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ABSTRACT

The ion transport ies and istry of i prepared
polyps p 4 poly(34 lenedioxythi 4
and ically prepared poly(3,4
4 ites have been i i by cyclic y and i

spectroscopy in a variety of electrolyte solutions. These polymers exhibited facile
electrochemistry, fast ion transport, and good electrochemical stability. The chemically
prepared polymers are approximately ten times more porous than their electrochemically

prepared counterparts, and therefore have ionic conductivities that are higher by a similar

factor and show less potential The ionic ductivities of these polymers are
strongly on the i d ivities of the solution used.
Atlow it the ioni ivities of these polymers also show some

potential dependence. It is concluded that these polymers consist of permselective polymer
phases containing incorporated counter- ions and pores containing the electrolyte solution.
The incorporated ions account for the dependence of ionic conductivity on the applied

potential and the polymer’s intrinsic ionic conductivity, while the electrolyte solution in the

pores explains the strong of ionie ivity on the solution ion and

. In high solutions, ion transport is dominated by

electrolyte in the pores, while at low i i ions in the

polymer phases become significant.
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Chapter | INTRODUCTION TO CONDUCTING POLYMERS

e} BACKGROUND

Conducting polymers, which can be defined as polymers containing long chains of
alternating single and double bonds [1], have attracted tremendous interest in physics,
chemistry and materials science [2-4]. Possessing the advantages of high conductivity, light
weight, flexibility, and plasticity, they have huge potential for applications in electronic
devices and the batteries to power them [2, 5, 6]. Although polyacetylene was the first
reported conducting polymer [2], it has poor chemical and electrochemical stability [7], so
currently the most studied conducting polymers (Fig. 1.1) are polypyrrole, polythiophene,

and their

Conducting polymers are generally poor intrinsic conductors. In the neutral state,
their conductivities are usually low. When they are doped (oxidized or reduced), their
conductivities increase tremendously, in some cases by more than 10 orders of magnitude
[1]. Their conductivities are strongly dependent on the doping level, which is controlled by
the applied potential. Maximum electronic conductivities are typically 1 - 1000 S cm™.

The i i hanism of ing polymers is generally

explained by band theory [1,8,9]. When a conducting polymer is in its undoped state, the
valence band is filled and the conduction band is empty. The band gap is generally too large
for electrons to be thermally excited from the valence band to the conduction band, so the
conductivity is very low. When the polymer is oxidized, mobile holes (polarons) are

1



PPY [\

- O

Figure 1.1.  The most widely studied conducting polymers.



produced in the valence band. When the polymer is reduced, mobile electrons are added to
the conduction band. At the same time, oxidation or reduction changes the polymer’s

structure and creates various mid-gap states. The creation of mid-gap states facilitates the

excitation of charge carriers (polarons or and enh: the ivity of the
polymer greatly.
The of the el i ivity ofa ing polymer on applied

potential means that its can be easily i either i or
with chemical redox species. This really is a unique advantage of conducting polymers over
other conducting materials.

When a conducting polymer is prepared by either chemical or electrochemical
oxidation, generally there are positive charges distributed along the polymer chains.
Counter-ions from solution are incorporated into the polymer matrix to electrostatically
neutralize the charged polymer as Equation 1.1 shows.

fm} +nAGsol) = fm}nA .y
where x is the number of monomer units that share one positive charge, and A" is the

incorporated anion. The resulting polymer is therefore actually a salt of the polymer and the

ions. The i i have a major influence on the
properties and applications of the polymers. This is another unique characteristic of

conducting polymers.



1.2 [ON TRANSPORT IN CONDUCTING POLYMERS

1.2.1 Overview

Conducting polymers can be viewed as mixed-conductors, because they are both

ic and ionic [10]. The istry and many of the ications of
conducting polymers involve both electron and ion transport. In general, electron transport
is much faster than ion transport in conducting polymers, so ion transport is often the rate
determining step [11]. Therefore, fully understanding ion transport in conducting polymers

is crucial to ing their i and optimizing many of their

As Figure 1.2 illustrates, the charge and discharge of a conducting polymer involves
counter-ions, anions or cations, moving into, or out of, the polymer to maintain
electroneutrality. When a polymer prepared in the presence of a small anion is discharged
and recharged, the anions move out of, and back into, the polymer and the polymer is

permselective to anions. This process can be expressed by the following equation:

fmled +ne S fmd toAGel) (12

When a conducting polymer is prepared in a solution of a large anion, such as a
polyanion, the large anion is incorporated into the polymer to compensate the positive
charge and becomes trapped because of structural hindrance. When such a polymer is
reduced and reoxidized, cations (C*) must move into, and out of; the polymer to neutralize

the immobilized anions. Thus, i 1 anion ites are generally




(a)

electrode polymer electrolyte

(b) 8 S

electrode  polymer electrolyte

T = fixed large anion C * = cation
A = small anion

Figure 1.2. Schematic dmyam of charge and dlscharge ofa conduc(mg polymer:
a. small anions large anions i d




permselective to cations [12-16) as expressed in Equation 1.3.

(EmdnA L)+ ACG0l) + ne o (EdnALC  (13)

Because cations are generally smaller than anions and therefore have higher
mobilities, ion transport in polymers with immobilized large anions is usually much faster
than that in polymers doped with small anions. Fast ion transport can enhance the
electrochemical process and result in high energy density when conducting polymers are

used as energy storage materials [17].

1.2.2  Influencing Factors
The study of ion transport in conducting polymers is still the subject of controversy

and uncertainty, because a large number of factors influences the results [18].

1.2.2.1 Structure and Morphology

Ion transport in a conducting polymer with a loose fibrous structure is much faster
than with a compact, low porosity structure. Naoi and Shougi [19] electropolymerized
pyrrole in the presence of a surfactant to produce highly microporous polypyrrole films with
greatly enhanced ion transport rates. They also obtained a very rough, porous polypyrrole
with similarly improved ion transport properties through the use of etched tubular channels
as a template.

The study of ion transport in conducting polymers can provide valuable insight into



their structures. Ren and Pickup [20] studied the structure of electropolymerized

P films by i of ionic ivity and proposed a

morphological model. These authors d that
consists of permselective polymer aggregates which enclose pores, and that there is poor
interconnectivity between pores. They also found that chemically prepared polypyrrole
Ipoly(styrene-4-sulfonate) powders have proton conductivities ashigh as 0.03 S cm' when

pressed as ca. 50 pm thick layers on Nafion membranes, which is 100 times higher than the

proton ivity of an ized p 4 film
immersed in 1 M H,SO, (aq) [12]. This big difference in ionic conductivity may have been

due to the different morphologies of the samples.

1.22.2 The Size of the Dopant

The size of the dopant (counterion) greatly influences the rate of ion transport in a
conducting polymer. Naoi and Shouji [19] have studied electropolymerized polypyrrole
with various dopants and have found that there are different ion exchange properties
depending on the size of the dopant as Equations 1.2 and 1.3 illustrate. Ren and Pickup [21]

have found that the ionic ivity of i doped with a large

anion (p 4 is signif higher than that of doped with
a small anion (perchlorate). This result can be explained by the higher mobility of cations

over anions and a strong H-bonding interaction between CIO, and oxidized polypyrrole.



223 The Applied Potential

Ton transport in conducting polymers can depend greatly on the applied potential,
which controls the degree of oxidation of the polymer. When a conducting polymer is
oxidized (high potential), anions move into the polymer iféit is doped with a small anion or
cations move out of the polymer if it is doped with a large immobilized anion. In contrast,
when a conducting polymer is reduced (low potential), anions move out of the polymer or
cations move in. Burgmayer and Murray [22,23] have shown that oxidized polypyrrole

doped with CI exhibits a much higher anion ivity than cation ivity, while

the neutral polymer was almost impermeable to ions. They concluded that the cationic form
of the polymer was permselective to anions. Ren and Pickup [21] have found that the ionic

ity of ized doped with increases with

increasing applied potential, while the ionic conductivity of polypyrrole doped with
poly(styrene-4-sulfonate) decreases. When pyrrole was electropolymerized in the presence

of the anion the resulting polypyrrole films were found to behave

as dual mode ion exchangers (i.e., anion or cation exchangers) simply by controlling the

applied potential [19].

1.2.24 C ion of the External

‘The specific conductivity a,,, of the considered phase is given by:
6 =LFIZ|UC (14)

where U, is the physical mobility, C, is the concentration, and |Z| is the absolute charge of



each mobile ion [24]. As Equation 1.4 indicates, increasing the concentration of mobile ions
will increase ionic conductivity, and experimental results are consistent with this
expectation. Ren and Pickup [20] have found that the ionic conductivities of polypyrrole

and 4 increase almost linearly with

increasing electrolyte concentration in aqueous NaClO,, NaCl and HCI. Our results are also

consistent with Equation 1.4.

1.2.2.5 Mobility of Ions

Equation 1.4 indicates that ionic ivities are also i to the

mobilities of the ions in the polymer layer. Because H™ has a much higher mobility than

Na’, the ionic ivity of yrene-4-sulfonate in HCI(aq) s far higher

than in NaCl(aq) or NaClO(aq) of the same concentration [20].

1.2.2.6 Solvent

The electrochemistry of conducting polymers can be heavily influenced by the
solvent [25,26]. Two main types of effect have been discussed. Firstly, different solvents
have different swelling effects on the polymer. Secondly, solvent molecules may
accompany doping ions moving into, or out of, the conducting polymer during charge and

discharge. The use of laser beam ion at the poly interface and the

electrochemical quartz crystal microbalance to monitor mass change has demonstrated that

there is often solvent transport during the charge and discharge of conducting polymers [27-



1.2.3  Techniques

The two most important and powerful techniques that have been widely used to
investigate ion transport in conducting polymers are impedance spectroscopy and the
electrochemical quartz crystal microbalance. The former can be used to measure the ionic
conductivity of a conducting polymer film at various conditions, such as at different applied
potentials or in different electrolyte solutions of different concentration [1,30]. The latter
can directly monitor nanogram-order mass change during electrochemical processes and
provide identification of mobile ions and neutral species [15,31].

X-Ray photoelectron spectroscopy and X-Ray emission spectroscopy are also useful
techniques for determining which ions have been incorporated into a conducting polymer

film under various conditions [21,32].

1.3 ELECTROCHEMISTRY OF CONDUCTING POLYMERS

1.3.1 Overview
The electrochemistry of conducting polymers involves both electron and ion

transport as indicated in Equations 1.2 and 1.3. The electrochemical properties of

conducting polymers are generally studied by cyclic ry. Cyclic

of conducting polymers are significantly different from those of redox conducting polymers

10



for which accepted theory is available [1]. When a conducting polymer is oxidized (p-
doping), there is a broad, flat plateau anodic current as the potential increases beyond the
anodic peak, rather than a rapid decay to close to zero as observed for redox polymers. A
large broad capacitance-like wave is also seen on the reverse scan. The large peak
separation, which is virtually independent of the scan speed, and the asymmetric
capacitance-like waves indicate that the redox processes of conducting polymers do not
obey the Nemst equation [1].

The cyclic of ? heavily depend on the nature

of the polymer, the synthetic conditions, and the solution in which cyclic voltammetry is

performed [1]. For example, Liu and coworkers [33] have found that there is a big

in cyclic of electrochemically prepared polyaniline and

prepared ili i prepared films have two sets of redox

peaks, while only one set of redox peaks is observed with the chemically prepared material.
Because the redox process of a conducting polymer also involves ion transport, ions
moving into, and out of, the conducting polymers during charge and discharge also

influence the cyclic voltammograms [34,35]. For example, Lefebvre and coworkers [36]

4

found that cyclic of poly(3,4

sulfonate) show some differences when the cation or solvent are varied.

1.32 Theory

The theory of the redox processes of conducting polymers is still a topic of debate

11



[1,37]. Several explanations have been proposed to model the large variety of capacitance-
like cyclic of i One of the most accepted is that there

are different segments in a conducting polymer, and therefore there are multiple redox sites
with different redox potentials. Another theory explains the capacitance-like

of P by the i ion between oxidized chains and
structural relaxation [1,37].
1.4  OVEROXIDATION
1.4.1 Definition
Qi [38] studied the cyclic of poly(3 i over different

potential ranges. When the potential is kept below 1.0 V, a reversible redox process is
observed. The cyclic voltammograms change very little on successive scans. However,
when the anodic potential is increased to 2.0 V, a large irreversible redox process is
produced. The anodic and cathodic currents decrease tremendously with successive cycling.

This ion of ivi d ivity of a ing polymer at high anodic
potential is termed idation. Bec: idation causes a ing polymer to
lose its ivity and ivity, even ing an insulator, much attention must

be paid to the applied potential range during synthesis and study of a conducting polymer.



1.42  Mechanism of Overoxidation

The ism of idation is poorly Pud [39] assumed that

by two i inking and a

ic process. The crosslinking process accounts for the conductivity decrease, and

the brif and i ility of ¢ idi ing polymers. On the other hand, the

nucleophilic mechanism explains changes in the polymer’s functional groups and

composition, as well as the effects of solvent and supporting electrolyte. In weakly

ic media, idation by inking will prevail, while in highly nucleophilic
media, the il ism will d
Water is the most common ilic agent in idation of
polymers [40,41]. Figure 1.3 [42] i a proposed ism for the

of polypyrrole in the presence of water. After reaction with water, the polymer loses its

and its ivity is
Although overoxidation is one of the main drawbacks of conducting polymers, it

also has some useful applications. These is i ications include directly modifying

a polymer and ing a new i ing polymer in the presence of a suitable

nucleophile [1,39].
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1.5 SYNTHESIS OF CONDUCTING POLYMERS BY OXIDATIVE

POLYMERIZATION

1.5.1 Overview

Except for polyacetylene, the most widely studied conducting polymers can be

polymerized both by chemical and i idation of in

solutions [43]. Generally, the synthetic conditions are not harsh, but the properties of the
resulting conducting polymer, such as conductivity, ion transport properties, morphology
and solubility, are strongly dependant on the synthetic conditions [1,44], which makes

reproducibility problematic. On the other hand, the heavy dependence of the properties of

on syntheti itions provides the means to improve and manipulate
the properties of conducting polymers by choosing appropriate synthetic conditions, such
as solvent, electrolyte, oxidizing agent, potential and current. Conducting polymers

in different solutions i different doping ions and therefore

may have different ies, such as ility, ion transport istics and

processability.

1.5.2  Chemical Methods

The most widely studied

and their i 1! have been chemi ized by using

oxidizing agents in suitable solutions [45-50]. The most commonly used oxidizing agents
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include Fe([I) salts, (NH,),S,0,, KIO, and H,0,. The structural, chemical and physical
of the resulting ing polymers heavily depend on the properties of the
oxidizing agent, the ratio of oxidizing agent to monomer, the solvent, the electrolyte and the

temperature. Qi and Pickup [51] achieved size-control of polypyrrole particles by varying
the ratio of oxidizing agent, Fe”, to monomer, pyrrole, in the presence of poly(styrene-4-
sulfonate). They found that the higher the ratio (Fe’*: pyrrole) the smaller the particle size.

Liu and kers 33 ] i i Juble,

in the presence of poly(styrene-4-sulfonate) as a template. This novel method is simple and
the synthetic conditions are mild. The solubility and processability of the polyaniline are
greatly improved. According to these authors, the poly(styrene-4-sulfonate) serves three

first, to align i the aniline and promote a more ordered

para-directed reaction; second, to provide counter-ions for doping of the synthesized

polyaniline; and third, to maintain water-solubility for processing.

Chemical methods for the synthesis of ing poly have the of
low cost, speed, and freedom from the restrictions of electrodes. Chemical methods are well

suited for mass production.

1.5.3  Electrochemical Methods

Most i I can also be i ized by

methods [37,43]. These include ostati ic and potential-cycling

techniques. Cyclic voltammetry is a simple and powerful technique to synthesize and study

16



electrochemically a conducting polymer. Cyclic voltammetry is very useful to determine

ifa can be i P i under certain conditions. The

indication of successful synthesis is that the anodic and cathodic currents increase with

cycles. G i ization, using constant anodic current, is the most
used way to i i ‘With this method, the thickness
ofthe ing polymer can be easily by i harge. The

commonly used electrode materials are platinum and carbon.
Compared with chemical methods, the advantages of electrochemical methods are

the following:

(i) A highly i active and ive polymer film can be easily
produced on an electrode, which can be directly used as an electrode in a battery or as a
sensor [52,53].

(ii) Film thi hology and ivity can be easily by

monitoring the applied potential and current.
(iii) They are cleaner than chemical methods because no oxidizing agents are used.
(iv) They provide an in situ way to investigate the polymerization process and the

of the resulting ing polymer.

The ism of ization is still [1,37]. Experi how

that a-substituted pyrrole cannot be polymerized [54]. The most widely accepted

for ization of pyrrole is shown in Figure 1.4 [55,56].
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1.6 APPLICATIONS

With the of high i ductivif ined with flexibility and

plasticity, the applications of conducting polymers have been the focus of intensive study
in recent years [2,5,57]. The most widely studied application areas are in batteries [43,44],
fuel cells [58,59], supercapacitors [60,61], sensors [62,63], electronic devices [64,65], and
antistatic materials [66].

The most promising and widely studied applications of conducting polymers are as
cathode materials in lithium batteries [6,15,43] as indicated by Equation 1.5, where cp”is

the repeated polymer unit that carries one positive charge.

fop'}, + nLi 2 fop} + aLit  (LS)
Trarve

Due to safety problems with lithium, intensive attention has been diverted to
lithium-ion batteries, which have the advantages of high energy density, high cell voltage,
good safety and are friendly to the environment [67,68]. In lithium-ion batteries, lithium
intercalation materials are used as anodes, rather than lithium metal, so safety issues from
the high reactivity of lithium are greatly alleviated. Other lithium intercalation materials are
used as cathodes. Lithium ions move back and forth between the anode and cathode during

charge and discharge.

The charge and discharge of a i i ite involves
cations moving into, and out of, the polymer matrix, making the conducting

polymer/polyanion composite suitable as a cathode material in a lithium-ion battery.
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Considering the of conducting polymers, their use as cathode materials for

portable lithium-ion batteries is promising and feasible.

1.7 OBJECTIVES OF THIS WORK

The ionic conductivities of packed layers of chemically prepared

polypyrrole/p 4 (PPY/PSS) are much higher than those of

electrochemically prepared PPY/PSS films [21], but the reason is unclear. The main

objective of this thesis work was therefore to try to understand why there is such a large

di in the ionic ivities of these two materials, and also to provide further
about factors i ing ion transport in ing polymers. The approach

taken was to measure the ionic ivities of various i and i

prepared polymers under various itions by i . The ions

incorporated into the polymer films were determined by elemental analysis, X-Ray analysis
and FTIR. The structure and morphologies of the polymers were determined by scanning

electron mi . The ination of ionic iviti and analysis of

doping ions provides a clear picture of ion transport in the conducting polymers studied.
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Chapter 2 EXPERIMENTAL

21 ELECTROCHEMISTRY

Electrachemical experiments were carried out either in conventional three-
compartment glass cells at room temperature under nitrogen or in a sandwich-type cell
developed in this work (see Ch.3). Platinum electrodes, glassy carbon electrodes (both
sealed in glass) or a 0.2 cm’ carbon fibre paper (CFP) disc, coated on one side with a
polymer layer, were used as working electrodes. The reference electrode was a calomel
electrode (SSCE) or a PPY/PSS-coated Pt wire electrode (PPPY/PSS; see Section 3.3).
The counter electrode was a Pt wire or a 1 cm® CFP electrode, coated with 5 mg of
PPY/PSS or PEDOT/PSS. Potentials are quoted with respect to the SSCE reference
electrode or the Pt/PPY/PSS reference electrode.

Voltammetric measurements were made with a HA-301 potentiostat/galvanostat
(Hokuto Denko Ltd.) coupled with a HB-104 function generator (Hokuto Denko Ltd.) and

a BBC SE 780 X-Y recorder.

22 IONIC CONDUCTIVITY MEASUREMENTS

2.2.1 Principle

The ionic conductivities of conducting polymers under various conditions were

by i . The i of the polymers were
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Figure 2.1. a. Finite transmission-line equivalent circuit for a polymer coated

b. ing complex plane i plot.
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modeled by a finite transmission-line equivalent circuit as shown in Figure 2.1(a) [1]. R,
is the electronic resistance of the polymer film, R, is its ionic resistance, C; is its Faradaic

pseudo i and R, is the solution resi: Figure 2.1(b) shows

the corresponding complex plane i plot. The ici at high

represents the charge transfer resistances at the interfaces, which are omitted from the

equivalent circuit for clarity. The of a large icircle makes ionic

measurements uncertain. The Warburg-like region (45° slope) corresponds to both electron
and ion transfer resistances within the film. The longer the Warburg-like region, the larger

is the sum of the electron and ion transfer resistances. For precise ionic resistance

the i i (R) should be negligible compared to the ionic
(R). At low ies, the vertical region (constant real impedance)
to the total i and resi: of the polymer film. Inhomogeneities

and slow processes within the polymer film usually cause the low frequency part of the
impedance plot to deviate from vertical (i.e., Z’ continues to increase slightly even at the
lowest accessible frequencies) [1-2].

The film’s ionic resistance can be estimated from the complex plane impedance plot
and is given by:

R =3Reu-Rogy] Q@D

where Ry, and Ry, are the real axis intercepts of the high frequency Warburg-like region
and low frequency vertical region, respectively. The errors due to small deviations from

ideality (i.e., Z' usually increases with

in the low region
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where it should be constant, and the slope of the Warburg-like region deviates from 45°) is
minor [2].
The ionic conductivity of the polymer film s calculated by the following equation:
0, =dRA @2)

where d is the thickness of the polymer film and A is the geometric area of the electrode [3].

2.2.2 Instruments

were witha i i of SmV

RMS and scanned between 65 KHz and 0.1 Hz with a Solartron Frequency Response
Analyzer (Model 1250) coupled to a Solartron Electrochemical Interface (Model 1268). All
data were collected and analysed by a PC and commercial ZPLOT software (Scribner

Associates Inc.).

23 ELECTRONIC CONDUCTIVITY MEASUREMENTS
The electronic conductivites of dry polymers were measured with a four-point probe
in which the polymer was pressed in situ against four Pt wire contacts [4]. The thickness

of the sample was measured with a linear vernier mi (Griffin). The

of the dry polymer is given by the following equation:
0.=14.27vd @3)

where [ is the applied current, V is the voltage drop and d is the thickness of the polymer
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layer.

2.4 X-RAY EMISSION ANALYSIS

Energy dispersive X-Ray analysis is a simple, fast, and non-destructive technique
which can be used to analyse the composition of conducting polymers treated under various
conditions. It can easily be applied to thin films on electrodes. Generally, glassy carbon
electrodes are preferred, because platinum electrodes produce large Pt peaks in EDX
spectra.

X-Ray emission analysis was performed with a Tracor Northem 5500 Energy
Dispersive X-Ray Analyzer coupled with a Hitachi-570 scanning electron microscope. All
data were analysed with Tracor Northern Software (SQ), which has the merits of speed,

convenience, and standardless analysis.

25 SCANNING ELECTRON MICROSCOPY

The structure and morphology of the polymers was observed with a Hitachi-570
scanning electron microscope. The electrochemically prepared polymers were directly
observed on glassy carbon electrodes, while the chemically prepared samples were spread

onto sample stubs as a paste with water and dried at room temperature.

2.6  FOURIER TRANSFORM INFRARED SPECTROSCOPY

FTIR is also a useful ique to analyse i For IR analysis, a

29



0.35 mg sample was ground with 150 mg KBr and pressed under vacuum into a transparent
pellet of | cm diameter. Spectra were collected with a Mattson Polaris FTIR spectrometer

at a nominal resolution of 4.0 cm™'.

27  CHEMICALS AND MATERIALS

Pymole (PY, Aldrich) was purified by passing it through a dry SiO, (230-400 mesh)
column and it was used immediately. 22-Dithiodianiline (DTDA, Aldrich), 3,4-
ethylenedioxythiophene (EDOT, Bayer Trial Product), sodium poly(styrene-4-sulfonate)
(PSS, Aldrich, M,, =70,000), poly(acrylic acid, sodium salt) (PAA, M, = ca. 30,000,
Aldrich, 40 wt %), and other chemicals were used as received. Poly(tetrafluoroethylene)
(PTFE, 60% suspension in water, Dupont) was diluted to 15% with deionized water. Nafion
117 membranes (Dupont), carbon fibre paper (CFP, Toray TGPH90 +10%PTFE, Ballard),

and other materials were used as received.
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Chapter 3 CELL AND REFERENCE ELECTRODE DEVELOP-

MENT

3.1 INTRODUCTION

In an electrochemical cell, the voltage drop between the working electrode and
reference electrode is given by:

Evp =E+n+IRg 3.1

where E,, is the external voltage applied by a power supply, E_, is the equilibrium
potential of the working electrode vs the reference electrode, 1 is the overpotential, and Rg
is the solution resistance. [R; is the ohmic potential drop in the solution, which is an error
in the potential control [1]. This error can be minimized by proper cell design, electrode
design, and i ion. Traditi th Is reduce the IR drop

greatly by placing the reference electrode close to the working electrode and passing current
through the counter electrode.

A sandwich-type cell was designed in order to minimize IR; drop and have a cell
suitable for studying chemically prepared conducting polymers in various electrolyte
solutions, such as in volatile non-aqueous solutions or in dilute high resistance electrolyte
solutions.

Commercial reference electrodes, such as SSCE and Ag/AgCl, are too big to be

fitted into the sandwich-type cell. In addition, they have the problem of leakage of KCl into
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the cell [2]. So a small, stable, non-contaminating reference electrode based on a PPY/PSS-

coated fine Pt wire was also designed.

32  CELL DESIGN

Figure 3.1 shows a schematic diagram of the sandwich-type cell. The working
electrode was a 0.2 cm® CFP disk evenly coated with the polymer layer on one side by
spreading a slurry with 45% by mass of PTFE binder, using a spatula. The separators
consisted of two pieces of Whatman No. 541 filter paper saturated with electrolyte solution

(or two Nafion in one i and iching a PPY/P d fine Pt

wire reference electrode. The counter electrode was a | cm® CFP disk evenly coated with
5 mg of the polymer under study and 45% by mass of PTFE as a binder.

This cell configuration minimizes the distance between the working electrode and

the reference electrode and therefore minimizes the solution

33 PREPARATION OF THE PT/PPY/PSS REFERENCE ELECTRODES

The PPY/PSS~coated fine Pt wire reference electrodes (PUPPY/PSS) were prepared
by electrochemically depositing a PPY/PSS film onto a 0.127 mm diameter Pt wire
(Aldrich) from an aqueous solution of 0.5 M pyrrole containing 0.1 M NaPSS as the
supporting electrolyte. A constant anodic current of 3 mA cm was applied for 20 min. The
electrode potential during polymerization remained steady at ca. 0.5 V vs SSCE. Multiple

clectrodes prepared in this way typically exhibited potentials that were reproducible to £15
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Figure 3.1. Schematic diagram of the sandwich-type cell. WE: working electrode;

RE: reference electrode; CE: counter electrode.
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mV.

34  RESULTS

Excellent cyclic i prepared PPY/PSS and PEDOT/PSS
in various electrolyte solutions have been obtained with the sandwich-type cell, even in
volatile, non-aqueous 0.05 M LiCIO, in CH,CN (Fig. 3.2). Impedance data were generally

satisfactory, although there were i some small variations in the

resistance with time. Figure 3.3 shows complex plane impedance plots (Nyquist) for
chemically prepared PPY/PSS in LiClO,(aq) solutions of various concentrations. These
plots approximate ideal behaviour, with almost 45° slopes in the Warburg-like region and
very small charge transfer resistances.

For calibration, and to check its stability, the potential of a PUPPY/PSS reference
electrode was measured against a SSCE in various stirred 0.5 M aqueous electrolyte
solutions (Table 1), and in various concentrations of H.SO,(aq) (Table 2). In most cases,
its potential was stable to within ca. 5 mV for a period of hours after ca. 3 min. Little
concentration dependence was observed in H,SO,(aq). Calibration of the PVPPY/PSS
reference electrode was also accomplished in situ by adding ca. 5 mass % of
polyvinylferrocene (Polysciences) to the PPY/PSS working electrode (Fig. 3.4). During 10
cycles at 10 mV s”, the redox peaks of the polyvinylferrocene at ca. 0.12 V drifted very

little. This confirms the operational stability of the PUPPY/PSS reference electrode.



35  CONCLUSIONS
The excellent electrochemical results illustrate that the sandwich-type cell is suitable

for i of chemically prepan ing polymers in various
solutions, even in non-aqueous, volatile, and high resistance electrolyte solutions. The
results also show that the PPY/PSS-coated fine Pt wire reference electrode is stable and
adequate for the present study where control and knowledge of the potential to better than

10 mV are not important.
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Table 1. Potentials (mV) of a PPY/PSS-coated Pt wire (vs. SSCE) in various 0.5 M

aqueous electrolyte solutions.

Time | H,80, [HCI LiClO; [ NaClO, |LiCl [ NaCl |Na,SO, |EtNCI
(min)

5 353 312 262 268 236 217 245 224

35 356 321 250 250 228 215 235 225

95 357 323 249 234 224 212 222 228

155 357 323 250 230 223 210 |219 230

215 361 320 251 232 225 215 218 234

935 370 335 228 237 240 224|211 260
Table 2. Potentials of a PPY/PSS-coated Pt wire (vs. SSCE) after | hour in various

solutions of H,S0,(aq).

[ comcenationcmy [oos  Joao  Jo2s  [os0 o |
[ potential (mvy lar Jas Jas Ja [ 420
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Figure 3.2. Cyclic voltammograms (10 mV s) of a chemically prepared PPY/PSS

layer (2.5 mg cm™) in contact with 0.05 M LiCIO,+CH,CN.
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Figure 3.3. Complex plane impedance plots for a chemically prepared PPY/PSS
layer (2.5 mg cm®) in contact with LiClO,(aq) of various concentrations

at 0.1 V vs PUPPY/PSS.
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Figure 3.4. Cyclic voltammograms (10 mV s™) of a chemically prepared PPY/PSS
layer (2.5 mg cm?) containing 5% polyvinylferrocene in contact with

0.5 M LiCl(aq).
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Chapter 4 ION TRANSPORT IN CHEMICALLY PREPARED
POLYPYRROLE/POLY(STYRENE-4-SULFONATE)

COMPOSITES

4.1 INTRODUCTION

4 (PPY/PSS) ites have attracted much

interest in recent years [1-4]. With the of high ic and ionic

and particularly high proton conductivity, they have great potential in applications such as
batteries, supercapacitors and fuel cells [4-6].

PPY/PSS can be easily prepared both electrochemically [7] and with chemical
oxidants [8] as illustrated in Equation 4.1, aithough the properties of the resulting polymer,
such as ion transport and may be signi different. Qi and “l

have found that the ionic conductivities of packed layers of chemically prepared

s
H $o; H so;

PPY/PSS (c-PPY/PSS) are much higher than those of electrochemically prepared PPY/PSS
(e-PPY/PSS) films. The c-PPY/PSS powder exhibited proton conductivity as high as 0.03
S cm’' when pressed as 50 pm layer on a Nafion proton-conducting membrane, which is
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100 times higher than the proton ivity of e-PPY/PSS i in 1M H,SO(aq).

Because the PSS counter-ions are trapped in the PPY polymer matrix during
synthesis, cations must move into, or out of, the PPY/PSS composite during discharge and
recharge, as shown in Equation 4.2. PPY/PSS is therefore permselective to cations.
Experimental results have shown that its ion transport is dominated by cation transport [2,9-

10].

S05

+ne + nCsol) =—= m%\) 42)
H -
); C

The electrochemistry of PPY/PSS and many of its applications involve both electron

and ion transport, as illustrated in Equation 4.2, so fully understanding its ion transport

is crucial to ing its h y and optimizing its

Furthermore, the study of ionic conductivity can provide valuable insight into the structure
of PPY/PSS film [11].

Previously, the study of ion transport in PPY/PSS has been focused on
electrochemically prepared samples [11]. This chapter will report ion transport in
chemically prepared PPY/PSS in various electrolyte solutions. lonic conductivities have

been i by i . The i ions were analysed by

clemental analysis and X-Ray emission analysis (EDX). The morphology of PPY/PSS was

observed with scanning electron mi (SEM). The ination of these data
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provides a clear picture of ion transport in c-PPY/PSS and explains why it has such high

ionic conductivity relative to its i prepared and why it has

high proton ivity.

42 RESULTS AND DISCUSSION

4.2.1 Preparation of PPY/PSS Composites

The PPY/PSS composites were prepared as previously reported [3], by chemical

oxidation of 50 mL of 0.13 M aqueous pyrrole ining 0.04 M sodium pe 4

sulfonate) with 50 mL of 0.6 M Fe(NO,), in 0.06 M HNO;(aq). After 80 minutes the black
precipitate was collected by filtration, washed copiously with water, and dried at room

temperature under vacuum.

422 C ition of PPY/PSS C

The composition of one sample of the PPY/PSS composite was analysed by
Canadian Microanalytical Services and the results are shown in Table 4.1.

Table 4.1. Elemental analysis of a PPY/PSS composite.

Element c H N o S Fe Total

Determined 52.28% | 4.09% | 11.91% | 18.82% | 5.13% 1.2%* | 93.43%

Calculated 55% 4% 12% 20% 6% 2% 99%

a: From EDX



The S:N ratio, which should represent the relative composition of PSS:PY units and
therefore a indirect measure of the degree of oxidation, is 0.19, which is essentially the
same as that obtained in a previous synthesis [3] under similar conditions. However, the
total analysis accounted for only 92.23% of the mass. X-Ray emission analysis (Fig. 4.1)
indicated the additional presence of iron. Based on the Fe/S ratio from EDX analysis and
the % S from elemental analysis, the sample can be estimated to contain 1.2% Fe by mass.
This Fe is presumably in the form of Fe*" counter-ions (presumably as Fe(H,0)*)
associated with PSS in the composite. A charge balance, and global fitting of the analytical
results indicated that there is also NO; in the composite. A composition of
PPY(PSS),.sFeq s(NOs X, 15°0.4H,0, corresponding to a PPY degree of oxidation of 0.25, fits
the analytical data reasonably well (Table 4.1). The use of only one or two significant
figures reflects the uncertainty caused by the low total analysis. The Fe analysis is assumed
to be the least accurate. The Fe’* and NO; cannot be washed from the PPY/PSS composite,
presumably because the Fe’” is strongly associated with the PSS. Altematively, the Fe’”
may be in PSS-rich regions of the composite while the NO;’ is in PPY-rich regions [12].

4.2.3  Electronic Conductivities of the Dry PPY/PSS Powders

The electronic conductivities of the dry PPY/PSS powders were measured with a
modified four-point probe in which the polymer is pressed into a pellet. The conductivities
of the dry polymer decreased greatly over a period of a year, from the initial value of 0.21

S cm™ 10 0.018 S cm. The degradation of conductivity with time is the common drawback
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Figure 4.1. EDX spectrum of a c-PPY/PSS sample.



of conducting polymers, and is due to ilic attack by ic water

[13]. A second sample of PPY/PSS had an initial conductivity of 0.19 S cm™.

424 C ivities of the

The conductivities (0,,,) of the aqueous electrolyte solutions were measured by

in a standard ivity cell. The ing equation was used:
0. = Oke X Ry / Ry “3)
Oy (= 112 mS cm [14]) is the conductivity of | MKCl, Ry is the ionic resistance with

IM KCl in the cell, and R, is the resistance of the solution. The results are listed in Table

4.2. They are consistent with literature values [14].

Table 4.2. Ionic conductivities (mS cm™) of the aqy

Conc.(M) |0.05 |0.075 |0.10 0.125 |0.25 0.50 0.75 1.0
H,SO; 283 403 53.7 63.4 112 204 273 350
HCI 27 31.7 4438 47.3 85.0 129 179 257
Na.SO, 9.1 18 29 51
LiClO, 4.1 84 18 34
NaClO; 58 12 21 41
LiCl 4.1 9.0 18 34
NaCl 5.8 12 21 41
Et,NCIL 36 73 12 26
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4.2.5 Morphologies of PPY/PSS Samples

The morphologies of PPY/PSS films and powders were studied by scanning electron
microscopy. The e-PPY/PSS film was obtained by depositing PPY/PSS on a 0.071 cm’
glassy carbon electrode from a 0.5 M aqueous pyrrole solution containing 0.1 M NaPSS.
A constant anodic current of 60 pA was applied for 20 minutes. The potential during
electrolysis remained steady at ca. 0.47 V (vs SSCE). The SEM micrographs (Fig. 4.2)

clearly show that the c-PPY/PSS powder is more porous than the e-PPY/PSS film.

4.2.6 Cyclic Voltammetry

The electrochemical properties of the PPY/PSS composites were investigated in
various electrolyte solutions with the sandwich-type cell described in Ch.3. Figures 4.3, 4.4,
and 4.5 show cyclic voltammograms of PPY/PSS-coated carbon fibre paper electrodes in
aqueous 0.1 M H,SO, and 0.5 M Et,NCl solutions, and a non-aqueous 0.5 M LiCIO, in
CH,CN solution, respectively. The potential scan range was restricted to 0.5 V vs the PY

PPY/PSS reference electrode to avoid degradation of the polymer. The cyclic

in different lutions (Fig. 4.3, 4.4, and 4.5) are all similar, and

similar voltammetric properties were also observed in aqueous solutions of HCI, LiCIO,,

NaClO,, NaCl, LiCl, and Na,SO,. The cyclic are all with

large capacitance-like currents, which are ch istic of conducting p - The

current peaks normally seen in cyclic voltammograms of polypyrrole are beyond the lower

potential limit used in this work [4].
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(a)

Figure 4.2. SEM micrographs of (a) c-PPY/PSS and (b) e-PPY/PSS.
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Figure 4.3. Cyclic voltammograms (20 mV s') of a c-PPY/PSS layer (2.5 mg cm’)

in contact with 0.1 M H,SO,(aq).
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Figure 4.4. Cyclic voltammograms (10, 20, 30, and 40 mV s") of a c-PPY/PSS

layer (2.5 mg cm™) in contact with 0.5 M Et,NCl(aq).
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Figure 4.5. Cyclic voltammograms (10 mV s*) of a c-PPY/PSS layer (2.5mg cm?)

in contact with 0.5 M LiCIO+CH,CN.
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Figure 4.6. Anodic currents (at 0 V vs PYPPY/PSS) of a c-PPY/PSS layer (2.5 mg

cm?) in 0.5 M Et,NCl(aq) at scan rates of 10, 20, 30, and 40 mV s™.
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The cyclic voltammograms of PPY/PSS in the above electrolytes show only very
small change through multiple cycles over the £0.5 V potential range (e.g. Fig. 4.3 and 4.5).
This demonstrates the good stability of the PPY/PSS composite. Voltammetric currents
increase almost linearly with increasing scan speed, even with the bulky Et,N" counter-ion
(Fig. 4.6). This indicates that both ion and electron transport in PPY/PSS are fast. Currents
also increase with increasing loading of PPY/PSS on the electrode (i.c., increasing layer

thickness). This is illustrated in Table 4.3, which lists charges and specific Faradaic

d i from at 10 mV s™ in 0.5 M H,SO,(aq) as a function

of PPY/PSS loading. The capacitances were calculated from the averages of the anodic and

cathodic currents at 0 V in the 10 mV s™ by using the ing equation:

specific capacitance = average current/(scan rate X mass of polymer) (4.4)

Tabled.3.  Voltammetric charges and specific capacitances in 0.5 M H,SO,(aq)

for various loadings of PPY/PSS on a 0.2 cm? electrode.

PPY/PSS loading (mg) 0.5 1.0 1.5 2.0
Voltammetric charge* (mC) 55 163 224 268
Specific capacitance (F g") 170 250 253 230

a. for an anodic scan from -0.4 to +0.3 Vat l0 mV s

At the lowest loading (2.5 mg cm™) the ic charge and i are

both low relative to the higher loadings (Table 4.3). This is presumably due to the loss of
some of the polymer into cavities in the hydrophobic CFP support, where the polymer is
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isolated from the solution and therefore not i active. At i

loadings (5 to 7.5 mg cm™) the voltammetric charge scales linearly with loading, and the
specific capacitance is constant. However, at higher loading (10 mg cm) the voltammetric
charge begins to level off, and the specific capacitance falls, as the time required to charge

and discharge the layer becomes longer than the cycle time. Voltammetric charges and

specific Faradaic i showed little on the

(Table 4.4).

Table 4.4. Specific Faradaic pseudocapacitances (F g') at +0.1 V (vs PUPPY/PSS),

from 10 mV s™ cyclic voll and i on2.5

mg cm? PPY/PSS layers in various 0.5 M aqueous electrolyte solutions.

Electrolyte | H,SO, | HCl | LiCIO, | LiCl | NaCIO, | NaCl | Na,SO, | EtNCI
Voltammetry | 170 | 150 | 165 | 140 [ 155 | 150 | 150 [150
Impedance 135 | 115 | 145 90 | 125 [100 | 110 |110

The 7.5 mg cm* loading corresponds to a polymer layer thickness of ca. 0.16 mm,
and it is surprising that such a thick layer is fully electrochemically active (Fig.4.7). Since

electroactivity of the polymer layer requires facile ion transport as well as good electronic

this result i he llent ion transport istics of the PPY/PSS

composite layer.
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Figure 4.7. Cyclic voltammograms (10, 20, 30, and 40 mV s") of a c-PPY/PSS layer

(7.5 mg cm) in contact with 0.5 M H,SO,(aq).
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4.2.7 Impedance Spectroscopy
The ionic conductivities of PPY/PSS layers in various aqueous electrolyte solutions
(H,S0,, HCI, LiClO,, LiCl, NaClO,, NaCl, Na,SO,, and Et,NCI) and a non-aqueous

solution (LiClO, in CH,CN) have been ined by i as a

function of both concentration and applied potential. This type of broad study provides
insight into both the nature of the ion transport processes in a polymer layer and the
structure of the layer [11].

Ionic resistances were obtained from impedance data by using Equation 2.1, and

then d to ionic iviti ing to Equation 2.2. The thickness of a 2.5 mg

cm™dry PPY/PSS layer was measured as 55 pm with a micrometer. The actual thickness
of the polymer layer in solution may be somewhat higher due to the swelling effect of the
solvent. Resistances increased with increasing loading to 7.5 mg cm® (satisfactory
impedance plots were not obtained at 10 mg cm™), with conductivities of 17, 28, and 18 mS

m", respectively, being obtained for 2.5, 5.0, 7.5 mg cm loadings in 0.5 M H,SO,(aq).

All i were with a polymer loading of 2.5 mg cm™.
An illustrative set of impedance data at different electrolyte concentrations is shown

in Figure 4.8. The general shape of these complex plane impedance plots approximates the

of a finite ission line, as i i [15]. The length of the
Warburg-like region (almost 45° slope) increases with decreasing concentration of the
electrolyte. This indicates that the ionic resistance of the polymer layer increases with

of the Similar iour was also observed in other
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Figure 4.8. Complex plane impedance plots at 0.1 V vs PYPPY/PSS for a c-PPY/PSS

layer (2.5 mg cm™) in contact with H,SO,(aq) of various concentrations.
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Figure 4.9. lonic conductivity of c-PPY/PSS at 0.1 V vs PUPPY/PSS as a function of
electrolyte concentration in H,SO.(aq). Data for two different electrodes
are shown (m and #), together with a linear least squares fit of all of the

data. R? is ca. 0.99.
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electrolyte solutions (Table 4.5).
Figure 4.9 shows the ionic conductivity of the polymer as a function of electrolyte
concentration in H,SO,(aq). Data for two different electrodes are shown, together with a

linear least squares fit of all of the data. The strong dependance of the polymer layer's ionic

on the ion shows that it is i by in

pores [11]. The y-intercept of the plot is close to zero (slightly negative) indicating that the

intrinsic ionic conductivity of the polymer (i.c., in the absence of electrolyte in pores) is too
small to assess accurately from these data (i.c., < | mS cm).

The ionic conductivity of the polymer shows no clear dependence on the nature of

the electrolyte but correlates well with its conductivity. This is illustrated in Figure 4.10

where the ionic conductivity of the polymer is plotted against the conductivity of the

for various and i Again, these data show that the

polymer layer’s ionic ivity is dominated by in pores. The intercept of the

linear least squares fit through all the data suggests that the intrinsic ionic conductivity of
the polymer phase is ca. 0.2 mS cm".

The slope of the linear regression in Fig. 4.10 shows that the ionic conductivity of
the polymer layer is on average 5% of the solution conductivity. In contrast,
electrochemically prepared films of PPY/PSS exhibit only 0.5% of the bathing solution’s
conductivity [11]. The clear ion from this ison is that i prepared

PPY/PSS is much more porous than the i prepared and this

is supported by the scanning electron microscopy images (Fig. 4.2).
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Table 4.5. Ionic conductivities (mS cm) of PPY/PSS layers in various electrolyte

solutions at 0.1 V vs PVPPY/PSS.

Conc. (M) 0.05 | 0.075 | 0.10 [0.125 | 025| 0.50 | 0.75 | 1.0
H,SO,(aq) 12 |19 |25 |29 [48 [97 |19 |24
HCl(aq) 09 [14 |24 |28 [42 |69 |97 |11
LiCIO, (aq) 0.56 0.79 L1 | 1S
LiCIO+CH,CN | 0.71 0.95 13 | 19
LiCl(aq) 0.23 0.43 Ll |15
NaClO,(aq) 0.4 0.66 15 | 26
NaCl(ag) 0.31 0.52 L1 | 20
Na,SO,(aq) 0.49 0.84 21 | 42
Et,NCl(aq) 0.34 0.50 084 1.3
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Figure 4.10. Ionic conductivity of c-PPY/PSS at 0.1 V vs PUPPY/PSS in aqueous
solutions of H,SO, (+), HCI (#), LiCIO, (°), LiCl (0), NaClO, (M), NaCl

(0), Na,S0, (2), and Et,NCI (s), as a function of electrolyte conductivity.

R?is ca. 0.91.
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The ionic conductivities of the polymer in non-aqueous LiClO,+CH,CN solutions
are significantly higher than in aqueous LiClO, solutions of same concentration (Figure
4.11). This is presumably due to the strong solvation of Li” in water.

The ionic conductivity of c-PPY/PSS was found to be virtually independent of
potential in high concentration solutions studied (e.g. Fig. 4.12), indicating again that it is
dominated by electrolyte solution in pores [11]. However in low concentration solutions,
there was a slight dependence. The ionic conductivity of the layer increases as the polymer
is reduced, because more mobile counter-ions are inserted. Thus, at low electrolyte

the ionic ivity of the polymer phase begins to become significant.

Low i from all sets of i data were i with

those from cyclic voltammetry (Table 4.4), although 20% lower as is typically observed

for conducting polymers [16].
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Figure 4.11. lonic conductivities of a c-PPY/PSS layer (2.5 mg cm™) in ()
LiClO,+CH,CN and (x) LiClO,(aq) of various concentrations
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Figure 4.12. Complex plane impedance plots for a c-PPY/PSS layer (2.5 mg cm™)
at various applied potentials vs PUPPY/PSS in contact with 0.5 M

H,S0,(aq).

65



4.2.8 Use of Nafion Membranes as the Electrolyte

The conclusion that the high ionic conductivity of chemically prepared PPY/PSS
is due to electrolyte in pores leaves unanswered the question of why high ionic
conductivities were observed in gas diffusion electrodes without access of liquid electrolyte
to the polymer layer [4]. Presumably, the pores in the polymer layer must fill with liquid

electrolyte in some way. To investigate this further, and to rule out the remote possibility

that crossed the in the previous i Nafion 117
were used as the electrolyte in the sandwich-type cell (Fig.3.1) instead of the electrolyte-
soaked filter papers. The membranes were equilibrated in water at 22 °C before use to
ensure that they were well hydrated, but no electrolyte solution was used. Typical
impedance data are shown in Fig. 4.13. From these results the ionic conductivity of the c-
PPY/PSS layer can be estimated to be 3 mS cm™', with a slight dependence on potential.
This is similar to values reported by Qi and coworkers [4] for a c-PPY/PSS layer that was
separated from a 1 M H,SO,(aq) solution by a Nafion membrane, although significantly
higher values (ca. 25 mS cm™') were obtained when 0.1 M H,SO,(aq) was employed [4].
Our results with liquid electrolytes indicate that the high ionic conductivities of c-
PPY/PSS layers in contact with Nafion membranes must be due to liquid electrolyte in the
c-PPY/PSS layer. The inherent ionic conductivity of the c-PPY/PSS composite (i.e., of the
polymer phase) is clearly insufficient to explain the observed values of 3 mS cm™ or more.
How then does this liquid electrolyte originate?

The PTFE suspension used as a binder was quickly ruled out, and leakage of
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electrolyte from elsewhere is not possible in the cell used in this work (with Nafion
separators). The liquid electrolyte in the c-PPY/PSS layer must therefore originate from the
Fe’ and NO; counter-ions that could not be removed by washing. Microprobe analysis
showed that when a c-PPY/PSS layer is placed in contact with a Nafion membrane, much
of the Fe*" is replaced by H" from the Nafion (Figure 4.14). Since the H" is not required to
compensate the charge on the PSS, it will be present in the PPY/PSS layer as HNOj(aq),
and will therefore provide a high ionic conductivity. From the analytical results (the moles
of H" in the polymer layer/the volume of the polymer layer), it can be estimated that the
equivalent of ca. 0.5 M HNO, will be formed in the full volume of the PPY/PSS layer. This

is clearly sufficient to produce the observed ivities. The HNO; ion will

be even higher if HNO;(aq) is formed only in pores.

429 Morphology of Chemically Prepared PPY/PSS Layers

Based on the ionic ivity data, the ies of i prepared

PPY/PSS layers can be represented by a model proposed by Ren and Pickup [11] for
electrochemically prepared PPY films (Fig. 4.15). That is, the polymer layer consists of
permselective polymer aggregates (polymer phase) which enclose pores containing
electrolyte solution. According to this model, ion transport in a polymer layer involves ions

both in the polymer phase and through electrolyte in the pores. In high concentration

luti ion transport is i by in the pores, while in low

concentration electrolyte solutions, ion transport in the polymer phase becomes significant.

67



— — o2y
- 01V
L oV
= e oiv
E Q2v
£ —e— B3V
S 15+
N
10
&l
0 n
) o 15

Z' (Ohm)

Figure 4.13. Complex plane impedance plots for a c-PPY/PSS layer (2.5 mg cm?)
in pressure contact with a hydrated Nafion membrane (potentials vs

PUPPY/PSS).
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Figure 4.14. EDX spectra of c-PPY/PSS: a. after 12 hours in contact with a Nafion

membrane, b. without exposure to a Nafion membrane.
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Figure 4.15. A morphological model for PPY/PSS layers and films, and the

corresponding equivalent circuit [11].



43 CONCLUSIONS
The facile electrochemistry of chemically prepared PPY/PSS composites has been

shown to be due to the high ionic conductivity of electrolyte within their very porous

structures. The high proton ivity of i prepared PPY/PSS

is due to the inarily high ionic ivity of H'. Layers of the chemically

prepared composites are approximately ten times more porous than electrochemically
prepared films, and therefore have ionic conductivities that are higher by a similar factor.
The morphologies of chemically prepared PPY/PSS layers are similar to those of
electrochemically prepared PPY/PSS films but more porous. The high ionic conductivities
previously obtained for PPY/PSS layers bonded to Nafion membranes have been shown to
be likely due to HNO, generated in pores by ion exchange of residual Fe** with H” in the

Nafion.
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Chapter 5 ION TRANSPORT IN POLY(3,4-ETHYLENEDIOXY-
THIOPHENE)/POLY(STYRENE-4-SULFONATE)

COMPOSITES

5.1 INTRODUCTION

Poly(3,4-ethylenedioxythiophene) (PEDOT) has been found to have high
conductivity, and appears to be the most stable conducting polymer currently available [1].
It has therefore attracted much interest in recent years [2-3]. PEDOT is currently being
marketed by Bayer, and has been studied for many applications, such as electrochromic
devices [4], biosensors [5], supercapacitors [2], and batteries [6].

‘When PEDOT is synthesized in the presence of poly(styrene-4-sulfonate) (PSS),
PSS is incorporated into the polymer to compensate the positively charged PEDOT

(Equation 5.1), and becomes trapped in the polymer matrix.

O/—\O
.-
S oo

The discharge and recharge of the resulting polymer is expected to involve cations

5.1

moving into, or out of, the polymer as shown in Equation 5.2. PEDOT/PSS is therefore

3



assumed to be permselective to cations when partially or fully discharged. The validity of
these concepts will be explored in this chapter. Knowledge of ion transport in PEDOT/PSS

is crucial to ing its el

y and optimizing many of its

Furthermore it can shed light on the morphology of PEDOT/PSS composites.
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PEDOT/PSS i ibiting high i ivity have been
synthesized both electrochemically and with chemical oxidants [3,6]. However little data
are available about their ion transport properties. This chapter reports ion transport in both
chemically prepared PEDOT/PSS (c-PEDOT/PSS) and electrochemically prepared
PEDOT/PSS (e-PEDOT/PSS) composites under various conditions. The comparative data
provide valuable information about why there is so much difference between the ion

transport ies of ically prepared and their i prepared

counterparts.
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52 RESULTS AND DISCUSSION

52.1 Preparation of PEDOT/PSS Composites

5.2.1.1 Electrochemical Methods

PEDOT/PSS composites were prepared from saturated 3,4-ethylenedioxythiophene
(EDOT) aqueous solutions containing 0.1 M NaPSS by using a constant anodic current of
0.1 mA. A 0.072 cm” glassy carbon electrode was used as the working electrode. The
reference electrode was a SSCE, and the counter electrode was a Pt wire. The potential
during electrolysis changed from 0.9 V to 0.84 V vs SSCE.

PEDOT/PSS was also synthesized by cyclic voltammetry. Figure 5.1 shows

cyclic The current increases evenly with increasing cycle
number. This indicates the formation of electroactive PEDOT on the electrode, and also
suggests that PEDOT/PSS is stable over the potential range of 0 V to +1 V.

Since the constant anodic current method has the advantage of ease of control of

film thickness, it was chosen to synthesize polymers for the following study.

5.2.1.2 Chemical Methods
The c-PEDOT/PSS composites were prepared following a procedure reported by
Lefebvre and coworkers [3]. That is by chemical oxidation of 100 mL of 0.05 M EDOT in

CH,CN + H,0 (1:1) containing 0.05 M NaPSS with 50 mL of 0.69 M Fe(NO, ),(aq). Afier
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Figure 5.1.

current (mA cm?)
]
T

°
1
T

potential (V vs SSCE)
Cyclic voltammetric synthesis (100 mV s”) of PEDOT/PSS from a saturated
aqueous EDOT solution containing 0.1 M PSS using a 0.071 cm? glassy

carbon electrode.
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24 hours of reaction at room temperature the black precipitate was collected by
centrifugation, and it was dried under vacuum at room temperature. The PEDOT to PSS

ratio of the composite is assumed to be ca.1.3 as reported by Lefebvre and coworkers [3].

522 Composition of the e-PEDOT/PSS Composites

The PEDOT to PSS ratio of one sample of e-PEDOT/PSS was determined by X-Ray
emission analysis following complete reduction in 0.5 M KNOy(aq). Since the K” content
of the reduced film should be equal to its PSS content (Equation 5.2), the PEDOT to PSS
ratio is given by ngpor/ng, where ny is the moles of K" incorporated into the sample, and
Dgpor is the moles of EDOT in the sample. PEDOT/PSS is completely reduced below the
potential of -0.9 V vs SSCE in 0.5 M KNO,(aq), as Figure 5.2 shows. Figure 5.3 shows
EDX spectra of e-PEDOT/PSS films that had been reduced for 3 hoursat 0 V and -1 V,
respectively. They clearly show that K* ions have been incorporated into the polymer and
that the molar ratio of K to S at -1 V is significantly higher than at 0 V. This is the expected
result, since at 0 V PEDOT was only partly reduced and so less K™ ions were incorporated
(Equation 5.2). When the e-PEDOT/PSS was completely reduced, the molar ratio of K to
S was 0.17, thus ng/(Dpss +nigpor) = 0.17, with an estimated 15% uncertainty. Since ng = npg,

the PEDOT to PSS ratio of the polymer is ca. 4.8. That is five EDOTSs sharing one PSS.

5.23 Thickness of e-PEDOT/PSS Films and c-PEDOT/PSS Layers

The thickness of a e-PEDOT/PSS film was determined with a micrometer by
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current (mA cm?)

potential (V vs SSCE)

Figure 5.2. Cyclic voltammogram (40 mV s*) of a ¢-PEDOT/PSS film (19 um) in
0.5 M KNO(aq).
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Figure 5.3. EDX spectra of a e-PEDOT/PSS film (19 pm) reduced in 0.5 M KNO, (aq)

at(a) 0 V and (b) -1 V vs SSCE.
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(a)

(®)

Figure 5.4. SEM micrographs of (a) e-PEDOT/PSS and (b) c-PEDOT/PSS.



the di in thig of an ITO electrode (indium/tin oxide coated glass

plate) before and after polymer deposition. The PEDOT/PSS film was deposited on the ITO
from a saturated aqueous EDOT solution containing 0.1 M NaPSS. A constant anodic
current of 0.4 mA was applied for 120 minutes. The area of the ITO immersed in the
solution was 0.52 cm’. The potential (vs SSCE) during electrolysis changed from 0.9 V to
0.82 V. The thickness of the polymer film was found to be 30 pm, yielding a relationship
of 5.4 um per 1C cm™ of polymerization charge. The thickness of a c-PEDOT/PSS packed
layer was measured with a micrometer. The thickness at a 2.5 mg cm™ loading was 45 pm.

Thicknesses of other films and layers were calculated based on these relationships.

52.4 Morphologies of c-PEDOT/PSS Films and c-PEDOT/PSS Powders
The morphologies of both e-PEDOT/PSS films and c-PEDOT/PSS powders were
observed by scanning electron microscopy. The SEM micrographs (Figure 5.4) show that

the e-PEDOT/PSS film is more compact than the c-PEDOT/PSS powder.

5.2.5 Cyclic Voltammetry
The electrochemical properties of the c-PEDOT/PSS composites were studied in

various aqueous electrolyte solutions with the sandwich-type cell (Fig. 3.1), while the e-

PEDOT/PSS ites were i i ina i th cell.
Cyclic voltammograms of both c-PEDOT/PSS and e-PEDOT/PSS in 0.5 M Et,NCl(aq) are

similar as Figue 5.5 shows, with large capacitance-like currents. The cyclic
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voltammograms show only very small changes through multiple cycles over the potential
range of 0.4 V to +0.4 V. This demonstrates the good stability of both c-PEDOT/PSS and

e-PEDOT/PSS ites. Similar i ies were also observed in other

aqueous electrolyte solutions (H,SO,, HCL, LiCl, LiClO,, NaCl, NaClO,, and Na,SO,) for
both c-PEDOT/PSS and e-PEDOT/PSS composites.

Voltammetric currents increase almost linearly with increasing scan speed, even
with the bulky Et,N" counter-ions (Fig. 5.6). This indicates the facile electrochemistry of

both c-PEDOT/PSS and e-PEDOT/PSS composites.

5.2.6 Impedance Spectroscopy
The ionic conductivities of both c-PEDOT/PSS packed layers and e-PEDOT/PSS
films in various aqueous electrolyte solutions of H,SO,, HCI, LiCIO,, LiCl, NaCl, NaCIO,,

Na,SO,. and Et,NCI have been ined by i as a function of both

concentration and applied potential.

Figure 5.7 shows complex plane impedance plots for a c-PEDOT/PSS packed layer
and a e-PEDOT/PSS film, respectively. The general shape of these plots approximates the
ideal behaviour [7] (almost 45° Warburg-like region and almost vertical low frequency
region). The length of the Warburg-like region increases with decreasing concentration of
the electrolyte. This indicates that the ionic resistances of both the c-PEDOT/PSS layer and

e-PEDOT/PSS film increase with i ion of the Similar

behaviour was also observed in other electrolyte solutions (Table 5.1 and Table 5.2). The
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Figure 5.5. Cyclic voltammograms (20 mV s™) of (a) a c-PEDOT/PSS layer (5 mg cm?)

and (b) a e-PEDOT/PSS film (14 um) in contact with 0.5 M Et,NCl(aq).
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Anodic currents (at 0 V) of (a) a e-PEDOT/PSS film (14 um)
and (b) a c-PEDOT/PSS layer (2.5 mg cm™) as a function of

scan rate in 0.5 M Et,NCl(aqg).
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Figure 5.7. Complex plane impedance plots for (a) a c-PEDOT/PSS layer (2.5 mg cm™)
at0 V vs PUPPY/PSS and (b) a e-PEDOT/PSS film (14 um) at 0.2 V vs SSCE

in contact with LiCl(aq).
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strong dependence of the ionic conductivity of the polymer on the electrolyte concentration
shows that ion transport in both c-PEDOT/PSS and e-PEDOT/PSS composites is dominated
by electrolyte in the pores [8].

Figures 5.8 and 5.9 show the ionic conductivities of c-PEDOT/PSS and e-
PEDOT/PSS composites as a function of the conductivity of the electrolyte for various
electrolytes and concentrations, with a linear least squares fit of all of the data. Again, these

data show that the ionic conductivities of both c-PEDOT/PSS and e-PEDOT/PSS

are i by in pores. The y-intercepts of the linear least
squares fit through all the data suggest that the intrinsic ionic conductivity of c-PEDOT/PSS
is ca. 0.45 mS cm’', while the intrinsic ionic conductivity of e-PEDOT/PSS is too small to
assess accurately from the data. The much higher intrinsic ionic conductivity of c-
PEDOT/PSS than e-PEDOT/PSS is due presumably to the much higher content of PSS and
Fe’ ions in ¢c-PEDOT/PSS. The Fe*" ions are incorporated into the polymer to compensate
the excessive PSS [3].
The slope of the linear regression in Figure 5.8 shows that the ionic conductivity of
the ¢-PEDOT/PSS layer is ca. 27% of the solution conductivity. In contrast, the e-
PEDOT/PSS film exhibits only ca. 2.5% of the bathing solution’s conductivity. The
conclusion from this comparison is that the c-PEDOT/PSS layer is about ten times more
porous than the e-PEDOT/PSS film. This conclusion is supported by the scanning electron
microscopy images (Figure 5.4).
The ionic conductivities of both c-PEDOT/PSS and e-PEDOT/PSS were found to
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be independent of potential in high concentration electrolyte solutions (e.g. Fig. 5.10),
indicating that ion transport is dominated by electrolyte in the pores [8]. However, in the

low concentration solutions, there is a potential dependence as Figure 5.11 shows. The ionic

increase with ing applied potential. This is the expected result since
at lower potential more counter-ions are incorporated into the polymer (Equation 5.2). This
result also indicates that the ionic conductivity of the polymer phase begins to become

in low i solutions.

The ionic conductivity of c-PEDOT/PSS shows much less potential dependence
than that of e-PEDOT/PSS. This suggests that there is more electrolyte solution in the c-
PEDOTY/PSS layer, so c-PEDOT/PSS is more porous than e-PEDOT/PSS. This conclusion
is supported by the scanning electron microscopy images (Fig. 5.4).

The ionic resistances of e-PEDOT/PSS films increase almost linearly with

increasing film thickness, while the ionic conductivity is almost constant (Table 5.3).
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Table 5.1. lonic conductivities (mS cm™) of c-PEDOT/PSS layers in various

aqueous electrolyte solutions at 0 V vs PUPPY/PSS.

Conc. (M) |H.S0, | HCI | Licio, | Licl | NaClO, | NaCl | Na;sO, | EtNCI
0.025 43

0.05 73 6.1 1.0 048 3.7 39 22 1.1
0.1 14 2.1 14 5.1 46 57 2.1
0.125 #

025 # # 46 |43 |75 48 |15 39
0.5 # 8.1 94 |# 56 |# 6.6

#: accurate data were not obtained due to very short Warburg-like regions and significant

charge transfer resistances.

Table 5.2. lonic conductivities (mS cm™') of e-PEDOT/PSS films in various

aqueous electrolyte solutions at 0.2 V vs SSCE.

Conc. (M) | HSO, | HCI LiCIO, | LiCl NaClO, | NaCl | Na.SO, | Et,NCI
0.025 0.57 0.17

0.05 1.1 0.55 0.067 |0.046 |0.17 0.13 | 023 0.040
0.1 1.3 0.12 0.10 0.27 0.22 0.060
0.125 19 042

0.25 33 24 0.21 0.18 0.52 0.39 |0.55 0.079
0.5 3.5 0.31 0.27 0.94 0.67 0.14




Table 5.3. Ionic resistances and conductivities of e-PEDOT/PSS films in 0.5 M

LiClO,(aq) as a function of film thickness at 0.2 V vs SSCE.

Thickness (um) 9.3 14 19 23
lonic resistance (ohm) 42 56 73 107
Conductivity (mS cm™) 031 035 0.37 0.30
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Figure 5.8. lonic conductivity of c-PEDOT/PSS at 0 V vs PUPPY/PSS in aqueous
solutions of H,SO,(+), HCI (#), LiCIO, (), LiCl (0), NaCIO, (), NaCl
(O), Na,SO, (4), and Et,NCI (+), as a function of electrolyte conductivity.

R?is ca. 0.89.
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Figure 5.9. lonic conductivity of e-PEDOT/PSS at 0.2 V vs SSCE in aqueous solutions

of H;S0, (+), HCI (#), LiCIO, (°), LiCl (©), NaClO, (), NaCl (0), Na,SO,

(a), and ENCI (), as a function of electrolyte conductivity. R? is ca. 0.92.

91



3
S ol
N 83V
o v
@) —— 3
J
Z (Ohm)
400 5
_et
3 -
R kR 4
()
-200|
0 }
e
Z (Ohm)

Figure 5.10. Complex plane impedance plots for (a) a c-PEDOT/PSS layer (2.5 mg cm*)
and (b) a e-PEDOT/PSS film (14 ym) in contact with 0.5 M LiCIO,(aq) at
various applied potentials vs PUPPY/PSS for the c-PEDOT/PSS and SSCE

for the e-PEDOT/PSS.
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Figure 5.11. Ionic conductivities (mS cm™) of (a) c-PEDOT/PSS and (b) e-PEDOT/PSS

in 0.05 M H,S0,(aq) as a function of applied potential.
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5.3 CONCLUSIONS

PEDOT/PSS composites can be conveniently prepared from saturated aqueous
EDOT solutions containing 0.1 M NaPSS. The ratio of PEDOT to PSS of ¢c-PEDOT/PSS
is significantly higher than that of e-PEDOT/PSS, and the intrinsic ionic conductivity of c-
PEDOT/PSS is therefore much higher than that of e-PEDOT/PSS.

The electrochemistry of both c-PEDOT/PSS and e-PEDOT/PSS composites is
facile. Ton transport in c-PEDOT/PSS packed layers is much faster than that in e-
PEDOT/PSS films. The reason for this is that c-PEDOT/PSS is far more porous than e-
PEDOT/PSS and therefore contains much more electrolyte solution.

The morphologies of both c-PEDOT/PSS and e-PEDOT/PSS can be represented by
the model proposed for PPY/PSS (Fig. 4.15). That is, the polymer layer consists of
permselective polymer aggregates (polymer phase) and pores containing electrolyte
solution. In high concentration electrolyte solutions, ion transport is dominated by
electrolyte solution in the pores, while in low concentration electrolyte solutions ion

transport in the polymer phase becomes significant.
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Chapter 6 COMPARISON BETWEEN PEDOT/PSS AND

PPY/PSS SYSTEMS AND GENERAL CONCLUSIONS

6.1 INTRODUCTION

Polypyrrole (PPY) is one of the most widely studied conducting polymers.

4 (PPY/PSS) ites have been found to have high

and ionic ivity [1-2], and i high proton ivity [3].

PPY/PSS has been investigated for many applications, such as batteries and fuel cells [4-5].
Poly(3 4-ethylenedioxythiophene) (PEDOT) is a relatively new conducting polymer. It has

attracted increasing interest since it was first reported in 1992 [6]. PEDOT has been

reported to exhibit high i ivity, and, especi: higher chemical and
electrochemical stability than PPY [7]. PEDOT/PSS has been exploited in a number of
applications, such as fuel cells {5] and biosensors [8].

Both PPY/PSS and PEDOT/PSS composites can be conveniently prepared by
electrochemical methods or by chemical oxidation. For electrochemical methods, both PPY
/PSS and PEDOT/PSS can be easily prepared from aqueous solutions as thin films on
electrodes; for chemical methods, a large amount of powder of PEDOT/PSS or PPY/PSS

can be prepared rapidly.

6.2  COMPOSITION

The ratio of PPY to PSS of our chemically prepared sample was found to be ca. 5,
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while the ratio of PEDOT to PSS of the chemically prepared sample was found to be ca 1.3

[9]. The PEDOT/PSS composite therefore has much higher content of PSS than does the

PPY/PSS ite. The PSS i i prepared PEDOT/PSS (molar
ratio) was found to be almost the same as that of electrochemically prepared PPY/PSS, that

is about 20% of the composite.

6.3  ELECTROCHEMISTRY
Cyclic voltammograms of PPY/PSS and PEDOT/PSS are characteristic of
conducting polymers, with large capacitance-like currents. Both PPY/PSS and PEDOT/PSS

show facile el istry, even in 0,05 M Et,NCl aqueous solutions. They

also show good electrochemical stability over the potential region of -0.6 V to + 0.4 V vs

SSCE.

6.4 [ON TRANSPORT

Ion transport in PEDOT/PSS was found to be much faster than in PPY/PSS (Table
4.5,5.1,5.2, and reference 2). lonic conductivities of PEDOT/PSS in high concentration
clectrolyte solutions are about five times higher than those of PPY/PSS. Interestingly, the
slope of polymer ionic conductivity as a function of solution conductivity for PEDOT/PSS

is about five times higher than that of PPY/PSS. Since ion transport in high concentration

solutions is i by in the pores, the clear conclusion from this
comparison is that PEDOT/PSS is about five times more porous than PPY/PSS.

Another interesting finding is that fonic conductivities of chemically prepared
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PEDOT/PSS and PPY/PSS are both about ten times higher than their electrochemically
prepared counterparts.

The intrinsic ionic conductivity of chemically prepared PEDOT/PSS is about two
and half times higher than that of chemically prepared PPY/PSS. This is presumably due
to the higher content of PSS in PEDOT/PSS composites.

From standard deviation about the regression (Fig. 4.10, 5.8, and 5.9), relative errors
in polymer conductivities can be estimated to be ca. 20% for c-PPY/PSS, 35% for e-
PEDOT/PSS, and 22% for c-PEDOT/PSS. R? values are 0.91 for c-PPY/PSS, 0.89 for c-
PEDOT/PSS, and 0.92 for e-PEDOT/PSS. The R* value of Fig. 4.9 is 0.99, which indicates

the good ibility of ionic ivity for c-PPY/PSS.

6.5 MORPHOLOGY

Based on the ionic conductivity data and scanning electron microscopy images,
PEDOT/PSS and PPY/PSS have similar morphologies, and both can be represented by a
model proposed by Ren and Pickup [2]. That is, the polymers consist of permselective
polymer phases and pores containing electrolyte solution.

Based on the ionic conductivity data, PPY/PSS is more compact than PEDOT/PSS,

and, interestingly, chemically prepared PEDOT/PSS and PPY/PSS are both ten times more

porous than their ically prepared

6.6 CONCLUSIONS

The ion transport data for PPY/PSS and PEDOT/PSS and scanning electron
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microscopy images provide a clear picture of ion transport in conducting polymers and its

dependence on morphology. That is, the polymers consist of permselective polymer phases

ter-ions and pores ini solution. lon transport

in a polymer is mainly on in the pores and i ions in the
polymer phases. The electrolyte in the pores accounts for the strong dependence of polymer

ionic ivity on solution ion and ivity, while the i ions

in the polymer phases are responsible for the potential dependence of polymer ionic
conductivity and a polymer's intrinsic ionic conductivity.
In high concentration electrolyte solutions, ion transport in a polymer is dominated

by electrolyte solution in the pores, while in low concentration electrolyte solutions,

incorporated ions in the polymer phases become signi The higher the
of incorporated ions in the polymer phases, the larger is the polymer’s intrinsic ionic
conductivity.

Two effective approaches can be taken to facilitate ion transport in a conducting
polymer: one is to increase porosity of the polymer, and the other is to increase the content
of incorporated counter-ions in the polymer phase.

The high ic and ionic ivities, facile i and ease of

preparation give PEDOT/PSS and PPY/PSS composites great potential for use as energy
storage materials. In particular, the cation exchange properties make them attractive to be

used as cathodes in lithium ion batteries, and further work should be focused on the

exploitation of PEDOT/PSS and PPY/PSS ites in this i
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