films. (A)

as grown ﬁlm, (B) following reduction at -1.0 V in 0.05 M KCIO,; and (C)
ion at -1.0 V and idation at 0.1 V in 0.05 M KCIO,.




their formation the films were immediately removed from the monomer solution
and blotted dry with Kimwipe tissue paper to remove the adhering solution.
Washing the films with deionized water can also effectively remove the adhering
solution, and similar results were obtained. Fig. 7.2.5A shows the X-ray emission
spectrum of a PPY/PSS film that was removed from the polymerization solution
immediately after the polymerization current was turned off. No Na is detected,
showing that all of the sulphonate anions incorporated during the electrochemical
polymerization are used to compensate the positive charges on the oxidized
polypyrrole chains. The small Cl peak is due to leakage of the Ag/AgCl reference
electrode, since no Cl was detected in films prepared without using the reference
electrode. Figs. 7.2.5B and 7.2.5C show X-ray spectra of PPY/PSS films that
have been reduced and re-oxidized, respectively, in 0.05 M KCIO, (aq). These
spectra clearly show that electrolyte cations (K*) are incorporated into the
composite upon reduction and are expelled upon oxidation. Fig. 7.2.6A and 7.2.6B
show X-ray spectra of the PPY/PSS/MV?** films after oxidization and reduction,
respectively, in 0.2 M NaClO, (aq) solution containing 3 mM methyl viologen

In this case, lyte p anions are incorporated into the

polymer upon its oxidation and expelled upon reduction. Similar X-ray spectra
were obtained for PPY/CIO, films that had been oxidized and reduced in 0.2 M

NaCIO,(aq).
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Figure 7.2.6 X-ray emission spectra of oxidized (A) and reduced (B)
PPY/PSS/MV** films. Both films were equilibrated with 0.2 M NaClO, containing
3 mM MVCI, under potential cycling conditions (as in Fig.7.2.2) prior to the final
reduction or oxidation before analysis.
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7.2.2 Impedance studies

Complex plane impedance plots for PPY/CIO,;, PPY/PSS and

PPY/PSS/MV?* at selected potentials are shown in Figs. 7.2.7, 7.2.8 and 7.2.9,

pectively. For all data id here, the real axis intercept at high frequency

is independent of the type of polymer film and electrode potential (> -0.6 V), and

ides with the d resi of the bulk el lyte solution (R, =
320 Q, determined with the bare Pt electrode). Thus either the ionic or the
electronic resistance of the polymer is negligible compared to the other®. It has
been clearly established in section 5.1 that the impedance data can be modelled
with the classical transmission line circuit (Fig. 4.2.3) to extract the polymer film

ionic resistance™®,

The d ionic for the three poly depend to some
extent on the order of potential change. For PPY/PSS, conductivities are higher
when measured in the order of increasing potential than when measured in the
order of decreasing potential (Figs. 7.2.8 and 7.2.10). In contrast, for PPY/CIO,
and PPY/PSS/MV?*, conductivities are lower when measured in the order of
increasing potential than those measured in the order of decreasing potential. This

type of h is is almost uni seen in the

of
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Figure 7.2.7 Complex plane impedance plots for a PPY/CIO; coated Pt electrode
at selected (indicated) potentials in 0.2M NaClO,(aq). Circled points are for the
bare Pt electrode at open circuit potential. Marked points correspond to frequencies
of 1k (®@); 0.5(0) and 0.2(a) Hz.
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211



AN

5000

Figure 7.2.9 Complex plane impedance plots for a PPY/PSS/MV** coated Pt
1 de at selected (i d) p ials in 0.2 M NaClO,(aq) containing 3 mM
MVCL,. Circled points are for the bare Pt electrode at open circuit potential.
Marked points correspond to frequencies of 1k (®); 0.5(0) and 0.2(a) Hz.
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polymers. It has been attributed to N-shaped free energy curves* and conformation
changes™*. Unless otherwise stated, data in this chapter were recorded in the
order of decreasing potential. As shown in Fig. 7.2.10, the ionic conductivities of
PPY/CIO, and PPY/PSS/MV?* increase with increasing electrode potential, while

ionic Juctivil with i ing potential for PPY/PSS. Plots of ionic

ds 1 ic charge are linear for all three types

Ly vs. pp

of polymer films (Fig. 7.2.11).

Plotting the imaginary impedance (Z") vs. 1/frequency for the data on the
almost vertical line in the complex plane impedance plot forms a straight line. Low
frequency capacitances (Cg) of polymer were calculated from the slopes (Cy =
1/(2x slope)) and are shown in Fig. 7.2.12, together with capacitances calculated
from a slow scan rate cyclic voltammogram of PPY/PSS (C_,=(anodic + cathodic
current)/(2 scan rate)). For PPY/PSS vertical lines are obtained in the complex
plane impedance plots for the whole potential range. For PPY/CIO, and
PPY/PSS/MV?** at potentials below -0.6 V, low frequency capacitances cannot be
determined with confidence since the 45° Warburg-type lines extend to very low
frequency and no vertical lines are obtained.

The low frequency capacitance can also be obtained by examining the
impedance data in the complex capacitance plane (C,, =1/(jwZ)), which emphasizes

the frequency dependence of charging processes at low frequency. The complex
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Figure 7.2.10 Plots of ionic conductivity vs. potential from the impedance plots
(plus additional data) shown in Figs. 7.2.7-9. Conductivities were measured in the
order of decreasing potential, except for the open points for PPY/PSS.
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Figure 7.2.12 Plots of low fr i from ! de potential
for 2 um PPY/CIO,(a), PPY/PSS (a) and PPY/PSS/MV** (©) ﬁlms, and capacuances from cyclic
voltammetry on a PPY/PSS film (+).
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Figure 7.2.13 Complex capacitance plots at select electrode potentials, 0 V (O),
0.4V (a),-0.5V (v), 0.6 V (©), and -0.8 V (O) for PPY/CIO,;, PPY/PSS and
PPY/PSS/MV**,
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capacitance plots shown in Fig. 7.2.13 consist of a single semicircle indicating that
the electrochemistry of each film involves a single ion transport process.
Capacitances obtained from the diameter of the semicircles agree with those

obtained from imaginary imped (Z")vs. 1/ plots. Capaci from

and cyclic vol y are d in Fig. 7.2.12.
The discrepancy is quite significant especially at high potentials and there is a mis-
match in the peak potential. These differences are related to the hysteresis between
anodic and cathodic potential scans seen in the properties (charge, conductivity,
etc.) of the polymers (e.g., Fig. 7.2.10). Conformation changes in the polymer

and

** are thought to be responsible®.

7.3 Discussion

It is clear from the x-ray emission analysis results in Fig. 7.2.5 that
reduction and re-oxidation of PPY/PSS involves net uptake and expulsion of
cations (i.e. cation transport). In contrast the electrochemistry of PPY/CIO, in
NaClO,(aq) involves net anion transport. These different modes of ion transport

are reflected in different potential dependencies of the ionic conductivities of the

two materials. Thus the ionic conductivity of PPY/CIO; i with i
potential (Fig. 7.2.10) as the amount of incorporated ClO; is increased. Since the
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ClIOy concentration in the polymer is proportional to its oxidation level, there is
a linear relationship between the ionic conductivity and the voltammetric charge

(Fig. 7.2.11).

In contrast, the ionic conductivity of PPY/PSS d: with i
potential (Fig. 7.2.10). In this polymer, the charge compensation is achieved by
expulsion of cations as shown by x-ray emission spectra (Fig. 7.2.5). The
concentration of cations in the film decreases proportionally to its degree of
oxidation and so again there is a linear relationship between the polymer’s ionic
conductivity and its voltammetric charge (Fig. 7.2.11)

It can be concluded that in PPY/CIO,, the ClO, ions dominate the ionic

transport process, while in PPY/PSS, Na* ion domi The bl

linearity of the conductivity vs. charge plots (Fig. 7.2.11) suggests that these two
processes are quite exclusive and that both materials are permselective under the
conditions studied. The diffusion coefficient (D,,,) of the counterions (CIO, or
Na*) in each material can be estimated from the slope of the conductivity vs.
charge plot (Fig. 7.2.11) using eq. [4.3.2]. The c,, is the counterion

concentration, which is p ional to the vol ic charge. Diffusion

coefficients of 2.8x10”® cm? s for ClO, in PPY/CIO;, 3.7x10°® ¢cm® s for Na*
in PPY/PSS, and 2.4x10° cm?s™ for ClO; in PPY/PSS/MV?* were obtained.

Although CIO, and Na* have similar mobilities in solution and they have
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similar maximum concentrations in the PPY/CIO,” and PPY/PSS polymers, the
maximum ionic conductivity of PPY/CIO, is much less than that of PPY/PSS. The
higher mobility of Na* ions in PPY/PSS relative to CIO, ions in PPY/CIO; is
attributed to the relative strengths of ion-pairing between the mobile and fixed
charges in the two systems. In PPY/CIO,, ion pairs are presumably formed
between oxidized polymer chain segments and ClO,".?® The following dissociation

must occur before the ClO, ions can move:

-(-Py-)-,*ClO; === -(-Py-)-,*(aq) + ClO,(aq) [7.4.1]

In PPY/PSS, ion pairs could be formed between the sulphonate anion and Na*

ions and the following dissociation equilibrium could exist:

——SO;Na* ——SO;(ag) + Na*(aq) 7.4.21

The dissociation constant of eq. [7.4.2] should be very large, since both cation and
anion are well solvated and thus stabilized. This is similar to a strong electrolyte
in aqueous solution. However, the positive charges on a polypyrrole chain are

diffuse due to their delocalization along the conj d x-system. Thus -(-Py-)-,*

will not be stabilized effectively by solvation. In addition, the diffuse nature of the
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positive charge of -(-Py-)-,* makes it very polarizable so that it can form a strong
interaction with ClO;. If —(-Py-)—SO;Na* is assumed to be completely

dissociated in the PPY/PSS ite, a ison of the diffusion coeffici

of ClO, ions in PPY/CIO, with that of Na* ions in PPY/PSS suggests that the
dissociation coefficient of -(-Py-)-,*ClO; is ca. 0.08. The interaction between
ClO, and oxidized polypyrrole is even stronger in acetonitrile, and can cause
complete immobilization of the ClO, ions when the polymer is poorly solvated'’.
Support for the ion-pairing hypothesis discussed above is provided by the
results for PPY/PSS/MV** films. The charges on the methyl viologen dications
(MV?*) are to some extent delocalized over the conjugated x-orbital, as in
oxidized segments of polypyrrole chains. MV?* can therefore form tight ion pairs
with the sulphonate anions in reduced PPY/PSS and becomes immobilized in the

composite. Oxidation of the resulting PPY/PSS/MV** film involves ClO; uptake

(Fig. 7.2.6) and so the potential dep of its ionic ductivity follows the

pattern observed for PPY/CIO; (Fig. 7.2.10). The ionic conductivity of

PPY/PSS/MV?* i with i ing el potential and is proportional

to the ic charge. k , the ionic conductivities of

PPY/PSS/MV?* and PPY/CIO, at each oxidation level are very similar. This is
also reflected in the similar C1O, diffusion coefficients in the two materials. This

strongly suggests that the low mobility of ClO, is due to an electrostatic
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interaction with the polypyrrole, which will be similar in the two materials, rather
than steric factors which will be quite different. When a PPY/PSS/MV** coated

electrode was transferred to 0.2 M NaClO,(aq) containing no MV?* the potential

d d and itude of its ionic ivity became slowly characteristic
of PPY/PSS, indicating that MV?* ions are slowly replaced by Na* ions.

The difference in the scan rate dependence of the cyclic voltammetric peak
potentials between PPY/CIO, (or PPY/PSS/MV?**) and PPY/PSS can be explained
by the difference in ion transport and its dependence on the degree of oxidation of
the polypyrrole in these materials. In all cases the voltammetric peak
corresponding to insertion of the mobile ions is most sensitive to scan rate (Fig.

7.2.3). Thus for PPY/CIO; and PPY/PSS/MV?*, the anodic peak, which

ds to CIO, i ion, shifts markedly to higher potential with increasing
scan rate, while the cathodic peak remains at the same potential or shifts only
slightly. For PPY/PSS, the cathodic peak, which corresponds to Na* insertion,
shifts slightly to lower potential while the cathodic peak remains at the same
potential. Clearly the insertion of the mobile ionic species from the solution into
the polymer is associated with a larger ohmic potential drop than its cxpulsion.
This can be attributed to the fact that at the beginning of the potential scan
involving insertion, the ionic resistance of the film is at its maximum value. The

fact that the ionic conductivity of PPY/PSS is higher than that of PPY/CIO," (or
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PPY/PSS/MV?**) also explains the smaller peak potential separation of PPY/PSS

relative to that of PPY/CIO, (or PPY/PSS/MV?**)

7.4 Conclusions

of ionic ivity as a function of electrode

potential give good evidence that the PPY/PSS composite is self-doped. The great
enhancement in ionic conductivity shown by PPY/PSS over PPY/CIO; is achieved
by free mobile Na* ions in the film. For PPY/CIO,, however, formation of a
strong ion-pair between the positive charges on the polypyrrole chains and ClO,
ions decreases the mobility of CIO, ions in the polymer.

Methyl viologen dication in the i lyte solution b

immobilized in PPY/PSS by the formation of ion-pairs between MV?* and -SO;.

For both PPY/PSS/MV?** and PPY/CIO;, the itude of the ionic conductivity

and the way it changes with the oxidation level of the polypy are similar.

Changes in cyclic voll ic peak p ials with i ing scan rate are also

similar. In both materials, movement of ClO, anions dominates ion transport.
The changes in the cyclic voltammetric peak potentials for PPY/CIO, (or

PPY/PSS/MV**) and PPY/PSS with increasing scan rate can be related to the

difference in their mode of ion transport. Since the insertion of the mobile ions
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into the polymer increases the ionic conductivity, the process that corresponds to

the insertion of mobile ions starts from the most highly resistive form.

Consequently, a large ohmic potential drop occurs which causes a large shift in

peak potential. Such changes in peak potential with increasing scan rate can be

used as a simple diagnostic means to determine the mode of ion transport in

polypyrrole, and other similar materials, by cyclic voltammetry.

Comparing the cyclic voltammograms for the three types of polypyrrole

films, increasing the polymer’s ionic conductivity decreases its peak potential
g p

separation.
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Chapter 8

The Structure of Polypyrrole

Many ies of a polymer such as the

mechanical stability!, solvent and salt transfer upon redox switching?,

?, and permselectivity! are closely related to its

structure. Structure becomes an important issue when considering many practical

such as gas ion®, ion of neutral solution species®, sensors

&8

based on charge and size separation®™®, ion-gate devices™', the switching speed

of el hromic devices'"", charging/discharging rates of battery electrodes'**

and support for electrocatalytic materials”™"®. Early studies by Diaz et al"*®
implied that polypyrrole (PPY) is a densely packed, non-porous material.
However, this view has not been shared by many other researchers. Noufi ef a!

d both the i ion and mobility of Fe(CN),> ions in PPY. From

the cyclic voltammetry and impedance studies of oxidized PPY film coated

1 des, Bull e af concl that PPY is to solvent and electroly
and that a PPY coated electrode behaves as a porous electrode. Burgmayer and

Murray” measured the ac/dc ionic conductivities and permeation rates of



electrolyte cations and anions in thick (ca. 10 pm) free-standing PPY membranes.
They found that the oxidized form is highly permeable to anions, while cations
also transport, although at a much lower rate, through the pore-channels of the
polymer.

The studies on the ionic conductivity of poly-MPCA reported in chapter 6
have indicated that the polymer film has a two-phase structure consisting of a
polymer phase and a pore solution phase?. The polymer phase consists of polymer
aggregates joined at contacting points to form a continuous network, through

which electronic current flows across the polymer film thickness during the

ped: Tonic d in the polymer aggregates occurs
mainly by hopping of the ions between neighbouring i hanging sites.
The ibution to the ionic ivity of the polymer aggregates by the

supporting electrolyte salt is negligible. This is perhaps due firstly to the low
solubility and low dissociation constant of the electrolyte in the hydrophobic
polymer phase and secondly, to the Donnan exclusion of co-ions, which further
reduces the concentration of salt in the polymer aggregates. The ionic conduction
mechanism in the pore solution is the same as that in the bulk electrolyte solution,
where both free mobile electrolyte cations and anions are charge carriers. At

equilibrium the composition and jonic ivity of the pore soliion appears to
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be the same as those of the bulk electrolyte solution.

The experimental results for poly-MPCA have also shown that the ionic
conduction paths in the polymer film include both pore solution and polymer
aggregates, suggesting that the pores are discontinuous. Since the ionic
conductivity of the pore solution is about 1000 times higher than that of the
polymer aggregates for poly-MPCA, ion conduction will preferentially follow the
pore solution with a minimum number of polymer aggregates blocking the pore
channels. The diversity of ionic current paths in the polymer film has been invoked
to explain the deviation of the experimental impedance data at low frequency from
an ideal vertical line in the complex plane impedance plot*. Another factor that
may cause such deviation and must be considered is charging of the polymer
aggregates themselves. The redox reaction layer starts at the surface of the
polymer aggregates and spreads into the centre as the frequency is decreased.
Consequently, the ion conduction paths at a lower frequency include more polymer
phase and become more resistive.

In this chapter, similar experimental strategies to those applied to poly-
MPCA are used to study polypyrrole, both PPY/CIO, and PPY/PSS polymer
films. The fact that these two types of polymers have different ion transport
mechanisms opens a new opportunity to investigate their structure. Also, since
polypyrrole has been one of the most widely studied conducting polymers, the
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results are more relevant than those obtained for poly-MPCA.

8.1 Factors Affecting Film Ionic Conductivity

‘The PPY/PSS and PPY/CIO, films studied in this section were all 2 yum
thick and all the impedance measurements were carried out in aqueous electrolyte
solutions. Figs. 8.1.1and 8.1.2 show complex plane impedance plots for PPY/PSS
film coated Pt electrodes in NaClO, and NaPSS solutions respectively. lonic
conductivities for these films were obtained from their impedance data using the
porous electrode model as was applied for the polypyrrole films in section 5.1.
Tables 8.1.1 and 8.1.2 list the solution and film ionic conductivities. Film ionic
conductivities are plotted as a function of solution conductivity in Figs. 8.1.3 and
8.1.4 for the two electrolyte solutions respectively.

Inbothel lyte soluti: ing the potential i the

ionic conductivity of the PPY/PSS film. As has been discussed in chapter 7, this
is due to the self-doping of the polymer composite®?. In this material, ion
conduction in the polymer aggregates occurs by the hopping of the mobile cations

between neighbouring fixed cati hanging sites (-SO;)?. Clearly the polymer
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Figure 8.1.1A Complex plane impedance plots for a 2 um PPY/PSS film coated

Pt electrode in 0.25 M NaClO,(aq) solution at selected potentials (A: 0.1; B: 0.0;

C:-0.1; D: -0.2, E: -0.3 and F: -0.4 V vs. Ag/AgCl). Circled points are for the

bare Pt electrode at the open circuit potential. Frequencies at selected points are
marked in Hz.
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Figure 8.1.1B Complex plane impedance plots for a 2 um PPY/PSS film coated
Pt electrode in 0.01 M NaClO,(aq) solution at selected potentials (A: 0.1; B: 0.0;
C: -0.1; D: -0.2, E: -0.3 and F: -0.4 V vs. Ag/AgCl). Circled points are for the
bare Pt electrode at the open circuit potential. Frequencies at selected points are
marked in Hz.

232



2000

1500

1000

-Z"I%

500

0 500 1000

VAL
Figure 8.1.2A Complex plane impedance plots for 8 2 um PPY/PSS film coated
Pt electrode in 0.5 M NaPSS(aq) solution at selected potentials (A 0.1; B: 0.0;
C:-0.1;D: 0.2, E: 0.3and F: 0.4V vs. Ag/AgCh). Circled points are for the
bare Pt electrode measured at the open circuit potential. Frequencies at selected
points are marked in Hz.
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Figure 8.1.2B Complex plane impedance plots for a 2 um PPY/PSS film coated
Pt electrode in 0.025 M NaPSS(aq) solution at selected potentials (A: 0.1; B: 0.0;
C:-0.1; D: -0.2, E: -0.3 and F: -0.4 V vs. Ag/AgCl). Circled points are for the
bare Pt electrode at the open circuit potential. Frequencies at selected points are
marked in Hz.
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Figure 8.1.3 Plots of PPY/PSS film jonic conductivity in NaClO,(aq) solution at indicated potential
as a function of the solution conductivity.
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g8 are ive and the ion of anions is low. However, it
is also observed that in both electrolyte solutions increasing the concentration of
supporting electrolyte increases the polymer film ionic conductivity (Tables 8.1.1
and 8.1.2). This effect may be due to an increase in the ionic conductivity of the
solution in pores. Thus since both electrode potential and the conductivity of the
supporting electrolyte solution affect the polymer film ionic conductivity, the two-
phase model proposed for poly-MPCA may also apply to PPY/PSS films.

Using a uniform polymer phase model (one-phase model) may give an
alternative explanation of the above experimental observations. Increasing the

pporting ion may increase the salt content in the polymer

phase and thus increase the polymer film ionic conductivity. Changing the

electrode potential may change the mobilities of ionic species in the polymer film

and thus change the film ionic conductivity. However, ing Figs. 8.1.3 and
8.1.4 it can be seen that at the same solution conductivity the film ionic
conductivity is similar despite of the great difference in the size of the ClO, and
PSS anions. Such a great difference in anion size should cause a great difference
in salt content of the polymer phase and thus the film ionic conductivity, according
to the one-phase model. The two-phase model provides a more logical explanation

that increasing the pore solution jonic ivity by i ing the

of either NaClO, or NaPSS increases the film ionic conductivity.
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Table 8.1.1 PPY/PSS film ionic conductivity in aqueous NaClO, solution.

Electrolyte solution Film ionic conductivity at the indicated
potential / uS cm™
Conc. Cond. -04 | 03 | 0.2 -0.1 0.0 | 0.1
M mS cm’ v v v v v v
d 105 315 237 166 119 119
0.25 25.8 398 363 277 241 196 | 173
0.10 10.5 253 199 160 122 | 92.2 | 70.1
0.050 5.11 178 149 124 | 97.9 | 75.6 | 60.5
0.025 2.63 108 90.3 | 80.1 | 68.2 | 51.4 | 40.4
0.010 1.11 61.3 59.6 | 51.6 | 43.4 | 30.1 | 23.2

The view that polypyrrole has a porous structure was supported by studying
the jonic conductivity of PPY/CIO, films in the two electrolyte solutions. Fig.
8.1.5A and B show complex plane impedance plots for a PPY/CIOy film in two
NaClO, solutions. Table 8.1.3 lists ionic conductivities from these plots and at
other electrolyte concentrations against the electrode potential and the solution
conductivity. The film ionic conductivity as a function of the solution conductivity

is plotted in Fig. 8.1.6.
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Table 8.1.2 PPY/PSS film ionic conductivity in aqueous NaPSS solution.

Electrolyte solution Film ionic conductivity at the potential
uS cm’t

Conc. Cond. 04 | 03| -02 [ -0.1 0.0 0.1
M m$ cm’ v \4 v \ \ v

0.50 28.9 427 | 344 | 249 | 178 | 122 86.7
0.25 16.1 368 | 281 | 201 | 149 | 113 73.5
0.10 6.91 260 | 199 | 155 | 117 [ 803 | 52.5
0.050 333 183 | 139 | 109 | 86.3 | 60.83 | 36.4
0.025 1.72 759 [ 72.0 | 69.6 | 65.5 | 54.1 | 30.8

As has been discussed in chapter 7, the ionic conductivity of a PPY/CIO,
film increases with increasing electrode potential. This has been explained in terms
of the normal anion-doping mechanism®™. For this polymer, increasing the

concentration of the supporting electrolyte solution also increases the polymer film

ionic conductivity. Again, the si variation of polymer film ionic
conductivity with both electrode potential and the conductivity of the supporting

solution may be attril to ionic changes in a polymer

phase and a pore solution phase respectively.
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Figure 8.1.5A Complex plane impedance plots for a 2 um PPY/CIO,” film coated
Pt electrode at 0.1(A), -0.1(B), -0.2(C), -0.3(D) and -0.4(E) vs. Ag/AgCl in 0.20
M NaClOy(aq) solution. Circled points are for the bare PL electrode at the open
circuit. Frequencies at selected points are marked in Hz.
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Figure 8.1.5B Complex plane impedance plots for a2 um PPY/ClO," film coated
Pt electrode at 0.1 (A), 0.0(B), -0.1(C), -0.2(D) and -0.3(E) V vs. Ag/AgCl in
0.025 M NaClO,(aq) solution. Circled points are for the bare Pt electrode at the
open circuit. Frequencies at selected points are marked in Hz.
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Table 8.1.3 PPY/CIO; film ionic conductivity in aqueous NaClO, solution.

Electrolyte solution Film ionic conductivity at the indicated
potential / uS cm™
Conc. Cond. -04 ( -03 | 0.2 | 0.1 0.0 0.1
M mS em’! v \ \ v \4 v

0.20 18.4 6.01 | 10.2 | 14.8 | 18.1 | 222 | 225
0.10 9.77 - 623 [9.08 1978 | 11.3 12.1
0.050 5.33 - | 2.57 | 4.19 | 485 | 5.67 | 5.87
0.025 2.84 -+ | 064 [ 174 | 1.86 | 2.49 | 2.95

* A high frequency semicircle appeared in the complex plane impedance plot

50 that the ionic conductivity was indeterminate.

‘When impedance measurements on a PPY/CIO, coated electrode were
carried out in NaPSS
shown in Fig. 8.1.7 by the length of the Warburg-type line, indicating a very low
mobility of Lie PSS anions in the film. Fig. 8.1.8 shows cyclic voltammograms
of a freshly prepared (oxidized) PPY/CIO, film in NaPSS solution. A large
reduction wave was observed in the first cathodic scan, but on subsequent scans,
the polymer film showed little electrochemical activity. Energy dispersive X-ray

analysis (Fig. 8.1.9) revealed that the initial reduction was accompanied by loss

the film ionic

of almost all incorporated ClO, ions during polymerization. Clearly, the
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Figure 8.1.7 Complex plane impedance plots for a 2 um PPY/CIOy film coated
Pt electrode in 0.5 M NaPSS(aq) solution at 0.0 V vs. Ag/AgCl. Frequencies at
selected points are marked in Hz.
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Electrode potential
Vs Ag/ AgCl

Figure 8.1.8 Cyclic voltammograms of a 4 um PPY/CIO, film coated Pt electrode in 0.5 M NaPSS
aqueous solution at a scan rate of 60 mV s™'. The solid line indicates the first cycle and the dashed line
the second cycle.
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Figure 8.1.9 Energy dispersive X-ray spectra of a 2 um PPY/CIO, film coated

Pt electrode. A -- original film, B -- after reduced at -0.8 V vs. Ag/AgCl in 0.5
M aqueous NaPSS solution.




electrochemical inactivity of the polymer film in the NaPSS solution is due to the
fact that the PSS’ anions are too large to enter the polymer aggregates to re-dope
the film. This is in contrast with the dependence of PPY/PSS film ionic
conductivity (Table 9.2.2) on the NaPSS concentration, which shows that the poly-
anions can enter pores of the polymer film.

As shown in Figs. 8.1.3, 8.1.4, and 8.1.6, it is clear that jon transport in

the polymer films is strongly infl d by the i hanging process. The

difference in the polymer ionic conductivity at different potentials is most

p d as the ion of el lyte i d. If the phase model
were applicable, the increase in the electrolyte concentration would cause an
increase in the salt content in the polymer. For both type of polymers, the salt

(both cations and anions) would i ionic duction. C , the

variation in film ionic conductivity due to the difference in the mode of ion
transport (cations in PPY/PSS vs. anions in PPY/CIO,) as well as in electrode
potential would become less and less significant. The two-phase model gives a
more logical explanation. Since the film ionic resistance is the sum of polymer
aggregate (R,,,) and pore (R,,) resistances. R,,,,, which is greatly influenced by

mode of ion transport and el de potential, b

p only when R,

is small,

Figs. 8.1.10 and 8.1.11 are plots of film ionic conductivity as a function of

247



150

PPY/CIO, in HCI

100~

in NaCl

Film conductivity / uS cem!
w
o
T

NaClO,

100
Solution conductivity / mS em?
Figure 8.1.10 Plots of PPY/CIO; film ionic conductivity at 0.0 V vs. Ag/AgCl as a function of

solution conductivity in NaCl, NaClO; and HCI ~lectrolyte solutions.
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Figure 8.1.11 Plots of PPY/PSS film ionic conductivity at 0.0 V vs. Ag/AgCl as a function of
solution conductivity in NaCl, NaClO, and HCl electrolyte solutions.
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solution conductivity in aqueous NaCl, NaClO, and HCI solutions for PPY/CIO,
and PPY/PSS films, respectively.

At the same solution conductivity, the PPY/CIO; film immersed in different
electrolyte solutions has the same ionic conductivity when the anions are the same
(CI) and the electrolyte concentrations are low. However, film conductivitics are
quite different when the anions are different. The higher film ionic conductivity
in the chloride solution relative to the perchlorate solution has been attributed to
a lower extent of ion-pairing between the chloride anions and the positive charges
on the oxidized polypyrrole c.ains®®. The film ionic conductivity starts to
decrease at concentrations above 0.2 M for both NaCl and NaClOj solutions but
not for HCl solution. This phenomenon s attributed to dehydration of the polymer
film caused by the high electrolyte concentration in the bathing solution. The high
mobility of H* means that for the same solution conductivity the HCI
concentration is much lower than those of NaClO, and NaCl. Thus, for a solution
conductivity of 70 mS cm’!, the concentration of HCl is 0.2 M while the NaCl and
NaClO, concentrations are about 1 M.

When comparing PPY/PSS film ionic conductivities at the same solution

ivity in the three yte solutions, the polymer film exhibits the same

film conductivity when the cations are the same (Na*). The equivalent ionic

250



2000

1500

Z"I2

500

0 500 1000

YA
Figure 8.1.12 Complex plane impedance plots for a2 pm PPY/PSS film coated
Pt electrode in saturated NaClOg solution at selected potentials (A: 0.1; B: 0.0; C:
0.1:D:-02, E: 0.3 and F: -0.4 V vs. Ag/AgCD. Circled points are for the bare
Pt clectrode at the open circuit potential. Frequencies at selected points are mar
in Hz.
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conductivity of H* at infinite dilution in aqueous solution is about six times that
of Na*. The high mobility of H* is due to proton hopping from the hydronium ion
(H,0%) to a neighbouring water molecule with the aid of hydrogen bonding
between the two molecules. In the polymer phase, the mobility of H* is only about

68% greater than that of Na*. Clearly the significance of the fast proton relay

hanism (Grotthus mechanism) that ions well in aqueous solution is greatly
reduced in the polymer aggregates, where ion conduction occurs by hopping of the
cations between neighbouring ion-exchanging sites (-SOy). For PPY/PSS, the
dehydration effect is much less pronounced than for PPY/CIO,. This may be duc
to the high concentration of the immobilized ionic species within PPY/PSS.
Dehydration of this polymer film only occurs with a highly concentrated bathing
electrolyte solution such as saturated NaClO, solution (Table 8.1.2). Fig. 8.1.12
shows complex plane impedance plots of a 2 um PPY/PSS film coated Pt electrode
in a saturated aqueous NaClO, solution. In spite of the high concentration of

electrolyte in the bathing solution, the film ionic conductivity still decreases with

potential, indicating that the i mobile ionic species in the

polymer aggregates are still the electrolyte cations (Na*).
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8.2 Conclusions

Tonic conductivity measurements on polypyrrole have shown that, like poly-

MPCA, it has » two-phase porous structure. The solution in the pores is

so that jon ion paths must contain both the pore solution and

polymer aggregates. The cnvisaged structure of the polymer film is shown

schematically in Fig. 8.2.1. Such a structure causes the ionic conductivity of the

polymer film to exhibit behaviour characteristic of both pore solution and polymer
aggregates.

The ion conduction mechanism in the pore solution is the same as that in

the bulk electrolyte solution, where both cations and anions are the charge carriers.

Since the ionic conductivity of the pore solution is the same as that of the bulk

yte solution, diff in the ionic conductivity of the polymer

can best be detected by measuring the film ionic conductivity in electrolyte
solutions with identical conductivity.

The polymer aggregates can be regarded as an ion-exchanging resin, where
only the cations (for a cation-exchanging resin) or anions (for an anion-exchanging

resin) serve as charge carriers. This conclusion is substantiated by the fact that in

253



.

Pore Solution

Figure 8.2.1 Sketch of the proposed structure of a poly-MPCA or polypyrrole
film.
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PPY/CIO, film the el yte anions are the p mobile ions and in

PPY/PSS film the electrolyte cations. The ionic conductivity of the polymer
aggregates changes with the electrode potential, the mobility of the mobile ionic
species, and the hydration level of the polymer film. Varying the electrode
potential changes the oxidation level of the polymer film, which changes the
concentration of the fixed ion-exchanging sites. There are reasonably linear
relationships between the film ionic conductivity and oxidation level for both poly-

MPCA and polypyrrole films®.

. The mobility of the mobile ionic species in the
polymer aggregates depends on their sizes and their interactions with the
oppositely charged fixed ion-exchanging sites in the polymer aggregates.

Dehydration of the polymer film occurs at high bathing electrolyte concentrations,

which the ionic ivity of polymer

By using the poly(styrene sulphonate) anions as size probes, it was
concluded that the pores in polypyrrole are sufficiently large to allow the entry of
the polyanions. But the ion conduction channels in the polymer aggregates are too

small to allow the polyanions to dope the polymer.
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Chapter 9
Charge Transport in Polypyrrole/perchlorate and

Polypyrrole/poly(styrene sulphonate) Bilayers

Despite a great deal of recent work', there is still no consensus on how the
impedance response of a polymer coated electrode should be modelled and
interpreted. The various treatments of polymer coated electrodes (discussed in
Chapter 4) give different predictions of the location of the initial redox reaction.
The porous electrode model*?, and Albery’s redox polymer model* predict that
oxidation and reduction of a highly conducting polymer will begin at the
polymer/solution interface. The tungsten oxide® and redox polymer model proposed
by Gabrielli er a/™® assumes that these reactions begin at the polymer/electrode
interface, while Buck in the treatment of thin layer and membrane cells predicts

that they begin simultaneously at both interfaces®". Clearly, finding the location

of the initial el hemical reaction in a conducting polymer coated clectrode

d in an lyte solution is i

P to the und ding of charge

transport in the polymer.



Previous studies on this subject have been reported by Bard and

coworkers''. Using ellipsometry, they studied the spatial distribution of oxidized

and reduced states of an el hemically polymerized polypy: film on a Pt

electrode when potential steps were applied. The experimental ellipsometric

data were si i by a multilayer film model. Their results show that
the electrochemistry of polypyrrole begins at the polymer/solution interface.
However, similar experiments on polyaniline'>'® indicate that oxidation and

occur y the film during potential cycling. The

discrepancy appears to arise from the large changes in the electronic conductivity
of the polymer that occur when a large amplitude potential perturbation is applied.
Aoki and coworkers have shown that the oxidation of polypyrrole and
polyaniline' strips starts at the metallic contact. However, these results were
obtained when insertion/expulsion of bulk ionic species was perpendicular to the
propagation direction of the polymer reaction zone. Clearly this is not the case for
a polymer film on a flat electrode.

In this chapter, results of impedance studies on conducting polypyrrole
bilayers at steady state conditions are reported. It is clearly shown that the redox
reaction of the polymer spreads from the polymer/solution interface. The bilayer
films consist of partially oxidized polypyrrole (PPY) doped with perchlorate

(PPY/CIO;) and PPY doped with sodium poly(styrene sulphonate) (PPY/NaPSS)
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layers. Previous work (Chapter 7) has shown that these two polymers are different
in their mode of ion conduction as well as in the magnitude of their ionic

conductivity's. In PPY/CIO, the perchlorate anions dominate ion transport, and

the potential i the polymer’s ionic conductivity. While

in PPY/PSS cation transport domi and i ing the el de potential

decreases the polymer’s ionic conductivity. This forms the basis for discrimination

between the electrochemistry of the two layers in the bilayer films.

9.1 Polymer Film Electrode Preparation

Bilayer films were deposited on Pt disc electrodes (0.0045 cm?) by anodic
oxidation of pyrrole (0.5 M) at a constant current density of 0.88 mA cm? in 0.5
M NaClO, (aq) to form the PPY/CIO, layer, and in 0.5 M NaPSS (aq) to form
the PPY/PSS layer. The thickness of each polymer layer was controlled by the
deposition time. For both polymers, deposition of 1 um requires a charge density
of ca. 0.24 C cm? (section 3.2). A bilayer electrode with a PPY/CIO, inner layer

and a PPY/PSS outer layer is denoted as | PPY/CIO, | PPY/PSS, where " |"

the sub Pt el de, and "|" the visualized plane that

the two contacting polymer layers.
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9.2 Impedance

Fig. 9.2.1A shows complex plane impedance plots for a bare Pt electrode
and a | PPY/CIO (1 pm) | PPY/PSS (1 um) bilayer electrode at 0.1 V in 0.2 M
NaClO, (aq). At high frequency the bilayer shows a Warburg-type (45° linear

region) impedance response starting at a real axis intercept corresponding to the

d solution resi (given by the intercept for the bare Pt

electrode). At lower frequencies a second, steeper linear region (Warburg-type line

at low freq ') appears in the i plot, followed by the normal capacitive
response, which forms an almost vertical line. Similar dual time constant responses
are observed at other potentials (Fig. 9.2.1B). Adequate separation of the two
charging processes is obtained by plotting the impedance data in the complex
capacitance plane (Fig. 9.2.2).

The Warburg-type line at high freq is ch ized by a

length as the electrode potential is decreased (Figs. 9.2.1B and C), while the

length of the Warburg-type line at low fi i as the el d

potential is decreased (Fig. 9.2.1B). Thus, at high frequency, the impedance

response of the bilayer electrode is characteristic of PPY/PSS, while the lower

response is istic of PPY/CIO,". This result shows that high

frequency potential stimulation causes only the PPY/PSS outer layer to be oxidized
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Figure 9.2.1 A & B Complex plane impedance plots for a bare Pt electrode at open circuit (vin A)
and a |PPY/CIO,(I pm)| PPY/PSS(I um) bilayer clectrode in 0.2 M NaClO, (aq). Electrode
potentials are indicated as follows O 0.1V, 0-02V,4-03V, 004V, > -0.5 V. Frequencies
in Hz are indicated for selected points.
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Figure 9.2.1C & D Complex plane impedance plots for a bare Pt electrode at open circuit (vin C),
a | PPY/CIO; (1 pm)| PPY/PSS(1 pm) bilayer electrode (C) and 2 || PPY/PSS(1 pm) |PPY/CIO, (1
um) bilayer electrode (D) in 0.2 M NaClO, (aq). Electrode potentials are indicated as follows O 0.1
Vv, 0-02V,s-03V, ¢ 04V, *-05V. Frequencies in Hz are indicated for selected points.
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Figure 9.2.2 Complex plane capacitance plots for the bilayer electrode data
shown in Fig.9.2.1 and for a |PPY/CIO, (1.5 pm)| PPY/PSS(0.5 pm) bilayer
electrode. See Fig.9.2.1 for electrode potential symbols.
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and reduced. As the frequency is decreased, the redox reaction spreads into the
PPY/CIO, inner layer.
Fig. 9.2.2A shows complex capacitance plots for the data in Fig. 9.2.1. The

two semicircles correspond to two charge transport processes with different time

constants. They are of similar di indicating that the two p involve
similar capacitances (i.e., the two equal thickness layers of the bilayer). A bilayer

with a thinner (0.5 um) outer PPY/PSS layer and a thicker (1.5 pm) inner

PPY/CIO; layer gave a correspondingly smaller semicircle at high freq and
a larger semicircle at low frequency (Fig. 9.2.2B). This confirms the assignment
of the high frequency response to the outer PPY/PSS layer.

The low fi i were also d from the slopes of

plots of imaginary impedance vs. 1/fr for the impedance data following the

Warburg-type line in the complex plane imped plots. The

obtained from the data immediately after the Warburg type-line at high frequency
are for the outer layer while those obtained from the data after the Warburg-type
line at low frequency are for the whole bilayer. Table 9.2.1 lists the capacitances
obtained for three bilayer electrodes, together with those for a || PPY/CIO (2 pm)
and a | PPY/PSS (2 pm) electrode. Clearly, for a | PPY/CIO, | PPY/PSS bilayer
the redox reaction of the PPY/CIO, layer is not initiated until all of the PPY/PSS

layer is oxidized/reduced by the ac potential perturbation (at low enough
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Table 9.2.1 Capacitances (mF cm?) from the slopes of Z" vs. 1/w for three bilayer and two single layer electrodes.

Electrode |PPY/CIO; (1 pm) | |PPY/CIO, (1.5 um) | [|PPY/PSS | |PPY/PSS | | PPY/CIO;

Potential |PPY/PSS (1 pm) |PPY/PSS (0.5 um) (1 pm)| 2 pm) 2 pm)

Avg IVA:gCI High o Low High Low w ZPZ;SIO‘
0.1 14.5 28.3 8.9 329 329 29.6 31.7
0.0 14.6 31.1 9.2 34.2 34.2 30.2 31.7
-0.1 15.3 32.2 9.2 34.3 34.3 32.0 33.2
0.2 16.1 34.5 12.3 46.8 41.4 34.7 34.5
0.3 18.0 37.6 10.3 42.9 53.1 37.6 36.1
0.4 18.0 40.5 9.9 40.0 46.7 39.6 38.4
-0.5 18.6 42.2 8.9 31.3 48.7 41.5 44.1
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frequency). Impedance responses similar to Fig. 9.2.1A, B, C have been observed
on bilayer electrodes with a very thin (down to 0.2 um) PPY/PSS outer layer.
The conclusion that the redox reaction in conducting polypyrrole films
begins at the polymer/solution interface is reaffirmed by the response of bilayers
with PPY/PSS as the inner layer. Figs. 9.2.1D and 9.2.2C show complex planc
impedance and capacitance plots for a |PPY/PSS(1 pm) |PPY/CIO, (I pm)

bilayer electrode. In this case, only one long Warburg-type line is obtaincd and its

length d with i ing el de potential. This behaviour is
characteristic of the PPY/CIO, layer. The almost vertical impedance response at
low frequency corresponds to the full capacitance of both layers. The absence of
a second Warburg-type line for the PPY/PSS inner layer is due to the fast charging
rate of PPY/PSS relative to PPY/CIO, . Thus the time required to oxidize/reduce

the whole PPY/CIO, outer layer is by far enough to charge thc PPY/PSS inncr

layer. Consequently, no Warburg-type line ponding to oxidizi ducing the
inner PPY/PSS layer is observed. The fast charging rate of the PPY/PSS is duc

to the rapid cation transport in this polymer (Chapter 7).
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9.3 Simulation of Impedance Response

The impedance responses of bilayer electrodes are simulated based on the
electrical circuit shown in Fig. 9.3.1. The circuit contains a conducting rail
connected to the substrate Pt electrode and a resistive rail connected to the
conducting rail through the distributed capacitances. The conducting rail models
the fast electron movement in the conducting polypyrrole film and the resistive rail
models the slow ion movement. The ionic resistances of the inner layer and outer
layer are represented by Ry and Ry in series across the polymer film
thickness. The impedance response of the modelling circuit is calculated using the
systematic reduction method described in section 5.2. For a bilayer electrode with
equal thickness inner and outer layers, Ry, and R, are each divided into 500
resistors, and the total film capacitance which is calculated from the low frequency
data (Table 9.2.1), is divided into 1000 capacitors.

Figs. 9.3.2 and 9.3.3 show complex plane impedance plots of the
experimental and simulated data. For a |PPY/CIO;(1 pm) | PPY/PSS (1 um)
bilayer electrode at -0.2 V in 0.2 M NaClO,, the experimental data are simulated
with | Ryjpee = 12.8 k@ |Rygue = 310 0. The simulated impedance response

closely resembles the experimental one, giving a high frequency Warburg-type line
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Figure 9.3.2 Complex plane impedance plots of the experimental () and
simulated (O) data for the TlPPY/ClO,{(l pm)| PPY/PSS(1 um) bilayer electrode
at -0.2 V in 0.2 M NaClO4(aq). The ionic resistance Ry jnper and Ry gyer used to
simulate the experimental data are 12.8 k@ and 310 @ respectively.
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Figure 9.3.3 Complex plane impedance plots of the experimental (a) and
simulated (O) data for the ﬁPPY/PSS(l pum) | PPY/CIO, (1 um) bilayer clectrode
at -0.1 V in 0.2 M NaClO,(aq). The ionic resistance R ;.. and R, used to
simulate the experimental data are 300 Q and 8 kQ respectively.
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at 45° angle to the real axis, a second steeper Warburg-type line at lower
frequency and a vertical line at very low frequency. For a || PPY/PSS (1 um) |
PPY/CIO, (1 pm) bilayer electrode at -0.1 V in 0.2 M NaClO,, the experimental
data are simulated With || Ryjuee = 250 @ | Ry e =8 kQ. The simulated impedance
response, like the experimental one, gives a single Warburg-type line at high

frequency and a vertical line at low . The si

response
is insensitive to the choice of Ryjuer as 10ng a5 Ry ouer/Ryiaser > 10. This situation
is expected since the fast charging process of the inner layer is not resolved from

the slow preceding charging process of the outer layer.

9.4 Cyclic Voltammetry

Fig. 9.4.1 shows cyclic voltammograms of the two types of bilayer
electrodes in 0.2 M NaClO,(aq). The single charging process of the | PPY/PSS
(1 pm)| PPY/CIO, (1 pm) bilayer electrode is clearly reflected by the single pair
of redox peaks. The voltammogram (Fig. 9.4.1A) closely resembles that of a 2 um
PPY/CIO; film (Fig. 7.2.1A), as marked by the large potential shift of the anodic
peak with increasing scan rate. In Fig. 9.4.1B the two pairs of redox peaks

correspond to the two well resolved charging processes of the outer and inner
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Figure 9.4.1 Cyclic voltammograms of | PPY/PSS(1 pm) | PPY/CIO (1 pm) (A) and |PPY/CIO,
(1 pm)| PPY/PSS(1 pm) (B) bilayer electrodes in 0.2 M NaClO,(aq). Scan rates in mV s" are

indicated.
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layers for the HPPY/CIO.‘(] pm) | PPY/PSS (1 pm) bilayer electrode.

9.5 Usefulness in Immobilization of Ionic Species

The immobilization of catalytic species within a polymer film is crucial to

many icati of modified electrodes, such as in electrocatalysis'’®,

clectroanalysis and sensors™. El ic binding of i ter-ions in
ion-exchange polymer coating on electrodes was first studied by Oyama et al***.
Immobilization of anionic species in oxidized polypyrrole by electrostatic binding
has been demonstrated®®. However, such immobilization in a conducting polymer
is unstable duc to the anion-exchange process when the electrode is immersed in
an electrolyte solution. Also, the anionic species will be lost when the electrode
is reduced®. Immobilization by forming a covalent bond between the catalytic
species and the polymer backbone has also been reported”’. Although this type of
immobilization is physically stable, loss of catalytic activity generally occurs due
to the decreased mobility of the catalytic centres.

An alternative method of increasing stability is to use multiple layer
electrodes. Rubinstein er a**? have reported an electrostatic encapsulation using

bilayer films with an ion exchanger as the outer layer. The anionic species is
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confined within the inner layer due to the Donnan co-ion exclusion of the outer
layer.

Bilayer are ially useful for of anionic or

cationic catalytic species in conducting polymers. For example, in Fig. 9.5.1A, an
anionic species (A7) is initially immobilized in polypyrrole during the
electrochemical polymerization of the inner layer. The electrode is then coated
with a PPY/PSS outer layer. Decreasing the electrode potential causes the outer

PPY/PSS layer to be reduced first. Reducing PPY/A" at a later stage would

lly be ied by the Ision of A", which now should not be able
to pass through the outer layer due to Donnan co-ion exclusion. Electroneutrality
in the inner layer is therefore achieved by the insertion of electrolyte cations,
which travel through the outer layer (Fig. 9.5.1B). Upon oxidation, the reverse
process occurs. In any event, the anionic species (A’) initially incorporated in the
inner layer are preserved in the bilayer electrode.

Similarly, a bilayer electrode with PPY/CIO, as the outer layer is uscful for
confinement of cationic species (C*) in the inner PPY/PSS layer. The C* is
inserted into the inner PPY/PSS layer during the first cathodic potential scan by
transport through the already reduced PPY/CIO, outer layer (Fig. 9.5.2B). During
the anodic potential scan, oxidation of the PPY/CIO, outer layer occurs initially.

Oxidizing the PPY/PSS inner layer at a later stage would normally cause the
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ina | PPY/A"| PPY/PSS bilayer el A - newly prepared bilayer el d
B - after reduction.
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Figure 9.5.2 Sct ic ill ion of the confi of a cationic species (C*)

in a [|PPY/PSS|PPY/CIO; bilayer electrode. A - newly prepared bilayer
electrode; B - after first cathodic potential scan in electrolyte solution containing
C*, and C - after oxidation.



expulsion of the C*, which now should not be able to pass through the outer layer
due to Donnan co-ion exclusion. Electroneutrality in the inner layer is preserved
by the insertion of electrolyte anions, which travel through the outer layer (Fig.
9.5.2C). Upon reduction, the reverse process occurs (Fig. 9.5.2C to Fig. 9.5.2B).
In any event, the cationic species incorporated in the inner layer during the first

cathodic potential scan are preserved in the bilayer electrode.

9.6 Conclusion

The impedance responses observed for conducting polypyrrole bilayer
electrodes clearly show that the electrochemical reaction begins at the
polymer/solution interface. This is consistent with the prediction from Albery’s
dual rail transmission line model and the porous electrode model. These models

also predict that under some circumstances the redox reaction of a conducting

polymer will begin either at the ‘poly interface or si

at
both interfaces. The former will occur when ion transport in the polymer is faster
than electron transport. The latter occurs when electron and ion transports occur
at similar rates. Studies on a pyrrole based ion exchange polymer (Section 5.3) and

PPY/PSS (Section 5.4) have revealed the imped: P ponding to
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all three cases.
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Chapter 10

Polypyrrole Having Two Types of
Ion Transport

Previous impedance studies' on polypyrrole doped with perchlorate
(PPY/CIOy) and polypyrrole doped with poly(styrene sulphonate) (PPY/PSS) have
shown that ion transport in the former is dominated by anion movement and in the
latter by cation movement (chapter 7). These types of ion transport differ in their
potential dependence and rate. In this chapter, polypyrrole films having both two
types of ion transport are studied with impedance spectroscopy and cyclic
voltammetry.

The shapes of cyclic voltammograms of polypyrrole have been noted by
Diaz and coworkers to be sensitive to the anions in the polymer?, indicating that
the limiting process in charge transport for the polypyrrole redox reaction is slow
ion transport. The polymer films studied in this chapter offer a new opportunity
to study the relationship between ion transport and the shape of cyclic

voltammograms.



10.1 Polymer Preparation And Characterization

The monomer solutions contained 0.5 M pyrrole in water plus the two
electrolytes (NaClO, and NaPSS) with a total electrolyte concentration of 0.5 M.
The polymer films were prepared by anodic oxidation of pyrrole at a constant
current density of 0.88 mA cm? on Pt (area = 0.0045 cm™), each with a charge
density of 0.48 mC cm?, This charge density will produce a dry film thickness of
2 pm PPY/CIO; or PPY/PSS film as measured with SEM (Chapter 3). It is

assumed here that the same charge dersity will also produce a 2 um polypyrrole

+ poly(sty Iph (PPY/CIO, +PSS) composite film. All

ionic conductivities for the polymer films are calculated using the dry film

hick In the following di i a polymer film polymerized from a
monomer solution containing NaClO, and NaPSS (in -SO," unit) in the molar ratio
of m/n will be referred to as a [m/n] film alone. An Ag/AgCl electrode was used

as the refe i! de and the el de p ials reported are quoted with

respect to this reference electrode.
The molar ratios of Cl0,/-SO, in the newly prepared (oxidized) polymer
films were determined by energy dispersive x-ray analysis (EDXA) on free

standing films fixed on the sample stage using Scotch tape. The films were peeled
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from the Pt el de by following p d After the polymerization, the
polymer coated Pt electrode was removed immediately from the monomer solution,
then washed with water to remove the adhering solution and then with acetone,
and dried in air. Free standing PPY/4-chlorobenzene sulphonate films (2 pm)
which contain Cl and S in one to one molar ratio were prepared similarly. These
films closely match the matrix of the PPY/PSS+CIO; films, and were used as a
standard to correct the Cl and S molar ratio calculated from the x-ray emission

counts of the two elements using Tracor thern’s Q

Analysis (SQ) software. X-ray emission analysis using SQ on four standard
PPY/4-chlorobenzene sulphonate films gave an average CL:S ratio of 0.92 (£
0.01), which is duly corrected to the value of 1 with a correction factor of 1.09.
This correction factor was used to correct all SQ results for PPY/CIO, +PSS
films. Fig. 10.1.1 shows x-ray emission spectra for a standard and five
PPY/PSS+CIO, films. The corrected ClO,/-SO, molar ratios in the freshly
formed (oxidized) PPY/CIO, +PSS films are listed in Table 10.1.1.

It is interesting to note that polypyrrole preferentially incorporates PSS over
ClO,. This may be explained by the large entropy gain (aS > 0) when many
small C1O, anions (ca. 340) are replaced by a large PSS poly-anion. Stronger
interaction between the positive charges on the oxidized polypyrrole chains and

—SO0;" ions may also favour the incorporation of PSS.
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Figure 10.1.1 Energy dispersive x-ray spectra of a PPY/4-chlorobenzesulphonate
standard (A), and [1/3](B), [3/1] (C), [6/1] (D), [20/1] (E), [40/1] (F)
PPY/PSS+ClOy polymer films.
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Table 10.1.1 Energy dispersive X-ray analysis of ClO,/-SO, molar ratios in
freshly formed (oxidized) PPY/CIO, +PSS composite films.

ClO,/-SO; ratios ClO,/-80; ratios
in the monomer solution in the polymer films

50 2.67

40 2.45

20 1.40

6 1.28

3 111

1 0.82

0333 0.31

X-ray emission analysis was used to measure the K* and ClO," contents of
some [3/1] PPY/CIO;+PSS films (ClO,/-SOy ratio in film ~ L.1) after
equilibration at various potentials in 0.2 M KCIO, (aq). Using KCIO, instead of
NaClO, enhances the sensitivity of this method to detect cations in the film. Fig.
10.1.2 shows x-ray emission spectra of the polymer films after equilibration at
various potentials. X-ray emission analysis results for PPY/PSS films after full
reduction (-1.0 V) in KCIO, were used to correct the K/S molar ratios obtained
using SQ. Corrected Cl0,/—S0y and K*/—SOy molar ratios are listed in Table

10.1.2. These results show that the ClO," anions are the dorninant mobile ions in
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Figure 10.1.2 Energy dispersive x-ray spectra of free standing [3/1] PPY/PSS+CIO, polymer films
after polarization at 0.0(A), -0.3(B), -0.5(C) and -0.7(D) V vs. Ag/AgCl in 0.05 M KClO4(aq).
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the oxidized polymer while K* cations are the dominant mobile ions in the reduced
polymer. Decreasing the electrode potential causes some expulsion of ClO,” and
some intercalation of K* ions to reach the equilibrium composition of the polymer
at the lower potential.

Table 10.1.2 EDXA analysis of ClO;/-SO; and K*/-SO;" molar ratios in [3/1]
films after equilibration in 0.2 M KCIO, (aq) at various potentials.

Potential CIO,/-SO5 K*/-SOy

V. vs Ag/AgCl molar ratio molar ratio
0.1 1.11 0.00
0.0 0.96 0.18
-0.3 0.50 0.58
-0.5 0.14 0.69
-0.7 0.09 0.84
-0.9 0.00 1.00

10.2 Impedance

The impedances of the polymer film coated Pt electrodes were all measured
in 0.2 M NaClO, (aq). For each film the electrode potential was decreased by
increments of 100 mV from 0.1 to -0.8 V. The polymer film coated electrode was
held at the measuring potential for 5 min. before impedance measurements.
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Fig. 10.2.1 shows complex plane impedance plots for a [45/1] PPY/CIO,
+PSS film coated Pt electrode in 0.2 M NaClO, (aq). The high frequency data
form a Warburg-type line, which intersects the real axis at the uncompensated
solution resistance (R,). Based on the previous discussion of the impedance

of polypyrrole film coated des (Section 5.1) as well as the known

high electronic conductivity of even slightly oxidized PPY, the projected length of

the Warburg-type line on the real axis is therefore related to the polymer’s ionic

As the el de potential is d d, the length of the Warburg-type
line for the nearly fully oxidized polymer (ca. 0.1 to -0.1 V) increases, while that
for the nearly fully reduced polymer (ca. -0.7 to -0.8 V) decreases. Comparison
with the results for PPY/CIO, and PPY/PSS reported in Chapter 7 shows that the
oxidized polymer is mainly doped with ClO,, while the reduced polymer with
PSS. The impedance spectra in the complex capacitance plane (Fig. 10.2.2A) show

that for the fully oxidized or fully reduced forms there is one nearly perfect

a single i harging process. At i

potentials (e.g. -0.4 V) there are two distinguish icircles, indicating that
there are a fast and a slow charging processes. These two processes involve nearly
equal amount of the polymer at -0.4 V as shown by the similar diameters of the
two semicircles. In the complex plane impedance plots (Fig. 10.2.1), the slow

charging process corresponds to a second steeper Warburg-type line at low
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Figure 10.2.1 Complex plane impedance plots for a 2 um [45/1] film covered Pt
electrode at 1.0 (A), 0.0 (B), -0.1(C), -0.2(D), -0.3(E), -0.4(F), -0.5(G), -0.6(H),
-0.7(T) and -0.8 V (J) vs. Ag/AgClin 0.20 M NaClO,(aq) solution. Frequencies
at selected points are marked in Hz.
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Figure 10.2.2 (A) Complex plane capacitance plots for some of the impedance
data shown in Fig.10.2.1. (B) Plots of the film capacitance as a function of
frequency. Electrode potentials are indicated as follows O 0.0 V, 0 -0.4 V and
a-0.7V vs. Ag/AgCL.
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frequency shown by the curves for potentials from ca. -0.2 to -0.6 V. Decreasing
the electrode potential causes a gradual transition from the dominant CiO, doping
in the oxidized form to the dominant -SO; doping in the reduced form. Fig.
10.2.2B shows the variation of the polymer film capacitance with the frequency

of potential perturbation. The frequency at which the charging process is

d nearly pleted (fq) is esti as shown in Fig. 10.2.2B. For the
reduced, oxidized and intermediate states this frequency was ca. 0.6, 0.12, and
0.025 Hz, respectively. The fast charging of the reduced polymer is due to the
rapid movement of mobile Na* ions. The low mobility of ClO, ions in the
oxidized polymer results in a low charging rate. The very low charging rate of the
intermediate state is due to the low number of mobile ions (both Na* and ClO)
in the polymer.

Fig. 10.2.3 shows complex plane impedance plots for a [40/1]
PPY/PSS+CIlO, polymer film coated Pt electrode. The dominant normal doping
process is now observed in a narrower potential region (ca. 0.1 to 0.0 V), while
the self-doping process is observed in a wider potential region (ca. -0.1 to -0.8 V)
as compared to the [45/1] polymer. For both the fully oxidized and fully reduced
forms the complex plane capacitance plots (Fig. 10.2.4A) show a single dominant
charging process. At intermediate potentials (ca. -0.4 V), there are two semicircles

with the larger one at the high frequency representing the fast self-doping process.
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Figure 10.2.3 Complex plane impedance plots for a 2 um [40/1] film covered Pt
electrode at 0.1 (A), -0.1 (B), -0.2(C), -0.3(D), -0.4(E) and -0.8(F) vs. Ag/AgCl
in 0.20 M NaClO,(aq) solution. Frequencies at selected points are marked in Hz.
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Figure 10.2.4 (A) Complex plane capacitance plots for some of the impedance
data shown in Fig.10.2.3. (B) Plots of the film capacitance asa function of
frequency. Electrode potentials are indicated as follows O 0.0 V, [0 -0.4 V and
a-0.7V vs. Ag/AgCl.
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Fig. 10.2.4B shows the variation of the polymer film capaciteuce with the

of potential ion. The relative charging rates for the above three

oxidization states of this polymer were similar to those discussed for the [45/1]
film in Fig. 10.2.2B.

Fig. 10.2.5 shows complex plane impedance plots for a [S0/1] polymer film
coated Pt electrode. Compared with a [45/1] film, a [50/1] film contains a greater
proportion of polymer doped with CIO,". The ClO, dominated doping process of
this polymer is observed in the potential region of 0.1 to -0.2 V. The transition
from normal doping to self-doping occurs in the potential region of -0.3 to -0.6 V.
For both the fully oxidized and fully reduced forms there is a single dominant
charging process as shown in the complex plane capacitance plots (Fig. 10.2.6A).
At intermediate potentials (e.g. -0.4 V), there are two semicircles with the smaller
one at high frequency representing the fast self-doping process. Fig. 10.2.6B
shows the variation of the polymer film capacitance with the frequency of the
potential periurbation, and the relative charging rates for the above three
oxidization states of this polymer were similar to those discussed for Fig. 10.2.2B.

Table 10.2.1 lists apparent film ionic conductivities, which will be defined
in next section, obtained from impedance measurements. For PPY/PSS and
PPY/CIO, films, the apparent ionic conductivities equal the true film ionic

conductivities since there is only one charge transport process involved. The data
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Figure 10.2.5 Complex plane impedance plots for a 2 um [45/1] film covered Pt
electrode at 0.1 (A), -0.2 (B), -0.3(C), -0.4(D), -0.6(E), -0.7(F) and -0.8 V(G) vs.
Ag/AgCl in 0.20 M NaClO,(aq) solution. Frequencies at selected points are
marked in Hz.
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Figure 10.2.6 (A) Complex plane capacitance plots for some of the impedance
data shown in Fig.10.2.5. (B) Plots of the film capacitance as a faction of
frequency. Electrode potentials are indicated as follows O 0.0 V, J -0.4 V and
4-0.7 V vs. Ag/AgCl.
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Figure 10.2.7 Plots of the apparent film ionic conductivity vs. electrode potential. Curves for
PPY/CIO, and PPY/PSS films are marked by O and a respectively, and curves for PPY/PSS+CIO,

are labelled.
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listed in Table 10.2.1 are also plotted in Fig. 10.2.7 as a function of electrode
potential. The ionic conductivities of the polymer films change continuously and
smoothly with electrode potential as well as with the C10,/-SO;” molar ratio in the

freshly prepared polymer film.

Table 10.2.1 Apparent ionic conductivities of PPY/CIO, +PSS films on Pt in

0.2 M NaClO, (aq) at various electrode potentials.

Apparent ionic conductivity / uS cm™

PPY/ | [S0/1]* | (45/1)* | [40/1}* | [20/1)* | (6/1* | (3/1)* | PPY/
cio, PSS

0.1 | 243 10.2 | 9.98 16.4 16.0 | 222 | 325 | 121
0.0 || 23.0 | 7.78 | 9.00 16.4 16.9 | 229 | 36.2 | 125
-0.1 | 19.9 | 6.23 7.84 19.5 | 204 [27.1 [ 441 | 141
-0.2 || 15.0 553 | 9.22 | 244 | 276 |37.0 | 619 | 169
-0.3 || 111 14.1 20.1 36.9 | 452 |57.5 | 90.6 | 208

-0.4 || 6.40 22.1 31.1 62.4 89.1 102 | 154 | 263
b

E/V

-0.5 40.4 55.7 92.0 170 189 277 314
-0.6 * 60.2 71.5 145 258 348 408 416
07 " | m6 | 107 346
. ClO,/-SO5 molar ratio in the polymerization solution.
® High data form a semicircle, which is i onthe
Warburg-type line.

PPY/CIO, +PSS films are potentially useful for the construction of an ion-
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gate device, in which selective control of the passage of cations or anions across
the polymer film is possible by varying the electrode potential. Burgmayer and

Murray have shown that a polypyrrole membrane formed on a gold minigrid

de can be used to i allow anions to pass through®. Feldheim and
Elliott have shown that conducting polymer films can also be used as a "gate” for
the separation of neutral solutes’. Now this study shows that oxidized PPY/CIO,
+PSS fiims are anion exchangers which allow the passage of electrolyte anions,

while the reduced films are cation exch which let the el lyte cations pass

through. Similar polymer films that can be electrochemically switched between the

anion and cation exchanger states are poly-pyrrole/N-methylpyrrole copolymer

N e T 1 I

polymerizedi S and poly-N-methylpy /N-

ylpyrrole copolymer polymerized in KCI".

10.3 Simulation of Impedance Responses

‘The impedance responses of PPY/CIO, +PSS films can be modelled with
the electrical circuit shown in Fig. 10.3.1. The two parallel resistive rails, Ry, s

and R, 5, model the movement of Na* and CIO, ions across the polymer film

hick pectively. The distributed i Cpa and Cpg, the



Polymer Film Electrolyte
Rion.A Solution

7

N\

NN
5

Figure 10.3.1 Electrical circuit used to simulate the experimental impedance
response of a PPY/PSS+CIOy film coated Pt electrode.
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doping of the polymer with -SO;" and ClO," respectively. The impedance response

of the model circuit which contains in total 2000 resistors and 2000 capacitors was

using the i ion method di in section 5.2. Fig.

10.3.2 shows the complex plane i plots of si

calculated from the model circuit with Cy, = Cp g and different Ry, o/Riqq 5 ratios.
‘When Ry, a equals Ry, (curve A), the curve has the shape for the classical
transmission line (Fig. 4.2.3) calculated with R;;, = Ryoea/2 and Cp = 2Cg 4. With
Ry and Ry, unequal, a second steeper Warburg-type line appears at low
frequency. However, the normalized length of the high frequency Warburg-type
line remains unchanged. Thus despite the various shapes of the second Warburg-
type line (which depends on the Ry, a/Rio,s ratio), a film ionic resistance (called
the apparent film ionic resistance, Ryp = (Rioaa X Rioe)/(Ra + Rigng)) can be
quite accurately obtained. The projected length of the high frequency Warburg-
type line on the real axis equals one third of Ry, (Fig. 10.3.2). When one of the

two ion P i R, 3PP the (smaller) resi of

the dominant transport process. Fig. 10.3.3A shows complex plane capacitance
plots for the simulated impedance data shown in Fig. 10.3.2. Adequate separation

of the two charging processes occurs when Ry 4 > 10 Ry, 5. The variation of the

with the of the potential ion is shown in

301



4
[T 17
A B € D
0.29)
1 o33
j
- 0.6
e 055
%‘) 24 O'S‘L.s
H
NI 1.1
4 4l
22
2.1
5.5
"
0 F T
0 2
Z (real) / R,y
. 9 plex pl
imped: m::)lits The simul; io ditions wcrerthal Cia :;uals Ces fgraanell

curves, and Riga/Rigss equals 1 (A), 5 (B), 10 (C) and 20 (D). Normalized
frequencies [fy = 27fR pp(Cra+Crp)] are marked for selected points.

302




2000

E 2.62

: : A

3 523 B2

& ] 5 e

5] i - 0.2

'g 0 - r .

0 2000 4000
Real cap. (arb. uni.)
4000

=

£

8

-

b]

=

10 107

10 = 10~

1
Frequency / Hz

Figure 10.3.3 (A) Complex plane capacitance plots for the simulated impedance
~data shown in Fig.10.3.2. (B) Plots of the film capacitance as a function of the

normalized frequency.



Fig .10.3.3B.

A polymer film may have multiple ion conduction paths across its thickness
due to its porous structure. Each of the different ion conduction paths can be
modelled with a transmission line in parallel with the others. Simulations of such
model circuits show that as long as all the transmission lines are uniformly
distributed across the polymer film thickness, the Warburg-type line at high
frequency will be at 45° to the real impedance axis. The line at low frequency will
deviate from the ideal vertical line with a slope depending on the relative values
of the transmission line resistances. A polymer film which has multiple ion
conduction paths can be regarded as non-uniform across the polymer surface.
Simulated results in Section 5.2 show that the non-uniform distribution of the
transmission line elements across the polymer film thickness causes the deviation
of the high frequency Warburg-type line from the ideal 45° angle, but the low
frequency line is still vertical.

Fig. 10.3.4 shows a comparison of complex plane impedance plots of

and sil data. The used in the si ion were

estimated from the experimental data; R, from the complex plane impedance plot
and Cpa, Crg, and Ry, a/Rieep from the complex plane capacitance plot. The
simulated impedance response closely matched the experimental ore with no

further optimization of the simulati The i data shows a
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Figure 10.3.4 Complex plane impedance plots of the experimental (a) and
simulated (O) data for the [45/1] film coated Pt electrode at -0.4 V vs. Ag/AgCl
in 0.2 M NaClO,(aq). The simulation parameters are C , = 16 and Cgg = 19 mF
cm?, and Ry, o = 1.8 and Ry, 5 = 18 k.

305



slight deviation of the high frequency Warburg-type line from 45°, indicating a

non-uniformity across the polymer film thickness.

10.4 Cyclic Voltammetry

The above di ion of imped helps to the

ion transport processes occurring during potential cycling. Cyclic voltammograms
of the PPY/CIO, +PSS films (Fig. 10.4.1) show two oxidation peaks, which
separate from each other with increasing scan rate. The oxidation peak at lower
potential (first oxidation peak) exhibits a smaller peak potential shift than the one
at higher potential (second oxidation peak). As the CIO,/PSS molar ratio in the
freshly formed polymer is increased, the size of the first oxidation peak deceases
while that of the second oxidation peak increases. These facts indicate that the first
oxidation peak involves the self-doping process (expulsion of the electrolyte
cations) while the second oxidation peak involves normal doping (insertion of
electrolyte anions). Separation of these two processes occurs only when the
polymer is subjected to a fast potential scan. When the polymer is reduced, the
self-doped polymer reaches its highest ionic conductivity while the normally doped

polymer has its lowest ionic conductivity. This difference in ionic conductivity
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Figure 10.4.1 Cyclic voltammograms of [40/1] (A), [45/1] (B) and [50/1] (C) film coated Pt
electrodes in 0.2 M NaClO,(aq). Scan rates in mV s are indicated.




makes it possible to separate the two charging processes with simple cyclic
voltammetry. On the other hand, the difference in the ionic conductivity between
the two differently doped polymer chains in the oxidized state is much smaller.
Subsequently, no peak separation is observed during the cathodic potential scan.
It is also observed that as the C10, /PSS molar ratio in the freshly formed polymer

is increased the peak potential shift for the second anodic peak decreases. This is

due to the i d ClO, ions as its ion in the polymer is

increased.

10.5 Conclusions

Anodic oxidation of pyrrole in a solution containing both NaClO, and
NaPSS forms polypyrrole which is doped partially with ClO, and partially with

PSS. The oxidized polypyrrol ially i PSS over ClO; during

polymerization. The composition of a PPY/CIO, +PSS film after equilibration in
KCIO, (aq) shows the gradual increase of K* ions and decrease of CIO, ions as
the electrode potential is decreased. The impedance of a PPY/ClO, +PSS film
coated Pt electrode in 0.2 M NaClO, (ag) shows simultaneously ion transport
behaviours of PPY/CIO, and PPY/PSS. As the electrode potential is decreased,

the ionic conductivity of the nearly fully oxidized polymer deceases, while that of
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the nearly fully reduced polymer increases. This is explained by the observation

that the oxidized polymer film (ca. +0.1 V) contains C10," as the dominant mobile

ionic species, and d ing the el de potential d¢ the number of ClO,

ions in the polymer. The reduced polymer (ca. -0.7 V) film contains Na* as the

dominant mobile ionic species, and d ing the el de potential i the
number of Na* ions in the polymer. At intermediate oxidation states (ca. -0.4 V),
both mobile ionic species are present and contribute to ion conduction in polymer.

Complex impedance plots as well as capacitance plots show the separation of the

two charging p ponding to of two types of ions.
The observed imped: can be modelled with an electrical
circuit ining two parallel ission lines. When the two transmission lines

have different resistances, a second steeper Warburg-type line appears at low
frequency, corresponding to the slower charging process of the more resistive line.
A polymer film with multiple ion transport paths across the film thickness is
regarded as non-uniform across the film surface. The simulated impedance
response of such a polymer film shows a deviation from the ideal vertical linc at
low frequency. Deviation from the ideal 45° angle at high frequency occurs only
when the polymer film is non-uniform across its thickness.

Cyclic voltammograms of PPY/CIO, +PSS films can be explained by the

P i in the imped study. The vol

ion
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exhibit two oxidation peaks; the one at lower potential corresponding to insertion

of Na* ions and the one at higher potential to expulsion of ClO, ins. Separation

of the two peaks is due to the two charging processes having different rates, which

are limited by the transport rate of Na* and CIO, ions respectively. Peak

separation occurs only at high potential scan rates. Since the difference in the ionic

conductivity between the two differently doped polymers is small in the oxidized

state, no peak separation occurs during the cathodic potential scan. This result

shows that the shape of a cyclic voltammogram of polypyrrole is sensitive to the

dynamics of ion transport in the film.

References

(1)  Ren, X.; Pickup, P.G. J. Phys. Chem. 1993,97,5356.

(2) Diaz, A.F.; Castillo, J.I.; Logan, J.A.; Lee, W.-Y. J. Electroanal. Chem.
1981,129,115.

(3)  Burgmayer, P.; Murray, R.W. J. Am. Chem. Soc. 1982,104,6139.

(4)  Burgmayer, P.; Murray, R.W. J. Phys. Chem. 1984,88,2515.

(5)  Feldheim, D.L.; Elliott, C.M. Journal of Membrane Science 1992,70,9.

(6) Zhong, C.; Doblhofer, K. Electrochim. Acta 1990,35,1971.

(7)  Zhong, C.; Doblhofer, K. Synth. Met. 1991,43,3013.

310



Chapter 11

Summary

The purpose of this research was to achieve better understanding of the
charge transport in polypyrrole-based conducting polymer films by using
impedance spectroscopy (IS) as the major instrument. After studying the factors
that affect electrochemical polymerization, polymer films of high quality were

obtained by using the constant current polymerization method under optimized

diti The imp P of these polymer films were simple and easy
to understand. Various theoretical models have been tested by comparing the
derived transport parameters from the polymer’s impedances with those obtained
from other independent methods.

For conducting films of polypyrrole (PPY) and poly-(3-methyl-pyrrole-4-
carboxylic acid) (poly-MPCA), the porous electrode model! is adequate to derive
the jonic conductivity of the polymer films. However, even for these simple
systems, the experimental impedances may deviate from the model’s ideal
response. Two types of deviations were observed in the study of conducting
polymers, namely, the high frequency deviation from the ideal 45° Warburg-type
line and the low frequency deviation from the ideal vertical linc in the complex

impedance plane. A thick poly-MPCA film (> 0.6 um) was shown by the



scanning electron microscope to have a dendritic structure over a dense bottom
layer. Such film structure non-uniformity is responsible for the high frequency
deviation observed for this polymer. In contrast, the impedance response of a

polypyrrole film doped with perchlorate (PPY/CIO,’) has the nearly ideal high

frequency line because of its 1 uni ity. The high freq) d
has also been simulated by varying the ionic resistance and capacitance distribution
across the polymer film thickness in the classical transmission line electrical

circuit.

The origin of the low frequency deviation has been studied by examining

the i d: P of polypy films polymerized in perchlorate and
poly(sty Ipt luti (PPY/CIO4 +PSS). The polymer film in
oxidized form is an ani h and the el anions are the dominant

ion transport carriers, while the polymer in reduced form is a cation-exchanger and

the electrolyte cations are thus the domi carriers. The imped: p of
both fully oxidized and fully reduced polymer films are close to the ideal vertical
line in the low frequency region. However, for a PPY/CIO, +PSS film in an

intermediate redox state, both ion hanism operate. Cor dingly,

the film impedance response exhibits an obvious deviation in the low frequency
region, which can thus be attributed to the multiple ion conduction paths in the

film. Such multiple ion conduction paths are thought to exist when the polymer
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film has variable thi porous or multiple ionic charge carriers.

These factors on the i d can be simulated with a
line circuit ini Itiple ionic resi rails in parallel combination. Both
types of deviations are attributed to the iformity of the polymer films.

Experimental conditions that affect the polymer film’s ionic conductivity
have been studied on PPY and poly-MPCA. The ionic conductivity of these
polymer films was found to change with the identity of the mobile ionic species
and its population in the films, the hydration level of the polymer film, and the

ductivity of bathing el lyte solution. The mobility of the mobile ionic
species in the polymer film depends on their sizes and their interactions with the
oppositely charged fixed ion-exchanging sites in the films. Using the film ionic
conductivity as a probe, it was found that both PPY and poly-MPCA films have
a porous structure. The changes of the polymer film’s ionic conductivity with the
experimental conditions can be best explained by the ined ionic conductivity

changes in the polymer phase and in the pore solution phase. Ionic conduction in

the polymer phase occurs mainly through the of mobile ions via
an ion-exchanging process, while in the pore solution phase migration of both

electrolyte cations and anions contributes to conduction.

1oh

The imped: P of polypy /poly(styrene

(PPY/PSS) and poly-[1-methyl-3-(pyrrol-1-ylmethyD)pyridinium] (poly-MPMP)
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have been used to thoroughly test Albery’s redox polymer model2, which can also
be considered as a logical extension of the classical porous electrode model by

the el i i of the el de3. Changing the polymer film’s

oxidation state from a highly oxidized state to a nearly neutral state by varying the
electrode potential produces three different types of impedance responses,
corresponding to three situations where gy, < 0, 0po, = 0g and op, > 0.

The experimental results generally support Albery’s model, where the mobilities

of charge carriers in the polymer phase and in the pore solution phase are each

d with a rail,

The location of the initial redox reaction layer in the polymer film induced

by a potential perturbation has been found to be determined by the relative

magnitudes of the polymer film’s and ionic ductivities, as

h icall dicted. An ind dent i igation of PPY/CIO," and PPY/PSS
bilayers using IS has also proved that for a conducting PPY film the initial redox
reaction layer is located at the polymer/solution interface®.

When either onc of the electronic or ionic resistance is much larger than the
other, the complex plane impedance plots exhibit a well defined 45° Warburg-type
region. However, as the two resistances approach each other, the length of the
Warburg-type region decreases and the polymer reaches the finite thickness-limited

charging/discharging region at a higher frequency than predicted by Albery’s
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model. No real solutions were found for egs. [4.2.9] and [4.2.10] when the two
resistances were very similar. Such abnormal behaviour suggests that electron transport
in the polymer phase is coupled with dopant ion transport in the solution phases. This
coupling effect deserves more detailed investigation in the future.

In some cases, a charge transfer process at either the polymer/solution interface
or the Pt electrode/polymer interface was involved in the charge transport study of
conducting polymers. IS has been proved to be a powerful tool in decoupling the

interfacial charge transfer process from the bulk charge transport process. Whereas for

such as y or it y, the two processes are
not well resolved. Consequently, the involvement of such charge transfer process is not

easily recognized when using these techniques. Consequently, extracting charge transport

from these i data using a simple mcdel may give erroneous
results.
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