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1. Introduction 

1.1. Conducting Polymer Modified Electrodes 

The chemical modification of electrode surfaces is, besides the study of 

electrochemical reactions at bare metal or carbon surfaces, a subject of 

growing interest in electrochemical research. The so-called chemically 

modified electrodes can open alternative synthesis routes to produce 

chemically interesting compounds, or can facilitate electrochemical reac

tions, which are at the bare electrode surfaces only possible at high 

overpotentials. This chemical modification involves, for example, the 

adsorption or covalent bonding of catalytically active molecules. Taking 

into account the choice of electrolyte, 'taylor-made' electrodes can be 

prepared in order to favour a particular reaction, as the attached 

molecules have a large influence on the electrical double layer at the 

electrodes, where the reactions take place. 

Not only modification with a monolayer of molecules is reported, but also 

polymers can be attached to the electrode surface, forming polymer

modified electrodes. These are more stable than monolayer modified elec

trodes • because they consist of many mono layers. When well-chosen 

catalysts are incorporated in the polymer layer an extra dimension is 

added to its functionality. 

If electrocatalysts are dispersed in the polymer layer, the problem of 

the transport of charge to and from these electroactive regions becomes 

apparent. This problem can be solved by using a polymer which is capable 

of conducting ions (an ion exchange membrane) or electrons (a electro

nically conducting polymer). 

Since the publication of the papers by Shirakawa and co-workers, who 

showed that polyacetylene could be made electronically conducting by 

exposure to iodine vapour [ 1] , and of Diaz et al. , who reported the 

formation of stable, free-standing films of polypyrrole [2], many papers 

on the subject of conducting polymers have been published. Many research 

efforts are concentrated on polypyrrole, an electronically conducting 
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polymer which is easily prepared in an electrochemical process. This 

insoluble polymer is deposited on the anode during the electrochemical 

oxidation of pyrrole, according to [2] 

+ + 

An exploratory study of the electrocatalytic possibilities of polypyrrole 

modified electrodes was carried out in our laboratory by Jakobs [3]. His 

work showed that the presence of a polypyrrole layer on an electrode sur

face influences the electrochemical process, taking place at the under

lying electrode surface (the substrate). 

The work, described in this thesis, was carried out to investigate the 

possibility of polypyrrole to act as a 3-dimensional conducting matrix 

for the dispersion of catalyst particles. As model reactions the oxida

tion of hydrogen and the reduction of dioxygen, both in aqueous solution, 

have been studied, using carbon substrates, modified with a polypyrrole 

layer, containing platinum particles as catalysts. 

The remarkable mo.rphology of the polypyrrole layer, when formed in a 

certain combination of solvent and supporting electrolyte, led to a 

further investigation of this effect. As the anion or counterion, incor

porated in the polymer layer during the polymerization process, forms a 

large part of the polymer film (by weight), the influence of the nature 

of this anion on th composition, the conductivity, the oxidation/reduc

tion behaviour and the optical properties of the polymer was also 

investigated. 

1.2. Outline of this Thesis 

In chapter 2, a short review of the literature on conducting polymers is 

given, concentrated on polypyrrole as this polymer was used in this work. 

The polymerization mechanism by electrochemical oxidation is presented. 

Also is explained, why and how conjugated polymers are electron

conducting in their oxidized form. A selection of interesting appli

cations of conducting polymers, and especially polypyrrole, is presented. 

Furthermore, the incorporation of (electro-)catalysts in both non conduc

ting and conducting polymers is discussed. 
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In chapter 3, the characterization by AC-impedance measurements of poly

pyrrole-modified electrodes with electrodeposited Pt particles is 

presented. 

Chapter 4 concerns the oxidation of hydrogen at Pt-polypyrrole elec

trodes. The Pt particles are in this case incorporated by two methods. 

The different results, achieved with these two types of electrodes, are 

discussed. 

The study of the reduction of dioxygen at the Pt-polypyrrole elctrodes is 

presented in chapter 5. 

Some remarkable structural effects of polypyrrole layers, encountered 

during the investigations, are discussed in chapter 6. 

The influence of the nature of the anions (counterions) on selected 

properties of the formed polypyrrole layers is reported in chapter 7. 

In chapter 8, the conclusions of the work, presented in the previous 

chapters, are given. It ends with a final discussion, in which some 

suggestions for future research on the fascinating subject of polypyrrole 

are presented. 

1.3. References 

l. H. Shirakawa, E.J. Louis, A.G. MacDiarmid, C.K. Chiang and A.J. 

Heeger, J. Chem. Soc. Chem. Commun., 578 (1977}. 

2. A.F. Diaz, K.K. Kanazawa and G.P. Gardini, J. Chem. Soc. Chem. 

Commun., 854 (1979). 

3. R.C.M. Jakobs, Thesis, Eindhoven University of Technology (1984). 
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2. Conducting Polymers; A Short Review 

2.1. Introduction 

Since the fast rise in the research on conducting polymers, a number of 

reviews have been published [1]. In the following paragraphs, a short resume 

is given, with special attention to the use in electrocatalysis, by modifying 

an electrode with a thin film of this material. Moreover, a discussion of the 

incorporation of catalyst particles in a (conducting) polymer layer on an 

electrode. Also the electrocatalytic properties of these so-called 

polymer-modified electrodes are discussed. 

2.2. Synthesis 

The formation of a conducting polymer, 'pyrrole black', formed by the 

oxidation of pyrrole is known since long [2]. The thorough investigation of 

this material was hindered by the fact that it only could be produced as a 

badly-defined, powdery substance. Since the publication of methods to produce 

films of polypyrrole of good quality by Diaz and co-workers [3] and so of 

polyacetylene by Shirakawa et al [4], the worldwide research on this subject 

really started some ten years ago and has since expanded. 

Polyacetylene (PA), the prototype of a conjugated conducting polymer (i e a 

structure with alternating double and single bonds), is formed as an insulator 

and made conducting by exposing it to iodine vapour [ 5]. The polymer is 

oxidized by the iodine to form chains of (PA)+.r- , showing a surprisingly 

good electronic conductivity. 

As mentioned above, the formation of a polymer from pyrrole units was known 

since long, and an electrochemical preparation method was published by 

Dall'Olio and co-workers [6]. Polymerization was always by oxidation, which 

could take place with a large number of oxidizing agents; the resulting 

polymer appeared to be mainly 2-5' linked. These chemical and electrochemical 

oxidations usually lead -to powders, films can be obtained by allowing the 

oxidation to take place at a solid or liquid interface. Films of good quality 

have been obtained by Diaz and co-workers [3], who used a modification of the 

electrochemical method of Dall'Olio c s The last method produced polypyrrole 

as a black, powdery precipitate on the platinum anode when electrolyzing an 

aqueous solution of pyrrole and sulfuric acid. The conductivity , cr, of the 
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substance, consisting of 76 % "pyrrole" and 24 % sulfate ions, was about 

8 o-1 cm-1. Diaz modified this method, using an acetonitrile solution of 

pyrrole and tetraethylammonium tetrafluoroborate. Free standing films of good 

quality were so produced with ~ z 100 o-1 cm-1. 

The formed polypyrrole consisted of pyrrole units, mainly coupled via 2- and 

5- positions. This conclusion was based on the fact that the oxidative 

degradation of 'pyrrole black' yielded pyrrole dicarboxylic acid with the 

carboxylic groups at the 2- and 5-positions and secondly on the fact that 

2,5-disubstituted pyrrole derivatives did not polymerize. Also was found that 

a substantial amount of anions, from the supporting electrolyte, was 

incorporated in the polymer layer. 

Research now includes also the heterocyclic polymers like polythiophene and 

such substances as polyaniline, poly-p-phenylene and related compounds (see 

Fig. 2.1). However, polyacetylene now attracts much attention as a model 

compound for all conjugated, conducting polymers, although it can only be 

prepared chemically under controlled conditions. For this and other reasons we 

have focussed our attention mainly to polypyrrole. 

~" H 
Polyac et ylen e 

Polypyrrole 

i+ H n 

Polythiophene Polyaniline 

Fig. 2.1. Examples of conducting polymers, which are currently topics in 

electrochemical research. 

The electrochemical polymerization of pyrrole is supposed to proceed via the 

mechanism, given in Fig. 2.2 [7]. The first step is the oxidation of pyrrole 
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Fig. 2.2. Mechanism of the electropolymerization of pyrrole. 

to form the radical cation of the monomer. This cation then reacts with a 

second radical cation, followed by the elimination of two protons to give a 

dimer. As the dimer (and so the trimer and the polymer) is more easily 

oxidized than the monomer (8], oxidation takes place at the potential at which 

the reaction starts. The oxidized dimer thus reacts further in the same way to 

build up the polymer chain. The chain growth is terminated either when the 

reactive end of the chain becomes sterically blocked from further reaction or 

when the radical cation of the growing chain becomes too unreactive [9]. The 

final polymer bears a positive charge for every two to four pyrrole rings, 

this charge being neutralized by the incorporation of anions of the 

electrolyte. Some evidence exists that, besides the 2-5' linking of the units, 

the coupling can also take place via the 3 (~) position of the pyrrole ring, 

especially at large chain lengths [10]. As the polymerization reaction 

proceeds via radical cations, the reaction (and also the resulting polymer) is 

sensitive to nucleophilic-agents. 

In the conducting form (see below), the polypyrrole films contain 10-35 'Z. 

anions (by weight). The nature of the anion has a large influence on the 

properties of the polymer film [11]. The level of oxidation, one charge (or 

one monovalent anion) for every 2-4 pyrrole units, seems to be an intrinsic 
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characteristic of the polymer and is not dependent on the nature of the anion. 

Also the density of the polymer, p = 1.45-1.51 g cm-2 as measured by the 

flotation method, is to a large extent independent on the anion, incorporated 

in the polymer. 

However, the anion does influence the structural properties and the 

electroactivity of the films. Differences are observed when viewing the 

morphology of the polymer layers. Also the mechanical properties of 

free-standing polypyrrole films change with the type of anion. For example, 

polypyrrole films containing p-toluenesulfonate ions are tough and flexible, 

compared to films, compared to films, prepared in perchlorate or 

tetrafluoroborate solutions; the latter are hard and brittle. 

2.3. Conduction Mechanism 

The electron-conducting properties of conjugated polymers like polypyrrole can 

be best illustrated by discussing those of trans-polyacetylene, the prototype 

of a conjugated, conducting polymer. 

A polyacetylene (PA) chain, consisting of alternating double and single C-C 

bonds, can be oxidized by iodine vapour. Electron transfer from the PA chain 

to iodine then takes place, forming a positively charged PA chain, neutralized 

by iodide, i e iodide ions are incorporated in the film. This process is also 

called "doping", in analogy to the process of doping semiconductors like Si to 

form p- or n-type conductors. As can be seen in Fig. 2.3, the missing valence 

electron on PA creates a conjugational defect, called a polaron : the 

alternation of double and single bonds is distorted. A polaron actually 

consists of two defects : an uncharged one, called a soliton, and a charged 

defect, a positively charged soliton, as shown in Fig. 2.4. This polaron not 

• 

+ 

Fig. 2.3. Formation of a polaron in polyacetylene by oxidation. 
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neutral 
Soliton 

positive 
Soliton 

positive 
Polaron 

positive 
Bipolaron 

+ 

+ 

+ 

Fig. 2.4 •. Conjugational defects in polyacetylene. 

only influences t.he positions of two or three atoms, but modifies about a 

dozen bonds in its vicinity; it has a finite spatial extension with a 

characteristic length [12]. The polarons can move along the polymer chain, 

causing a conductivity by positive "holes", if the concentration of defects is 

low. The polyacetylene then acts asap-type semiconductor [13,14]. If there 

is a high concentration of defects on the chain, the wave functions of the 

individual defects will overlap, so that the separation of the bonds in single 

and double bonds will disappear. This is the reason for a metal-like 

conductivity at high oxidation degree of the polymer. Interchain conductivity 

is possible through "hopping" of polarons from one chain to another. 

In polypyrrole, at low oxidation levels, the conduction mechanism follows 

closely that of polyacetylene. When an electron is removed from the chain by 

oxidation a polaron is formed, whose influence on the geometry stretches out 

over about four pyrrole rings (Fig. 2.5). When a second electron is taken out 

of the chain, a so called "bipolaron" is formed, also stretching out over 

about four pyrrole rings. The bipolaron is a combination of two polarons, 
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A 

B 

Fig. 2.5. (A) The structure of a polaron in polypyrrole. 

(B) The structure of a bipolaron in polypyrrole. 

caused by lattice forces, i e the isomeric so-called quino·id structure is 

energetically more favoured within a bipolaron than within a polaron. This is 

shown in Fig. 2.5 {B). The formation of bipolarons is supported by ESR 

measurements on oxidized polypyrrole [ 15 I. At low oxidation level, the ESR 

signal grows,due to the formation of polarons with spin Y.. When the oxidation 

level increases the ESR signal decreases and eventually disappears completely 

at high oxidation degree (ca. 33 %). As the polymer is still highly conducting 

at this level, this indicates that the charge carriers are spinless, in 

agreement with the formation of bipolarons. 

In the neutral state, no polarons or bipolarons are formed and the polymer is 

insulating. This is the reason that polypyrrole, and also other electron

conducting polymers can be electrochemically "switched" from the insulating to 

the conducting state and back, by oxidizing and reducing the polymer [lc]. 

This switching process, which can be repeated several times, is associated 

with the incorporation of anions, from the electrolyte, in the polymer, and 

the release of anions into the electrolyte, respectively. The rate of 

switching is limited by the mobility of the anion in the film [7], and as a 

result the switching rates are sensitive to the anion involved [16]. 

2.4 Applications 

Besides the investigation of the fundamental properties of conducting polymers 

(as described above), a substantial part of research is of applied character. 
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The first, most investigated application is the use of conducting polymers in 

rechargeable batteries. The emphasis has been on polymeric batteries either 

with polyacetylene as the positive electrode and lithium as the negative 

electrode or with polyacetylene as both the positive and negative electrode 

[17-19]. 

Polypyrrole can also be used as the positive electrode in a rechargeable 

battery, and it is then mainly used in combination with a Li electrode [20-22] 

or in a zinc-halogen battery [23]. In general, batteries with high charge 

densities are possible, however, they show a poor cycling behaviour and a high 

rate of self-discharge. 

Polypyrrole is also used in photoelectrochemical cells for the protection of 

semiconductor electrodes of Si [24,25] or CdS [26] against photocorrosion. 

An interesting application has been reported by White et al [27], who used 

polypyrrole in a so-called molecule-based transistor. Polypyrrole formed the 

connection between two gold electrodes ('source' and 'drain'), a third 

electrode ('gate') was used to switch polypyrrole from the insulating to the 

conducting state. Then a current could flow from 'source' to 'drain'. A 

similar application is the construction of a p-n junction diode by 

'sandwiching' a p-doped polypyrrole layer between a Pt electrode and a n-doped 

polythiophene layer (Aizawa c s (28]). 

The study of electrocatalytic processes at electrodes, modified with a 

conducting polymer layer, is also an important subject, especially as to the 

reduction and oxidation of organic compounds. Important model systems are : 

the hydroquinone/p-benzoquinone couple [29-31], the reduction of anthraquinone 

[32] and the reduction of alkylbromide.s [33]. Anorganic processes like the 

reduction of C02 [34] and the reduction of dioxygen [35-37) have also been 

studied. 

Furthermore, polypyrrole is investigated for use in various applications like 

information storage [38], as detector for electroinactive anions [39], as gas 

sensor [40] and for its possibility to release anions when reduced [41]. 
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2.5. Incorporation of Catalysts in a Polymer Layer on an Electrode 

2.5.1. Catalysts in a Non-conducting Polymer 

The selective catalysis of electrochemical reactions is one of the major 

motivations for the great interest in modified electrodes [42]. It was thought 

that polymer films, containing the equivalent of several monolayers of active 

catalyst, could be more effective than monolayer modified electrodes [43]. One 

of the main topics is the incorporation of (transition- )metal organic 

complexes in a polymer coating. Examples are the incorporation of Ru(edta) and 

Ru(NH3)5 complexes in poly(4-vinylpyridine) and polyacrylonitrile [44] and the 

incorporation of IrC162- in protonated (4-vinylpyridine) [45]. In the last 

case, the metal complexes served as catalytic centres for the oxidation of 

Fe2+. Oyama et al showed that the oxidation of Fe2+ and the reduction of Fe3+, 

in aqueous solution, was also mediated by an electrode, modified with a 

poly(4-vinylpyridine) layer containing Mo(CN)64- complexes [46]. 

A theoretical model, describing these redox catalysis processes, has been 

derived by Andrieux and co-workers [47]. In their model three potentially 

rate-limiting factors exist : the electronic conductivity of the polymer film, 

the diffusion of the substrate through the film and the rate of the catalytic 

reaction itself. A series of equations has been derived, for use in analyzing 

experimental data from rotating disc electrode voltammetry. 

Recently attention has been paid to the incorporation of platinum 

microparticles in a polymer film by electrodeposition [48-50]. Platinum 

particles were incorporated in a polyvinylacetic acid (PVAA) film an a glassy 

carbon electrode ; these modified electrodes showed electrocatalytic activity 

for the evolution of hydrogen and the reduction of dioxygen [48]. Also other 

metals like Pd, Ag, Ni and Cd could be electrodeposited in the polymer film. 

The stability of the deposited microparticles was reported to be considerably 

better than for particles, deposited on a bare glassy carbon surface [49]. 

Also the deposition of Pt particles on a linear or a cross-linked 

poly(4-vinylpyridine) film has been investigated [50]. The particles deposited 

on the cross-linked polymer showed a greater stability than the particles, 

deposited on the linear polymer. 
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2.5.2 Catalysts in a Conducting Polymer 

Although the incorporation of transition metal complexes, like in 

non-conducting polymers, has also been reported for conducting polymers 

[33,34,51,52], most attention has been paid to the incorporation of 

electroactive anions during the formation of the conducting polymer (see 

sections 2.2. and 2.3.). Polypyrrole is mostly used as the conducting polymer, 

because of its easy preparation method. 

The electrocatalytic reduction of oxygen was studied with electrodes, modified 

with a polypyrrole layer containing tetrasulfonated Co-porphyrins [53, 54] , 

Co(II) acetate [55] and Fe- and Co-tetrasulfonato phthalocyanines [56-58]. In 

all cases the incorporation of these catalysts greatly enhanced the reduction 

of dioxygen at low cathodic overpotentials. Moreover, the incorporation of an 

electroactive metal centre like cobalt improved the long-term conductivity of 

a polypyrrole film [59]. This should be caused by the fact that Co is present 

in both the 2+ and 3+ valence state in the potential region where the polymer 

is conducting and thus can contribute to the electronic conductivity. 

An interesting application for metalloporphyrin-polypyrrole electrodes has 

been found by Bedioui and co-workers, who used Mn-tetrakis(4-carboxyphenyl)

porphyrine as a catalyst for the oxidation of 2,6-di(t-butyl)phenol [60]. 

The electrodeposition of metal microparticles is also known for conducting 

polymers. Tourillon and co-workers reported the deposition of Ag and Pt 

particles in a polythiophene layer [61,62]. The precipitation of metal 

particles, as a result of the doping reaction of polyacetylene with AuCl4- is 

reported [63]. 

A number of metals, like Pd, Pt and Ru can be incorporated in a polypyrrole 

film by electrodeposition [64]. In the case of Pt and Pd deposition the 

polymer does not become insulating by the reduction process and there appears 

no limitation of the growth rate of the particles, due to the presence of the 

polymer film. 

Finally, the preparation of an enzyme-modified electrode which uses 

polypyrrole is reported. Umana and Waller showed that glucose oxidase can be 

incorporated in a polypyrrole film during the polymerization on a glassy 

carbon disc [65]. The thus formed electrodes can be used for the determination 

of the glucose concentration in aqueous solutions. The electrodes were stable 

for a period up to 7 days, this lifetime being determined by the leaching of 

the enzyme out of the film. 
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3. Ohmic Resistance of Polypyrrole-modified Electrodes with Incorporated 

Pt-particles. 

3.1. Introduction 

Recently, attention has been paid to the incorporation of catalyst particles 

in a polypyrrole matrix, especially of metal particles by reduction of the 

appropriate metal salt [1-5]. In particular, the use of Pt particles seems to 

be very profitable. The application of these metal-polymer electrodes for the 

oxidation of hydrogen and the reduction of dioxygen have been object of our 

research [6,7]. In order to characterize these electrodes, the ohmic 

resistance was determined as a function of the potential of the electrode, 

with incorporation of various quantities of platinum. The effect of the 

current density, used for the electrodeposition of these particles, upon the 

resistance was investigated. 

3.2. Experimental 

The impedance measurements were carried out at 293 K in a one-compartment cell 

of about 200 cm3, containing an aqueous solution of 2 M HCl. Two large 

(50 cm2) platinized Pt counter electrodes were used, symmetrically placed with 

respect to the working electrode (0.25 cm2), facing upwards in order to avoid 

accumulation of evolved gas. A saturated calomel electrode (SCE) served as a 

reference electrode; all potentials are given with respect to this electrode. 

The impedance of the cell was measured using a Solartron 1250 Frequency 

Response Analyzer with an electrochemical interface, coupled with a HP 

microcomputer. A sinuso1dal voltage, with an amplitude of 0.01 V and a fre

quency range from 128 to 65000 Hz, was superimposed on the bias potential of 

the electrode, which was varied from 0.2 V to -0.35 V vs SCE, in steps of 

0.05 V, with a time span of ca. 5 min. between the subsequent potential steps. 

A Pt disc electrode (0.25 cm2) was used as the substrate for the polypyrrole 

films. Before the deposition of polypyrrole, the Pt electrode was pretreated 

by the following method. For one minute, oxygen was vigorously evolved at the 

electrode, at a potential of 3.5 V vs RHE in an aqueous solution of 0.5 M 

H2S04, to remove impurities and polypyrrole deposits, used in the preceding 
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experiment. Then the electrode was pulsed between -1.0 V and 2.5 V, for two 

minutes. Finally, the potential of the electrode was cycled between 0 and 

1.5 V, with a scan rate of 1 V/s, until the cyclic voltammogram showed a clean 

Pt surface. Impedance measurements were carried out with this clean electrode 

as a blank. 

Polypyrrole (PP) was formed on the clean Pt substrate by anodic oxidation 

of pyrrole from an aqueous solution of 0.14 M pyrrole and 0.1 M (C2H5)4NBF4, 

at a constant current density of 0.4 mA cm-2. The charge, passed during 

formation of the film was 100 me cm-2. The electrode (PP/Pt electrode) was 

used as the working electrode in impedance measurements. 

After the impedance measurement with the polypyrrole electrode, Pt particles 

(for particle distribution, see [6]) were deposited at a constant current 

density, ranging from 0.08 to 8 mA cm-2, on and in the polypyrrole film, 

present on the Pt substrate, to prepare a platinum/polypyrrole electrode 

(Pt/PP/Pt electrode). A one-compartment cell, filled with a solution of 0.02 M 

H2PtCl6 and 2 M HCl, was used. The platinum was deposited in steps, with a 

charge, Qpt• of about 200 mC cm-2 per step, corresponding to 102 ~g cm-2 Pt. 

Between the subsequent steps, the impedance measurements were carried out. 

3.3. Results and Discussion 

At each potential, the impedance spectrum of the cell was measured. In a 

complex plane plot the imaginary component of the impedance, Z'', was plotted 

versus the real component of the impedance, Z', for all measured frequencies. 

Since no faradaic processes occur at the polypyrrole elctrode in the measured 

potential region, the impedance of the cell consists of the ohmic resistances 

of the electrodes and of the electrolyte, in series with the double layer 

impedances [8]. The contribution of the double layer capacitance to the 

imaginary component of the cell impedance disappears at high frequencies. The 

intersection of the Z''/Z' curve with the Z'-axis at w +~then denotes the 

ohmic resistance of the cell. Due to the very large surface area of the 

counter electrodes and the construction of the cell, the ohmic resistance is 

consists of the resistance of the working electrode and the resistance of a 

solution layer adjacent to the working electrode [9]. 
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3.3.1. Pt Electrodes 

The Z"/Z' curve for a Pt electrode showed the expected shape, viz at 

potentials higher than -0.3 V a straight line, making an angle with the 

Z'-axis of almost 90°. At potentials below -0.3 V hydrogen bubbles, formed at 

the electrode surface, affect the Z"/Z' curve, and an accurate determination 

of the ohmic resistance was not possible. For the bare Pt electrodes the ohmic 

resistance is constant in the potential region from +0.2 V to -0.3 V and is 

equal to 1.5 ~ 0.2 Q. This resistance is only determined by the resistance of 

the solution layer adjacent to the electrode, since the resistance of the Pt 

electrode is negligible. 

3.3.2. PP/Pt Electrodes 

Characteristic Z" /Z' curves for PP/Pt electrodes are given for the potentials 

+0.2 V and ~0.2 V vs SCE in Fig. 3.1. At potentials higher than -0.2 Van 

intersection of the Z"/Z' curve with the Z'-axis occurs. To obtain the ohmic 

resistance, R, at. potentials equal or lower than -0.2 V extrapolation tow+ oo 

is necessary. 

3 A B 10 
Z"/u Z"l!! 
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6 128Hn 

• 128 Hz 4 • 
• • 

2 • • • 
•• 65kliz····· 

0 1 • 2 3 0 2 4 6 8 10 
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Fig. 3.1. Complex plane plot for a PP/Pt electrode at +0.2 V vs SCE (A) and 

-0.2 V vs SCE (B). 
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Fig. 3.2 shows for a PP/Pt electrode the ohmic resistance as a function of the 

potential. In the potential region from +0.2 V to -0.2 V the ohmic resistance 

is constant. The average value (averaged for about 10 PP/Pt electrodes) is 

1.45 :!: 0.09 Q, 

6 
R /!J 

s 

4 

3 

2 

0 

\ 

-~~ 
-0.3S·Q3 -Q2 -tl1 0 0.2 

E vs SI:E I V 

Fig. 3.2. Ohmic resistance vs potential curves for aPt electrode (•) and a 

PP/Pt electrode (o). 

From Fig. 3.2 it follows that between -0.2 V and -0.35 V the ohmic resistance 

increases sharply, and a hysteresis effect is clearly observed. Above 0.05 V 

the hysteresis has practically disappeared. 

The increase in ohmic resistance in the potential region from -0.2 V to -0.35 

V is indicated by AR0 and is defined as the difference between the average 

ohmic resistance at -0.30 V and -0.35 V and the ohmic resistance at +0.2 v. 
For about 10 PP/Pt electrodes the average value of ~R0 is 4.5 :!: 0.6 Q, 

The ohmic resistance for a PP/Pt electrode consists of a part, related to a 

solution layer, which does not depend on the potential, and a part related to 

the polypyrrole film. In the high potential region the ohmic resistance is, 

within error limits, the same for both Pt and PP/Pt electrodes. This leads to 

the conclusion that in the high potential region polypyrrole is very well 

conducting, which is in agreement with published results [10]. The slight 

decrease in ohmic resistance, occurring when a polypyrrole film is deposited 

on a Pt substrate (see Fig. 3.2), can be explained by an increase of surface 

roughness. By a potential decrease from -0.2 V to -0.3 V the oxidized state of 
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polypyrrole is partly converted to its reduced state. I~ is well known that 

the oxidized polypyrrole is well electron-conducting and the reduced 

polypyrrole is badly electron-conducting [10]. The transition from oxidized to 

reduced polypyrrole causes an increase of ohmic resistance of the polypyrrole 

film. 

3.3.3. PtiPPIPt £lectrodes 

For Pt/PP/Pt electrodes the shape of the Z"/Z' curves was the same as for 

PP/Pt electrodes. Also the ohmic resistance in the high potential region 

(E > -0.2 V) is equal for both types of electrodes. Ohmic resistance vs 

potential curves for Pt/PP/Pt electrodes with various Pt loadings are shown in 

Fig. 3.3. From this figure it can be deduced that the rise of the ohmic 

Rl!:l 
5 

2 

0 
-0.3 -0.2 -0.1 0 0.1 0.2 

EvsSCE/V 

Fig. 3.3. Ohmic resistance vs potential curves for a Pt/PP/Pt electrode 

with various Pt loadings: (a) 200, (b) 400, (c) 600, (d) 800 and 

(e) 1000 me cm-2. 

resistance between -0.2 V and -0.35 V, AR, decreases with increasing Pt 

loading. Because both for PP/Pt electrodes and for the Pt/PP/Pt electrodes AR0 

and AR, respectively, showed a rather large spread, it is more useful to make 

use of the "reduced" increase of ohmic resistance, AR* as defined by AR/AR0 • 

In Fig. 3.4(A-c) for two series of experiments AR* is plotted vs the charge, 

which was used for electrodeposition of platinum, at various current densities 

of deposition. 
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Fig. 3.4. aR* vs charge used for deposition of Pt particles with various 

current densities of Pt deposition. For each current density the 

results of two series of experiments are given. 

(A) ipt 0.08 rnA cm-2; (B) ipt = 0.8 rnA cm-2; 

(C) ipt 8.0 rnA cm-2. 

Fig. 3.4 shows that aR* decreases with increasing Pt loading and approaches a 

limiting value. aR* is affected by the current density of Pt deposition. From 

the figure it also follows that Pt/PP/Pt electrodes with Pt particles, formed 

at a low current density (0.08 rnA cm-2) show the sharpest decline of aR* at 

low Pt loading and the largest spreading in aR*. For electrodes, prepared with 

a higher current density of Pt deposition, aR* shows a more gradual decrease 

with increasing Pt loading. Especially, for electrodes prepared with 

ipt = 8 rnA cm-2, the spreading in aR* is very small. 

As can be seen in Fig. 3.3, the incorporation of Pt particles has little 

effect on the ohmic resistance in the potential region where polypyrrole is in 

the oxidized, conducting state. When polypyrrole is reduced, the electrical 

conductivity of the polymer film will be partly taken over by the Pt 

particles, incorporated in the film. This explains the decrease of aR* with 

increasing Pt loading. 

The differences in decrease of aR* between Pt/PP/Pt electrodes, prepared with 

various current densities of Pt deposition, are caused by differences in 

distribution of the particles within the film. Because of the porosity of the 

polymer, Pt particles, deposited with a low current density, are distributed 
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throughout the polypyrrole film. The particles then more enhance the 

electrical conductivity of the whole Pt/PP film, even at low Pt loading. The 

conductivity is then for a smaller part determined by the polypyrrole chains. 

The contact between the Pt particles is of great importance to the ohmic 

resistance. When the particles are distributed over a large space, small 

fluctuations in the distribution have a large effect on 8R*. 

At the Pt/PP/Pt electrodes, prepared with a high current density for Pt 

deposition, the particles are first and mainly deposited on the outer sur

face and layer of the polypyrrole film (electrolyte-side). This is observed 

with a microscope. In this case a good electrical contact between the par

ticles exists and different electrodes show a small spread in 8R*. 

3.3.4. Aging of PP/Pt Electrodes 

The influence of the low electrode potential, which was used for deposition of 

platinum particles, on the ohmic resistance of PP/Pt electrodes was 

investigated. A PP/Pt electrode in 2M HCl was held at a potential of +0.1 V, 

being a potential within the potential range for Pt deposition. After t = 0, 

4, 8 and 12 minutes, AR0 ,t was determined by measuring the ohmic resistance as 

a function of the potential. In Fig. 3.5 8R0 ,t is plotted vs the aging time at 

+0.1 V. This figure shows a decrease of AR0 ,t with increasing aging time. 
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This decrease was caused by a decrease in ohmic resistance at low potentials 

(-0.2 to -0.35 V). As the polymer is partly reduced at the applied low 

potentials, this decrease is caused by the fact that the non-reduced part of 

the polymer slightly increases when the experiments are repeated. 

3.4. Conclusions 

From the determination of the ohmic resistance follows that polypyrro1e has a 

high electrical conductivity in the potential region from -0.2 V to +0.2 V vs 

SCE. 

Between -0.2 V and -0.3 V a sharp rise of the resistance is observed, due to 

the transition of the oxidized polypyrrole to the reduced state. 

Incorporation of Pt particles in the film causes a decrease of the increase of 

ohmic resistance, because the particles contribute partly to the electrical 

conductivity. 
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4. Oxidation of Hydrogen at Plat~num-Polypyrrole Electrodes 

4.1. Introduction 

Recently, many researchers have studied the incorporation of catalyst 

particles in a polymer-modified electrode [1-6]. Two different methods have 

been applied. One method consists of the electrochemical metal deposition in a 

polymer film on a substrate, with the pores of the film filled with a 

solution, containing the appropriate metal salt. As well insulating polymers 

[2,3] as conducting polymers have been used [4,5]. 

The other method consists of the incorporation of catalyst particles during 

formation of the polymer film [6]. 

For Pt particles deposited in a polymer film, mostly the evolution of hydrogen 

has been studied {3,5]. It has been found that a polypyrrole film is peeled 

off the substrate, due to hydrogen bubble formation at the polymer/substrate 

interface. 

To avoid the destruction of the platinum-polypyrrole electrode the oxidation 

of hydrogen has been chosen to characterize the electrocatalytic behaviour of 

platinum-polypyrrole electrodes. Glassy carbon (GC) has been used as elec

trode substrate to minimize background currents due to the oxidation of 

hydrogen at the substrate. Moreover, we have found that the adhesion of the 

polypyrrole film on a glassy carbon substrate is stronger than on metal 

substrates. Two different types of platinum-polypyrrole electrodes have been 

used. One type, denoted by Pt/PP/GC electrode, was prepared by the 

electrodeposition of platinum from PtC162- in a polypyrrole film on a glassy 

carbon disc and the other, denoted by Pt-PP/GC electrode, was prepared by 

precipitation of Pt particles with a diameter less than 44 JJI!I, during the 

polymerization of pyrrole on a glassy carbon disc. The Pt particles were 

suspended in the solution, used for the polymer formation. 

4.2. Experimental 

A glassy carbon disc of 0.25 cm2 served as the electrode substrate. Before 

polypyrrole deposition the glassy carbon disc was polished with 0.3 JJI!I alumina 

and cleaned in an ultrasonic bath. The polypyrrole films were formed on the 

glassy carbon from an aqueous solution of 0.1 M LiCl04 and 0.14 M pyrrole at a 
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constant potential, viz 600 mV vs a saturated calomel electrode, or at a 

constant anodic current density (i = 0.4 mA cm-2). The thickness of the film 

was controlled by measuring the charge, QF, used during the formation of the 

film. Unless otherwise stated, QF was 100 mC cm-2, corresponding to a film 

thickness of about 0.3 ~ [7]. After the formation of the polypyrrole film, 

the electrode was thoroughly rinsed with distilled water. 

The Pt/PP/GC disc electrodes were prepared by electrodeposition of Pt on and 

in a polypyrrole film, from an aqueous 0.07 M H2PtCl6 solution, at room 

temperature. The cathodic current density was constant during deposition. 

Assuming a 100% current efficiency for Pt4+ reduction, a charge of 100 mC cm-2 

corresponds to a Pt loading of 51 ~g cm-2 or 2.6 x lo-7 mol cm-2. 

For the Pt-PP/GC electrodes we used Pt particles in the form of fine pow

dered metal dust; the particles were suspended in the polypyrrole formation 

solution. The diameter of these particles was less than 44 ~· By 

precipitation of platinum particles during polymerization of pyrrole on the 

glassy carbon disc, Pt particles were incorporated in the polymer layer. The 

amount of Pt, incorporated in the film varied between 16 and 36 mg cm-2, and 

was, moreover, very difficult to control. 

All H2 oxidation experiments were performed at 298 K in a thermostatted 

three-compartment cell, containing an aqueous solution of 0. 5 M H2S04 as 

supporting electrolyte. The solution in the working electrode compartment was 

saturated with H2. A reversible hydrogen electrode (RHE) was used as the 

reference electrode. The working electrode was rotated with speeds from 4 to 

64 rotations per second. All i-E curves were recorded for an anodic potential 

sweep from 0 to 800 mV vs RHE, with a scan rate of 10 mV s-1, in order to 

obtain reproducible results. 

4.3. Results and Discussion 

4.3.1. Electron Micrographs 

Fig. 4.1 shows the scanning electron microscope pictures of the two types of 

electrodes. Their physical appearances are very different. At the Pt/PP/GC 

electrodes, the Pt particles are spherical and are regularly distributed over 

the polypyrrole surface. The particle size varies from 50 to 150 nm. 

At the Pt-PP/GC electrodes the Pt particles have very irregular structures. 
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Fig. 4.1. SEM photographs of electrodes with 

(A) electrochemically deposited Pt, magnification 9500 x, and 

(B) with incorporated Pt particles , magnification 450 x. 



The particle size varies from 4 to 44 ~. and is 10 to 100 times larger than 

the thickness of the polypyrrole film. Consequently, the Pt-PP/GC electrodes 

have a very rough surface. 

4.3.2. Surface Area o£ Platinum Particles 

To determine the true Pt-surface area cyclovoltammograms of both types of 

electrodes in a solution of 0.5 M H2S04, saturated with nitrogen, have been 

made in the potential range of 0 to 1 V. The hydrogen adsorption and 

desorption peaks were ill-defined (see also the paper by Kao and Kuwana [3]). 

Exclusively, one desorption peak was observed for electrodes with a high 

Pt-loading (300 ~g cm-2 and higher) and at high voltage scan rates (500 mV s-1 

and higher). The determination of the charge needed for desorption of hydrogen 

on platinum was seriously hindered by the occurrence of the charge and the 

discharge curves for polypyrrole. 

When a potential range of 0 to 1.4 V was applied, a peak for reduction of a 

Pt-0 compound was observed; its maximum occurred at 0.8 V. Application of a 

high potential, viz 1.4 V, causes an irreversible oxidation of polypyrrole and 

a decrease in its conductivity, so that a correct determination of the 

Pt-surface area is not possible. Both types of electrodes showed an almost 

identical behaviour. From these experiments it followed that it was not 

possible to determine the true surface area of the Pt-particles in both types 

of electrodes. 

4.3.3. Pt and PPIGC Electrodes 

To determine the catalytic behaviour of platinum-polypyrrole electrodes, first 

the oxidation of hydrogen at both bare Pt and polypyrrole electrodes was 

investigated. For a bare Pt electrode of 0.5 cm2, the current density is given 

in Fig. 4.2 as a function of electrode potential at various frequencies of 

rotation. Limiting current densities are reached at potentials higher than 

90 mV vs RHE for all rotation speeds. The obtained limiting current densities 

agree to those, measured by Harrison et al. [ 8] , and are at maximum 10% 

smaller than the values that can be calculated with the Levich equation [9] 

0.620 nFDi13~-l/6c5 (2~f)Y. 
2 
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with: -1 2 -1 [10] DR = 3.83 X 10 m s 
2 

1.075 x 10-6 m 2 -1 
v = s [11] 

s -1 -3 [12] c = 7.232 x 10 mol m 
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Fig. 4.2. i-E curves for a bare Pt disc electrode (0.5 cm2 geometric 

surface area) in 0.5 M H2S04, saturated with H2• 

scan rate 10 mV 

Fig. 4.3 shows the i-E curve for a stationary PP/GC electrode. Rotation of 

this electrode gives the same result; moreover, the same result is obtained 

when hydrogen is replaced by nitrogen. Consequently, the i-E curve of Fig. 4.3 

has to be related to the charge and discharge of the polypyrrole film and no 

detectable hydrogen oxidation takes place at the polypyrrole film or at the 

substrate of the PP/GC electrode. 
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Fig. 4.3. Cyclovoltammogram for a glassy carbon electrode covered with a 

polypyrrole layer of 100 mC cm-2 formation charge (0.3 pro 

thickness). Scan rate 10 mV s-1. 

4.3.4. Pt!PPIGC Electrodes 

Characteristic i-E curves for a Pt/PP/GC electrode with a Pt loading of 46 pg 

cm-2 are shown in Fig. 4.4. Limiting current densities are reached at 

potentials higher than 100 mV vs RHE. Fig. 4.5 shows the limiting current 

densities as a function of the square root of the frequency of rotation for 

various Pt loadings and for a bare Pt-electrode (dashed line). In Fig. 4.6 the 

limiting current density is plotted against the Pt loading, mpt• for two 

frequencies of rotation, 25 and 64 Hz. Platinum was deposited with a constant 

current density of 0.4 mA cm-2. The results indicate that Pt/PP/GC electrodes 

with a Pt loading of 50 pg cm-2 and more give almost the same results as a 

bare Pt electrode (dashed lines), and that at low Pt loadings, i e less than 

50 pg cm-2, the curves clearly deviate from the experimental curve for the 

bare Pt electrode. This deviation is similar to that found for the oxidation 
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Fig. 4.4. i-E curves for a Pt/PP/GC electrode with a Pt loading. of 

46 ~g cm-2. The dashed line indicates the result of a PP/GC 

electrode without platinum under the same conditions. 
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Fig. 4.5. Variation of the limiting current density with the square root of 

the frequency of rotation for Pt/PP/GC electrodes with various Pt 

loadings. Pt loading: (x) 253 ~g cm-2; (o) 101 ~g cm-2. 

(D) 10 ~g cm-2. <•> 0.05 ~g cm-2. Pt deposition current density: 

0.4 mA cm-2. The dashed line gives the results for a bare Pt 

electrode. 
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Fig. 4.6. Plot of the limiting current density vs the Pt loading for 

Pt/PP/GC electrodes, at two rotating frequencies. The dashed 

lines indicate results for a bare Pt electrode. Pt deposition 

current density: 0.4 mA cm-2. 
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of ferrocene and hydroquinone on a Pt electrode covered with an inert polymer 

film [13,14]. In the latter case the difference between the experimental and 

the Levich diffusion limited current density is caused by the slow diffusion 

of the electroactive species through the polymer film [13,14]. It is likely 

that the diffusion of Hz through part of the polypyrrole film of a Pt/PP/GC 

electrode determines the i1-fY. relation (Fig. 4.5). At high Pt loadings the 

hydrogen is already practically completely oxidized on the Pt particles 

present on the outer surface of the electrode. For a Pt/PP/GC electrode with a 

low Pt loading the amount of Pt particles on the outer surface is less and not 

enough to oxidize completely the amount of hydrogen transported to the 

electrode at high rotation rates. 

Consequently, the diffusion of hydrogen from the outer surface of the poly

pyrrole film, to the Pt particles inside the film affects the rate of hydrogen 

oxidation. 

Because of the applied preparation method the Pt particles of a Pt/PP/GC 

electrode are bare, i e not covered by polypyrrole, so that the Pt surface is 

exposed to the solution. This conclusion is supported by the small difference 

in overvoltage for Hz oxidation at a bare Pt electrode (Fig. 4.2) and a 

Pt/PP/GC electrode (Fig. 4.4). 

Electrodes with a constant Pt loading of 102 ~g cm-2 were prepared at various 

constant current densities, from 0.04 to 8 rnA cm-2, It is likely that at high 

depositing rates the Pt particles are more concentrated on the outer surface 

of the film than at low depositing rates. This assumption is confirmed by the 

result of the experiments, showing that the limiting current density for the 

oxidation of hydrogen increases with the current density for Pt deposition, 

for all frequencies of rotation. 

4.3.5. Pt-PPIGC Electrodes 

For a Pt-PP/GC electrode characteristic i-E curves are shown in Fig. 4.7. The 

shape of the curves differs strongly from the curves recorded for Pt/PP/GC 

electrodes. Moreover, the-limiting current density is much less than for the 

Pt/PP/GC electrode with even the smallest Pt loading. 

Fig. 4.8 shows the limiting current density as a function of the square root 

of the frequency of rotation for two Pt-PP/GC electrodes with different Pt 

loadings. These curves are similar to those for Pt/PP/GC electrodes with a Pt 

loading less than 50 ~g cm-2. The limiting current densities are, however, 
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Fig. 4.7. i-E curves for a Pt-PP/GC electrode with aPt loading of 24 

mg cm-2, recorded with a scan rate of 10 mV s-1. The dashed line 

represents the result for a PP/GC electrode without Pt under the 

same conditions. 
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Fig. 4.8. Limiting current density for hydrogen oxidation vs the square 

root of the frequency of rotation for Pt-PP/GC electrodes with 

various Pt loadings (solid lines) and a bare Pt electrode (dashed 

line). Pt loading: (x) 36 mg cm-2, (o) 24 mg cm-2. 
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lower despite a higher Pt loading. Analogously, also for a Pt-PP/GC electrode 

the diffusion of hydrogen through a polypyrrole layer affects strongly the 

rate of hydrogen oxidation. This can be explained as follows: during the 

formation of a Pt-PP/GC electrode a thin film of polypyrrole is formed on the 

very well conducting Pt particles, which are already adhered to the glassy 

carbon disc. The Pt-PP/GC electrodes have thus practically no bare Pt surface 

available for oxidation of hydrogen. This conclusion is supported by the 

differences in overvoltage for hydrogen oxidation at a bare Pt electrode 

(Fig. 4.2) and a Pt-PP/GC electrode (Fig. 4.7). 

The experimental results show that the electrochemical deposition of platinum 

in a polypyrrole film leads to a much better electrocatalytic electrode for 

the oxidation of hydrogen than if the incorporated platinum particles are 

covered with a thin polypyrrole film (Pt-PP/GC electrode). It can be 

calculated, assuming a particle size for electrochemical deposited Pt 

particles of 50 nm and for a Pt-PP/GC electrode of 10 ~. that a Pt-PP/GC 

electrode, loaded with 25 mg cm-2 Pt (Fig. 4. 7) has a 40 times larger Pt 

surface area, compared to a Pt/PP/GC electrode, loaded with 46 !Jm cm-2 Pt 

(Fig. 4.4). The differences in activity for the oxidation of hydrogen are then 

not caused by a difference in the number of catalytic sites, but by a 

difference in the number of active, i e available sites. 

4.3.6. Pt!PMPIGC and Pt!PANIGC Electrodes 

Additionally, poly(N-methylpyrrole) (PMP) and poly(aniline) (PAN) were used as 

the conducting polymer for the Pt/polymer/GC electrodes. Both polymers were 

similarly prepared as polypyrrole using a formation charge of 100 mC cm-2. The 

formation solution for PMP/GC electrodes consisted of 0.10 M Et4NBF4 and 

0.11 M N-rnethy1pyrrole in water, and for PAN/GC electrodes of an aqueous 

solution of 2 M HCl and 0.10 M aniline. A Pt loading of 102 ).lg cm-2 was 

deposited from an aqueous solution of HzPtC16 on these polymer-modified 

electrodes with a current density of 0.4 rnA cm-2. 

Characteristic i-E curves are shown in Fig. 4.9 for a Pt/PMP/GC electrode and 

in Fig. 4.10 for a Pt/PAN/GC electrode. Hydrogen is not oxidized on a 

Pt/PMP/GC electrode at potentials lower than about 300 mV (Fig. 4.9) and on a 

Pt/PAN/GC electrode at potentials lower than 350 mV (Fig. 4.10). On a Pt/PP/GC 

electrode, however, hydrogen is oxidized at potentials only a few mV higher 

than RHE (Fig. 4.4). These differences in electrocatalytic activity are caused 
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Fig. 4.9. i-E curves for a Pt/PMP/GC electrode with a Pt loading of 

102 ~g cm-2, The dashed line indicates the result of a PMP/GC 

electrode under the same conditions. 
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Fig. 4.10. i-E curves for a Pt/PAN/GC electrode with a Pt loading of 

102 ~g cm-2. The dashed line indicates the result of a PAN/GC 

electrode under the same conditions. 
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by differences in electronic conductivity of the polymers at various 

potentials [15,16]. A polymer in the oxidized state has a much better electron 

conductivity than in the reduced state. 

Hydrogen-oxidation is a diffusion limited process for all the investigated 

Pt/polymer/GC electrodes at high potentials, E > 450 mV vs. RHE, as follows 

from the dependence of the current density on the frequency of rotation (Figs. 

4.4, 4.9 and 4.10). 
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5. The Incorporation of Pt-Particles as Electrocatalysts for the Reduction of 

Dioxygen 

5.1. Introduction 

In addition to the experiments, concerning the oxidation of hydrogen at 

Pt/PP/GC electrodes, we have also studied a reduction reaction at these 

electrode systems. We have chosen for the reduction of dioxygen in aqueous 

solution as the model system. This reaction offers the opportunity to study 

the influence of electrode preparation on the composition of the product, as 

dioxygen can be reduced to water via a 4-electron mechanism and/or to hydrogen 

peroxide via a two-electron mechanism as the final product. 

Polypyrrole itself shows little activity for the reduction of dioxygen. 

Okabayashi [1] reported no catalytic activity at all for a polypyrrole

modified electrode, whereas Jakobs et aL [2] have shown (in an earlier stage 

of the investigation in our laboratory on polypyrrole-modified electrodes) 

electrocatalytic activity of polypyrrole for the reduction of dioxygen •. Jakobs 

c s showed, in a rotating ring-disc experiment, that the activity decreases 

and the selectivity for the 4-electron reduction increases with increasing 

thickness of the polypyrrole layer on a Pt substrate. This has been ascribed 

to a high decomposition rate of hydrogen peroxide in the polymer film, 

favoured by slow diffusion rates of dioxygen and hydrogen peroxide in the film. 

Electrocatalysts for the reduction of dioxygen can be incorporated in a 

polymer film on a substrate electrode in several ways. Anionic complexes can 

be incorporated as electrocatalytically active counterions during the 

electrochemical synthesis of the polypyrrole layer. Examples are the incorpo

ration of iron- and cobalt-tetrasulfonato phthalocyanines [1,3,4,5]. The use 

of 'simple' cobalt complexes like cobalt acetate, benzoate or acetylacetonate 

has been reported, although the active species in the polymer has not been 

identified [6]. The electrodes with Co- or Fe-phthalocyanine-doped polypyrrole 

layers show in acid media a 2- and/or a 4-electron reduction process to 

hydrogen peroxide and water. 

The incorporation of particles during the polymerisation of polypyrrole is 

also possible. Noufi [7] reduced incorporated Ru042- ions to Ru02 particles 

after synthesis of the polymer layer. These Ru02 particles were then active 

for the evolution of dioxygen. The inclusion of large Pt particles during the 
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polymerisation of pyrrole, as described in chapter 4, lead to electrodes with 

a low activity for H2 oxidation. This was caused by a low availability of the 

Pt surface, which was covered with polypyrrole. However, the inclusion of 

particles of porous carbon, impregnated with Co- or Fe-phthalocyanine, has led 

to electrode systems, which were electrocatalytically active for the reduction 

of dioxygen [9]. 

The method of incorporation of Pt particles, which is used here, is the same 

as described in chapter 4 for the experiments, concerning the oxidation of 

hydrogen. The particles were deposited onto the electrode, by electrochemical 

reduction of PtC162- ions, after the deposition of the polymer. 

5.2. Experimental 

A rotating ring-disc electrode (RRDE) system has been used for measuring the 

activity and selectivity of the reduction process (10]. The RRDE assembly 

consisted of a pyrolytic graphite (Cp) disc of 0.524 cm2, surrounded by an 

insulating gap and a Pt ring at 0.145 cm2. The characteristic radii of the 

electrode, R1> R2 and R3 (see Fig. 5.1) were 4.08., 4.41 and 4.91 mm respec

tively. The collection efficiency, N, of the electrode was 0.24 (both 

calculated from the geometry of the electrode and measured from the reduction 

of dioxygen to hydrogen peroxide at Co-phthalocyanine, adsorbed on the Cp 

disc). 

Fig. 5.1. Bottom view of a ring-disc electrode, with characteristic radii 

Rlt R2 and R3 (see text). 

Before each deposition of polypyrrole, the electrode was polished with 0.3 and 

0.05 ~ alumina to a mirror-like finish, followed by cleaning in an ultrasonic 
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bath for ca. 1 minute and rinsing with distilled water. The ring electrode was 

pulsed between vigorous 02 and H2 evolution (at +20 and -20 rnA) and platinized 

with a current of -2 rnA during 30 s and -1 rnA during 60 s, in order to obtain 

high activity for H202 oxidation. 

The polypyrrole layer was formed on the disc electrode, by electrochemical 

oxidation of the monomer pyrrole, from an aqueous solution of 0.1 M pyrrole 

and 0.1 M tetraethylammonium perchlorate or tetrafluoroborate, in a 

one-compartment cell with a Pt foil counter electrode. A constant current 

density of 0.4 rnA cm-2 was used, until a total charge of 100 me cm-2 was 

passed, corresponding to a thickness of ca. 0.28 ~· 

Platinum was deposited in and on the polypyrrole layer from an aqueous 

solution of 2 M Hel and 0.07 M H2PtCl6, by electrochemical reduction of the 

Pt4+-ions. A constant current density was applied during deposition, the 

amount of Pt was controlled by measuring the charge, passed during deposition. 

Assuming a 100% current efficiency for Pt4+-reduction, a charge, Qpt• of 

100 me cm-2 corresponds to a Pt loading of 51 ~g cm-2 or 2.6 x lo-7 mol cm-2. 

The current densities used were 0.08, 0.80 and 8.0 rnA cm-2. 

Finally, the ring electrode was again pulsed between 02 and H2 evolution, in 

order to remove adsorbed pyrrole species. 

The oxygen-reduction experiments were carried out in a 150 ml three-compart

ment cell. As counter electrode served a Pt foil, separated from the working

electrode compartment by a porous glass filter. A reversible hydrogen 

electrode was used as the reference electrode. All potentials will be given 

with respect to this electrode. The reference-electrode compartment was 

connected with the working-electrode compartment by a Luggin capillary. 

The cell was filled with an aqueous 0.5 M H2S04 solution, saturated with 02 at 

a pressure of 100 kPa (the dioxygen was replaced by N2 when performing oxygen

free experiments). All experiments were carried out at a temperature of 293 K. 

The electrode assembly was rotated with a speed of 25 Hz (rps). 

The measurements were carried out by imposing a triangular potential sweep 

upon the disc electrode, while the potential of the ring electrode was kept at 

a constant potential of 1.20 V vs RHE, the potential where H202 is oxidized. 

The potential of the disc was cycled between 0.8 and 0.0 V vs RHE with a scan 

rate of 50 mV s-1. 

A Tacussel Bi-Pad potentiostat and a Wenking VSG 72 scan generator were used 

to control the potentials of the electrodes, and the ring and disc currents 
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were recorded as a function of the disc potential, using a Hewlett Packard 

7046A dual pen X-Y recorder,. 

The disc currents were corrected by subtracting the disc currents in 

N2-saturated solution, because of the large 'background' currents, due to the 

charged, porous polypyrrole layer. The ring current at Edisc = +0.8 V vs RHE 

was subtracted from the measured ring currents, to compensate for H202, 

present in solution from previous experiments. 

5.3. Theory 

The reduction of dioxygen in acid solution can proceed according to two 

reactions [ 11]: 

(5.1) 

and/or 

02 + 2 H+ + 2e- + H202 (5.2) 

The hydrogen peroxide, formed by (5.2), can be reduced, according to (5.3). or 

chemically decomposed, according to (5.4) : 

(5.3) 

(5.4) 

As the last two reactions give the products water and/or dioxygen, effectively 

the reduction of dioxygen leads to the formation of water and/or hydrogen 

peroxide as the final products. Therefore, the disc current can be thought of 

as consisting of two components: (a) the current due to the reduction of 

dioxygen molecules which_give water as the final product and (b) the current 

caused by the reduction at dioxygen molecules which lead to hydrogen peroxide 

as the final product: 

Io (5.5) 

40 



Also we 4efine the reduction rate of dioxygen molecules in moles per second as 

n02 and the number of dioxygen molecules which give HzO and HzOz, respectively 

as na2o and nH2o2• These values are divided by the amount of Pt. present on 

the disc electrode to give the "reduced" reaction rates no2*. nH 2o* and nH2o2* 
for the total reaction, the reduction to HzO and the reduction to H202• 

respectively. The fraction of the reduced dioxygen molecules which lead to HzO 

as the final product is called XHzO• 

It follows that 

(5.6) 

(5. 7) 

(5 .8) 

The ring current gives the amount of hydrogen peroxide. formed at the disc: 

(5.9) 

(5.8) and (5.9) give: 

1 
IR 

+N! 
D 

, 0 = 
IR 2 1 

- N ID 

(5.10) 

and: 1 -ID 
no = 2 (1 + , o> F 

2 
2 

(5 .11) 

nH 0 =, OnO 
2 2 2 

(5.12) 

nH o = (1 - , o>no 
2 2 2 2 

(5 .13) 

5 • 4. Results 

A characteristic cyclic voltammogram for a Pt/PP/Cp electrode is given in Fig. 

5.2. This figure shows that the reduction of dioxygen starts at a more anodic 
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potential than when an electrode without Pt particles is used. The cathodic 

scan (the part of the potential sweep from +0.8 to 0.0 V) gives a limiting 

disc current at ca. 0.1 V vs RHE. We have taken the currents from the cathodic 

sweep at this potential, for the experiments with a rotation speed of 25 Hz, 

to calculate the half-wave potential Ey, and the reaction rates, as described 

in the preceding paragraph. 

-1.5 

0.15 

t 0.10 

0 

0 0.5 
E0 1 V -

Fig.5.2. Cyclic voltammograms for a Pt/PP/Cp and a PP/Cp disc electrode 

of a RRDE in 02-saturated 0.5 M H2S04. (-----) Cp electrode with 

a 100 mC cm-2 polypyrrole layer; (------) a PP/Cp electrode with 

200 mC cm-2 Pt, deposited with a c.d. of 0.8 rnA cm-2, 

Scan rate: 50 mV s-1, 

The half-wave potentials for Pt/PP/Cp electrodes prepared with various current 

densities (abbreviated further as c.d.'s) of Pt deposition are shown in table 

5.1. This table shows that Ey, increases with increasing Pt loading, the effect 

being more pronounced at a low deposition rate. The change in Ey, is directly 

associated with the efficiency for H20 production, shown in Fig. 5.3. When 

using a deposition current of 8.0 rnA cm-2, all the dioxygen will be reduced to 

give H20 as the final product, except at the lowest Pt loading. The experi-
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ments with lower Pt deposition c.d.'s show a sharp increase of xH2o from Qpt = 

150 mC cm-2 onwards, corresponding to higher Er. values. 

Pt deposition current 

ipt I mA cm-2 

0.08 

0.80 

8.0 

Pt loading 

mC cm-2 lo-7 mol cm-2 

50 1.3 

100 2.6 

150 3.9 

200 5.2 

300 7.8 

400 10.4 

50 1.3 

150 3.9 

200 5.2 

300 7.8 

400 10.4 

50 1.3 

100 2.6 

200 5.2 

300 7.8 

400 10.4 

EY. at 25 Hz I V 

0.29 

0.26 

0.26 

0.24 

0.44 

0.67 

0.29 

0.37 

0.52 

0.62 

0.73 

0.65 

0.66 

0.80 

0.80 

0.79 

Table 5.1. Half-wave potentials for electrodes with various Pt loading, 

prepared with various current densities. 
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Fig. 5.3. Efficiency for H20 production vs the Pt loading. 

(•) ipt = 0.08 mA cm-2; (o) ipt = 0.80 mA cm-2; 

(x) ipt = 8.0 mA cm-2. 

In Figs. 5.4, 5.5 and 5.6 the values of, respectively, no2(*), nH 2o(*) and 

nH2o2(*) are shown as a function of the Pt loading for various Pt deposition 

c.d.'s. The plots of no2 and nH 2o show the same behaviour as xH2o in Fig. 5.3, 

and a sharper increase with increasing Pt loading for ipt = 0.8 mA cm-2, 

compared to the curve for ipt = 0.08 mA cm-2. The highest c.d. for Pt 

deposition shows a high constant no2 resp. na2o. However, when the values are 

corrected for the total amount of Pt present (leading to no2* and nH2o*) the 

efficiencies change drastically. At low Pt deposition rate only a· small 

increase of no2* and nH2o* remains, and for the highest rate of Pt deposition 

no2* and nH2o* decrease with increasing Pt loading. 

For the experiments with the lowest Pt deposition c.d. na2o2 remains almost 

constant (na2o2* shows therefore a steady decrease); for ipt = 0.8 mA cm-2, a 

sharp decrease of nH 2o2 can be seen at the highest Pt loading. The experiments 

with the highest Pt deposition rate show no formation of hydrogen peroxide. 

5.5. Discussion 

5.5.1. High Pt Deposition Current 

For the experiments, using the highest c.d. of Pt deposition, the situation is 

quite clear. As has been found in the previous chapters, in this case the Pt 

particles are deposited mainly on the surface (polymer/electrolyte interface) 
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Fig. 5.5. Rate of reduction to H20 (nH2o) and reduced reaction rate for 

H20 production (nH2o*) vs the Pt loading for (A) ipt = 0.08 

mA cm-2; (B) ipt = 0.80 mA cm-2 and (C) ipt = 8.0 mA cm-2. 
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Fig. 5.6. Rate of reduction to HzOz (nH2o2) and reduced reaction rate for 

H202 production (nu2o2*) vs the Pt loading for (A) ipt = 0.08 

mA cm-2; (B) ipt = 0.80 mA cm-2 and (C) ipt = 8.0 mA cm-2. 
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of the polypyrrole layer. The electrodes show a behaviour, similar to that of 

a bare Pt electrode, i e oxygen is completely reduced to water. From the plots 

of no2* and nH2o* versus Pt loading, it can be seen that the deposition of a 

small amount of Pt (1.3 x Io-7 mol cm-2 or 25.6 pg cm-2) is sufficient to 

reduce most of the dioxygen to H20. 

5.5.2. Low Pt Deposition Current 

For the lowest Pt deposition c.d. 's, the sit.uation is more complicated. A 

higher amount of Hz02 is formed at these electrodes. In chapter 4 it has been 

concluded that the Pt particles in this case are dispersed over the entire 

polymer layer. At low Pt loading this leads to a low reduction rate of 

dioxygen, caused by a slow diffusion of dioxygen molecules into the polymer 

layer. The high amount of peroxide formed is caused by the fact that only a 

small part of the deposited platinum is available for dioxygen; this leads to 

a shift in product composition towards hydrogen peroxide [11,12]. 

This conclusion is supported by the work of Elzing [4], who showed that the 

shift of the half-wave potential in the anodic direction is caused by the 

increase of the number of active sites. An increase of the number of sites by 

a factor p then produces a shift of the half-wave potential of : 

(14) 

in which n is the number of electrons, involved in the rate determining 

reaction. Generally, the shift of the half-wave potential for a ten-fold 

increase of the number of active sites is equal to the Tafel slope. As the 

dominating reaction (the formation of water or the production of hydrogen 

peroxide) changes when the Pt loading is increased, the Tafel slope is not the 

same for all electrodes and the "exact" increase in active sites cannot be 

determined. However, qualitatively it is concluded that the number of active 

sites increases sharply with increasing Pt loading. 

As the Pt loading increases, more Pt will be deposited near the 

polymer/electrolyte interface. This shortens the diffusion path, and thus 

increases no2• More Pt will be available for reduction, which leads to an 

increasing amount of water as the final product. 
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5.6. Conclusions 

The reduction of dioxygen at Pt/PP/Cp electrodes depends on how the Pt 

particles are incorporated in the polymer. The deposition of Pt with a high 

c.d. leads to electrodes with most of the particles situated near the surface 

of the polypyrrole layer (i e near the polymer/electrolyte interface). This 

leads to a high conversion rate of dioxygen and because a large area of Pt is 

then available for reduction to a high selectivity for the formation of H20 

(xH20 ~ 1). 

When particles are deposited at lower rates, a large part is situated near the 

polymer/substrate interface, leading to a low conversion rate of dioxygen. 

This also leads to a low availability of Pt for reduction, causing the main 

product to be hydrogen peroxide. Increasing the Pt loading then gives rise to 

a higher reduction rate of dioxygen and a shift in product composition from 

hydrogen peroxide towards water. The last effect offers a unique method for 

changing the electrode properties. 

During the experiments, polypyrrole served as an excellent conducting matrix 

for the dispersion of the Pt particles. The 3-dimensional conducting layer 

gives the opportunity to change the distribution of electrodeposited catalyst 

particles, by varying the deposition rate. However, it must be remarked that 

the experiments described here, were carried out on a small time scale. It is 

known that polypyrrole is sensitive to hydrogen peroxide [2], as well as to 

other oxidizing agents, which destroy the conducting 'backbone' of the 

polymer. In a cycling experiment, carried out in an 02-saturated solution, the 

disc currents steadily decrease. This is caused by the instability of the 

polymer itself and by the attack of hydrogen peroxide on the conducting 

polymer support, as the reduction of dioxygen leads to an accumulated amount 

of hydrogen peroxide in solution. 
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6. Structural Effects in Polypyrrole Synthesis 

6.1. Introduction 

During the investigations, some remarkable morphologies of the prepared 

polypyrrole layers have been found. These effects appear to depend 

strongly on the nature of the electrolyte and particularly on the type of 

anion, incorporated in the polymer. In this chapter an explanation of 

this behaviour is given and supported by geometry calculations of the 

polymer, using computer aided molecular modeling. The results of these 

calculations are used to predict the behaviour of polymerized derivatives 

of pyrrole, like N-methylpyrrole, N-phenylpyrrole and 3,4-dimethyl

pyrrole. To start with, a description of the various modeling techniques, 

now available, will be given. 

6.2. Computer Aided Molecular Modeling 

The various techniques for molecular modeling can be roughly devided into 

two groups. The first group comprises methodes which use a quantum 

chemical approach, in which the molecular orbitals are calculated from 

the atomic orbitals of the atoms, composing the molecule. From the nature 

of the atoms and the way they are connected, the geometry with the lowest 

possible energy is calculated. The methods from the second group use a 

more mechanistic approach, usually called a "force field" technique. 

Using this method, the energy of a molecule is calculated by determining 

the deviation from the equilibrium distance, angle or torsion angle 

between two, three and respectively, four atoms. Also VanderWaals and 

dielectric terms are included in the calculation. This method uses a 

continuous adaption of the geometry of the molecule, in order to obtain 

the lowest energy possible. 

6.3. Quantumchemical Methods 

6.3.1. ~b Initio Calculations [1] 

The obvious starting point for the calculation of molecular orbitals is 

the Schrodinger equation: 
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(6.1) 

with: H : summation of the kinetic energy operators for the particles and 

the potential energy operators for the interactions between the 

particles. 

~k: kth molecular wave function. 

Ek: eigen energy of the molecular wave function ~k· 

~k must satisfy the following equation: 

(6.2) 

where the integration extends over the space coordinates of all particles 

described by ~k and the summation is over all the spin coordinates. The 

quantity ~k~k * dV then is the probability of finding the particles 

described by the function ~k in the volume element dV with definite 

orientation of the particle spins. 

Although the Schrodinger equation (6.1) in principle can be written down 

for any chemical problem, exact solutions for systems of chemical 

interest are known only for rather simple forms of the potential energy 

operator (e.g. a particle in a potential well, a harmonic oscillator or a 

hydrogen atom). Even for the simplest molecular system, the H2+ ion, the 

analytical solution of the corresponding Schrodinger equation cannot be 

calculated without the introduction of further simplifying assumptions. 

By use of modern computational methods highly accurate solutions of the 

many-electron Schrodinger equations are possible, though they are not 

exact. 

6.3.2. Approximations 

The first approximation, which is generally used, is the separation of 

the motions of the nuclei and of the electrons, also known as the 

Born-Oppenheimer approximation. The motions of the nuclei are neglected, 

which are then treated as stationary particles. The remaining operators 
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in the Hamiltonian solely describe the electron dynamics, leading to the 

so-called electronic Hamiltonian: 

i' + v el el-nucl. (6.3) 

The molecular electronic wave function is given by the solution of the 

electronic Schrodinger equation: 

(6.4) 

In a further approximation, the molecular wave function is considered to 

be built from the one-electron spin orbitals. 

Each electron is treated separately and has interactions with all the 

other electrons and the fixed nuclei. The problem is then to find the 

optimum one-electron wave functions which give an accurate many-electron 

wave function. A practical solution for this problem is given by Hartree 

and Fock, who have given an expression for the so-called Hartree-Fock 

Hamiltonian ii:HF. The HF-equations are much simpler than the initial 

many-electron Schrodinger equation and their solution gives the set of 

optimal orbitals ~i• leading to the lowest possible energy, within the 

approximation. Unfortunately, ii:HF itself depends on the unknown orbitals 

~i· Therefore, an iterative method for the solution of the HF equations 

was developed, to produce a HF operator, compatible with the 

corresponding solutions (this is called the Self Consistent Field 

Method). For practical purposes, it is more advantageous to use 

analytical, rather than numerical expressions for the atomic orbitals. 

A third approximation is to expand the unknown orbitals, ~i• in a series 

of known functions, ~. the so-called basis set. 

(6.5) 

When we want to describe the molecule, it is practical and appropriate to 

choose the finite set of atomic orbitals, ~v• of atoms constituting the 
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molecule as a basis for molecular calculations. This method is known as 

the method of Linear Combination of Atomic Orbitals (LCAO). The above is 

a description of the method for many 'ab initio' calculations. 

6.3.3. Semi-Empirical Methods 

Using the SCF approach within the Hartree-Fock approximation, still many 

computational difficulties in the calculation of molecular electronic 

structures remain. This is caused by the large number of many-centre 

integrals, which have to be calculated. It can be illustrated by the 

number of two-electron integrals, required for the calculation of some 

selected molecules, presented in table 6.1. 

Number of basis set functions 

Total number of two-electron 

integrals 

2 

6 

9 

1035 

16 23 

9316 38226 

Table 6.1. [la] Number of Two-electron integrals, required for the 'ab 

initio' calculations of some selected molecules. 

In order to overcome these problems, semi-empirical methods, i e methods 

using some empirical parameters, have been developed. These methods have 

been derived from the 'ab initio' methods by: 

(1) the introduction of some general approximations which permit the 

neglect of some parts of the Hartree-Fock equations, and 

(2) the empirical estimation of the majority of the remaining elements. 

Pople [2] has formulated the conditions for these approximations, i e 

such a semi-empirical scheme should: 

(a) be sufficiently simple to handle large molecules. 
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(b) not eliminate those physically important factors which determine the 

molecular electronic structure. 

(c) take into account the chemically active electrons, that is 

initially, the atomic valence shell electrons. 

Several computer programs, working according to these principles have 

been developed [3-9]. The main differences between these programs are in 

the number of two-electron integrals neglected or taken into 

consideration. 

Most programs are available through the QUantum Chemistry Program 

Exchange (QCPE) of the University of Indiana [10]. We have used the 

GAUSSIAN 80 program for 'ab initio' calculations and the MIND0/3 & MNDO 

program for the semi-empirical calculations. These programs were 

available through the CAOS/CAMH Center at the University of Nijmegen, 

whose support is gratefully acknowledged. 

6.4. Force Field Methods 

Although the number of calculations is highly reduced, when a 

semi-empirical method instead of an 'ab initio' scheme is used, still the 

computation time increases more than exponentially with increasing number 

of atoms. This leads to a usually restricted number of atoms allowed for 

these programs. Therefore, and also in order to get a "fast" program with 

rather accurate results, alternative empirical methods have been 

developed. These are generally known as "force field" or "molecular 

mechanics" methods. In these schems an analytical function for the energy 

of a molecule is given. This function is a summation of strain energies 

and non-bonded interaction terms: 

E = E K (r-r )2 
+ E bonds r eq angles 

~ - ~ + qiqj 
+i~j a7: R~. e Rij 

l.J l.J 

Y.v [l+cos (n~~ )] 
~ eq 

(6.6) 

The first three terms in this equation represent the difference in energy 

between a geometry in which the bond lengths, bondangles and dihedral 
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angles have ideal values, and the actual geometry (see Figure 6.1). The 

constants Kr• Ke and Vq~ are known as the force constants for bond 

stretching, bond bending and torsional bending, respectively. 

Fig. 6.1. Parameters for "force field" calculations; bondlength r, 

bond angle e and dihedral angle q~. 

The remaining terms represent non-bonded VanderWaals and electrostatic 

interactions. The parameters Kr• req• etc. are listed for various atom 

types, and have been found by modeling various molecules with known 

energies, vibrational energies and geometries. 

In force field calculations the geometry of the 'largest • molecule is 

adapted to minimize the energy, by moring the atoms in small steps, 

starting from a 'rough' structure. Well-known programs which make use of 

this priciple are the MM2 program by Allinger [11] and AMBER (Assisted 

Model Building with ·Energy Refinement) [12-14). The last program, which 

was originally designed for proteins and nucleic acids, has been used to 

calculate the geometries of polypyrrole and derivatives. 

6.5. Assisted Model Building with Energy Refinement 

The AMBER program operates in a modular way. The modules of the program 

have several functions: preparation of a single residu (i e amino acid, 

nucleic base or monomer), linking of several residues to form the 

protein, nucleic acid or polymer and adding the necessary parameters to 
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the molecule (force constants, equilibrium distances, bond angles, etc. 

and the parameters for the non-bonded interactions). Finally, the actual 

minimizing or geometry optimizing stage takes place, which produces the 

geometry with minimal energy. As with all force field methods, a 

structure is needed as starting point for the geometry optimization. The 

final minimized geometry can be very dependent on this starting 

structure, a fact which has to be taken into consideration when the 

results of the program are analyzed. 

The input data for the preparation of the monomer in the first modecule 

consist of distance, bond angles, torsion angles and the charge densities 

of the atoms of the molecule. In the case of pyrrole these data have been 

obtained by performing an 'ab initio' calculation, the result of this is 

shown in Fig. 6.2. For 3,4-dimethylpyrrole, N-methylpyrrole and 

N-phenylpyrrole the geometries have been calculated using a 

semi-empirical method (MNDO & MIND0/3), shown in Fig. 6.3(A-C). A 

so-called united atom approach has been used for all monomers, which 

implies that a carbon atom and the hydrogen atom(s) attached to it are 

treated as one atom, including a change in non-bonded (VanderWaals) 

interaction and force constants, compared to the original parameters. 

N 

Fig. 6.2. Geometry of pyrrole, calculated with GAUSSIAN 80, an 'ab 

initio' calculation (see text). 
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Fig •. 6.3. Geometries of derivatives of pyrrole, calculated with MNDO & 

MIND0/3 ('semi-empirical' methods, see text). 

(A) 3,4-dimethylpyrrole; (B) N-methylpyrrole; (C) N-phenyl

pyrrole. 

6.6. Structural Effects 

6.6.1. Appearance 

During our investigation of the synthesis and application of polypyrrole, 

we have found some remarkable and different structural effects. These 

effects occur when polypyrrole is prepared using water as the solvent and 

tetraethylammonium p-toluenesulfonate as the electrolyte. 

6.6.2. Experimental 

The polypyrrole layers were formed on a Ni foil anode of 20 cm2 from a 

solution of 0.2 M pyrrole and 0.2 M tetraethylammonium p-toluenesulfonate 

(both Janssen Chimica). The solvent was either acetonitrile (also 

supplied by Janssen Chimica) or doubly distilled water. Pyrrole was 
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distilled before use and the p-toluenesulfonate salt was dried in a 

vacuum desiccator for several hours because of its hygroscopic nature; 

acetonitrile was used as received. Polypyrrole was deposited with a 

constant current density of 2.5 to 10 rnA cm-2, in a one-compartment cell 

with a Ni mesh or stainless steel plate cathode. The polymer films with a 

thickness of 200 ~m were carefully peeled off the Ni foil and dried in 

vacuo at room temperature. 

6.6.3. Acetonitrile Solutions 

When acetonitrile was used as the solvent very tough films containing 

p-toluenesulfonate anions were produced. The films were flexible and 

showed high mechanical strength. An electron micrograph is shown in Fig. 

6.4. This photograph shows the generally found 'cauliflower'-like 

structure of acetonitrile-grown polypyrrole. The current density, used 

for deposition, did not influence the morphology of the films. An 

elemental analysis of a sample showed a composition of 58.03% C, 4.47% H, 

10.77% N and 26.73% (S+O). This agrees rather well with the molecular 

formula C4H3N(C]H]S03)0.69(CH3CN)o.58• which has the following 

composition: 57.98% C, 4.63% H, 10.70% Nand 27.70% (S+O). 

Fig. 6.4. Electron micrograph of a polypyrrole layer, formed in 

acetonitrile with a current density of 6.25 rnA cm-2 during 

50 min., thickness ca. 225 ~· 
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6.6.4. Aqueous Solutions 

Also flexible, tough films of polypyrrole were prepared with water as the 

solvent. However, the morphology of the layers shows great differences 

with that of films prepared in acetonitrile. On a macroscopic scale, 

tube-like structures are formed, perpendicular to the surface of the 

film. These tubes are hollow and have very thin walls, as can be seen 

from the photograph in Fig. 6.5. The electron microscope reveals that the 

walls of the tubes have a fine microscopic structure (Fig. 6.6(A)). The 

structure of the surface of the surface of the polypyrrole layer is also 

different from that of films, produced in acetonitrile (Fig. 6.6(B)). 

Instead of a cauliflower-like morphology, typical 'dendrites' can be seen. 

A typical composition of films, prepared from aqueous solution, is 57.00% 

C, 4.60% H, 8.83% N and 29.571 (S+O). This corresponds to the formula 

C4H3N(C7H7SOJ)0.51(H20)o.41 with a composition of 56.991 C, 4.621 H, 

8.871 N and 29.61 (S+O). 
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Fig. 6.5. Photograph of a polypyrrole film, grown in water with a 

current density of 4 rnA cm-2, during 10 min. 



A 

B 

Fig. 6.6. Electron micrographs of a polypyrrole layer, f ormed in 

aqueous solution with a current density of 6.25 rnA cm-2 

during SO min., with a thickness of ca. 200 ~· 

(A) Detail of a "tube". 

(B) Detail of the polymer surface between the "tubes". 
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The texture of the polypyrrole films depended on the current density 

during the formation of the polymer and on the time of polymerisation. A 

high current density leads to more "tubes" per unit surface area and a 

longer polymerisation time yields longer "tubes". 

The conducticity of both types of films was measured using the four probe 

technique [15]. Samples of films, prepared in both water and 

acetonitrile, gave the same specific conductivity of 70-90 Q-1 cm-1 for 

the films with a thickness from 100-200 ~· 

6.6.5. Discussion 

The excellent mechanical properties of polypyrrole films with 

incorporated p-toluenesulfonate or other benzenesulfonate derivatives is 

well known [16-18]. A reason for this phenomenon has not yet been given 

in the literature. An explanation seems to be a special interaction of 

the flat p-toluenesulfonate anions with the polypyrrole chain. 

For both types of polymerisation solution a high amount of the anion is 

incorporated in the polymer. The degree of oxidation of the monomer, or 

the degree of insertion of the anions, X, equals 0.69 for acetonitrile 

based solutions and 0.51 for aqueous solutions. This indicates a poly

pyrrole chain with a higher charge per monomer than for the polymer, 

obtained with 'small' anions like Cl04- and BF4-, for which X is about 

0.25 [19]. The last value corresponds to the general accepted conduction 

mechanism, in which the so-called bipolaron is extended over four pyrrole 

units as explained in section 2.3. We must assume that for p-toluene

sulfonate the positive charges lie closer together, i e the bipolaron 

extends over just 2 or 3 pyrrole units or the space between the 

bipolarons is smaller. In combination with the found high mechanical 

strength of polypyrrole films with incorporated p-toluenesulfonate this 

indicates a close interaction of the anion with the charged polymer 

chain. The rather large, flat p-toluenesulfonate has a polar side (the 

sulfonate group) and a non-polar side (the methyl group). These can 

interact with the charged-backbone of the polymer and the N-H groups of 

the pyrrole units, respectively. The anion than serves as an "ordering" 

element. The "screening" of the positive charges of the polypyrrole by 

the sulfonate group permits a higher charge per monomer than in the case 

of the small, more randomly distributed anions like Cl04- and BF4-. The 

remarkable formation of tube-like structures in aqueous solution needs 
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further consideration. As the tubes might have a crystalline structure, 

an investigation with X-ray techniques has been carried out. With the 

Debye-Scherrer camera a very weak diffraction pattern, or none at all, 

has been detected. Considering the small diameter and the thin walls of 

the tubes, the possible crystallites can only be several nm's thick and 

less than a ~m wide. These numbers are below the detection limit for 

X-ray diffraction. 

6.6.6. Conformation of the Polypyrrole Chain 

An explanation for the formation of the tube-like structures in aqueous 

solution has been looked for. Considering the fine microscopic structure 

of the tube walls, we suppose that the tubes are built by the winding of 

polypyrrole fibrils. These fibrils are formed by a typical conformation 

of the polymer chain. A schematic picture is shown in Fig. 6.7. 
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Fig. 6.7. Schematic representation of the formation of the tubes by a 

spiralled polypyrrole chain. 

It is known that polythiophene, a related conducting polymer, can exists 

in a highly fibrillar form [20,21]. Garnier [21] assumes that two 

different types of polythiophene chains exist: one type is the generally 

accepted structure, as in Fig. 6.8(A) and the other, a twisted structure 

given in Fig. 6.8(B). The last conformation is stabilized, in the case of 

polythiophene by CF3S03- ions. The twisted structure leads to a spiralled 

polythiophene chain, and thus forms the fibrils. 
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A 

B 

Fig. 6.8. (A) Representation of the "normal" structure of polythio

phene. (B) Representation of the "twisted" structure of 

polythiophene. 

We propose that the latter phenomenon also occurs for polypyrrole 

formation in an aqueous environment. In Fig. 6.9 the 'twisted' structure 

for polypyrrole is shown. The AMBER calculations on this conformation 

show that this is energetically possible and that the result is a 

spiralled polypyrrole chain, which is shown in Fig. 6.10 (see also the 

following paragraph). The spiralled structure forms an hydrophobic 

environment fo the hydrogen atoms, bonded to the nitrogen atoms of the 

pyrrole units. As the positive charges of the polymer chain are located 

on the outward-turned carbon backbone, the surface of the fibrils forms a 

hydrophilic environment, which is especially favourable in an aqueous 

medium because of hydratation effects. The p-toluenesulfonate ions, which 

show also a hydrophobic and a hydropbylic part, fit between the 

successive turns of the spiral, with the sulfonate group outward to the 

Fig. 6.9. Representation of the "twisted" structure of polypyrrole. 
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POL 't(PYAAOLE) 

ONLY HYDROGEN ATOMS ATTACHED TO NITROGEN ARE DISPLAYED 

Fig. 6.10. Results of the AMBER calculations for polypyrrole. 

aqueous environment and the methyl group inward to the hydrophobic 

region. The spiralled microstructure of the extends itself in the 

macrostructure of the polymer and hence forms the tubes, like depicted in 

Fig. 6. 7. 

6.6.7. AMBER Calculations 

Using the monomers, prepared by 'ab initio' or semi-empirical methods 

(see section 6.5.), polymer chains are formed,consisting of 20 monomers, 

linked through 2-5 bonds. With a simple modeling program (CHEM-X) two 

starting structures of AMBER have been prepared. One, called the "trans" 

conformation, as depicted in Fig. 6.8(A), and the other, the "cis" 

conformation, as shown in Fig. 6.8(B) for polythiophene and in Fig. 6.9 

for polypyrrole. In the last conformation, the planes of two adjoining 

pyrrole units form an angle of 5°. 

The AMBER results for the calculations on both conformations are shown in 

Table 6.2. This table shown that both conformations are possible, the 

"cis" conformation having a higher energy. The graphical representation 

of the resulting "cis" chain is shown in Fig. 6.10, the planes of two 

adjoining pyrrole unites forming an angle of 2-3•. 

For polypyrrole derivatives, the calculation of both "trans" and "cis" 

conformations have also been carried out. It appears that substitition on 

the nitrogen or on the 3- and 4-positions makes the "cis" conformation 

less likely, due to high steric hindrance. For 3,4-dimethylpyrrole the 
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Energy (kJ/mol) 

"trans" ucis" 

Polypyrrole -140.3 -119.7 

Poly(3,4-dimethylpyrrole) 44.5 455.7 

Poly(N-methylpyrrole) 133.6 648.5 

Poly(N-phenylpyrrole) 2904.3 >12000 

Table 6.2. Energy of (substituted) polypyrrole molecules, as 

calculated by AMBER. 

Fig. 6.11. Results of the AMBER calculations for the "cis" 

conformation of poly(3,4-dimethylpyrrole). 

AMBER result of "cis" formation is shown in Fig. 6 .11, which is a highly 

distorted conformation. For N-methylpyrrole and even more so for 

N-phenylpyrrole the AMBER program could not find any reasonable structure 

for the "cis" conformation, due to high strain energies (Table 6.2). The 

"trans" conformation leads, as expected, to fast minimization with no 

change in torsion angles, for all polypyrrole derivatives. 
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6. 7. Conclusions 

The incorporation of p-toluenesulfonate anions into a polypyrrole layer 

leads to highly ordered and tough, flexible polymer films. This is caused 

by a strong interaction between the polypyrrole chain and the anions. 

The special structures or "tubes", formed when polypyrrole is deposited 

from an aqueous solution is most likely caused by a "cis" conformation of 

the polymer chain. This conformation, which is favoured in an aqueous 

medium in the presence of p~toluenesulfonate ions, leads to a spiralled 

fibrils of polypyrrole, This spiralled structure extends itself to the 

macrostructure and hence forms the tubes. Molecular modeling shows that 

this conformation is possible, although it has a slightly higher energy 

that the "trans" conformation. For polymers of pyrrole derivatives, like 

3,4-dimethylpyrrole, N-methyl- and N-phenylpyrrole, the calculations of 

"cis" conformation leads to highly distorted chains, due to high steric 

hindrance. Therefore, it is concluded that for these monomers only the 

more stable "trans" structure is formed. 
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7. Influence of Inserted Anions on the Properties of Polypyrrole. 

7.1. Introduction 

As mentioned in chapter 2, the nature of the anion, incorporated in a 

polypyrrole layer during polymerization, should have a large influence on 

the properties of the formed polymer. 

An example is the incorporation of toluenesulfonate ions, as described in 

the previous chapter. In the 1 i terature, a number of reports on the 

influence of anions have been published [1-5], however, with. some 

contradictory conclusions. Our own experience with the variation of the 

electrolyte (see also chapter 6), gave rise to a further investigation of 

this anion effect, with special attention to the conductivity and the 

oxidation/reduction behaviour of the polypyrrole layer. In addition we 

have measured the optical properties of polypyrrole layers, during 

growth, by ellipsometry. 

7. 2. Experimental 

7.2.1 General Remarks 

All polypyrrole layers were deposited with a constant current density on 

a platinum electrode, from aqueous solutions of 0.2 M pyrrole and 0.2 M 

electrolyte. The investigated electrolytes were potassium chloride 

(KCl), sodium perchlorate (NaCl04), sodium benzenesulfonate (NaBS), 

sodium p-toluenesulfonate (NaTOS), sodium 1,3-benzenedisulfonate (NaBDS) 

and sodium 1,3,5-benzenetrisulfonate (NaBTS). Pyrrole was distilled 

before use, the electrolyte salts were used as received. 

7.2.2. Free-Standing Films 

Free-standing films of polypyrrole, for conductivity measurements and the 

determination of the composition, were formed on a Pt foil of 12 cm2, in 

an one-compartment cell with two nickel mesh cathodes, placed on either 

side of the anode. A saturated calomel electrode (SCE) was used as the 

reference electrode. A constant current was supplied by a DC source 

(Delta Electronica), with a resistance of ca. 1 kQ in the cathodic branch 
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of the circuit. The charge, passed during deposition, was constant at 

432 C. The so-produced films were peeled off the electrode. 

7.2.3. Conductivity Measurements 

The conductivity of the polypyrrole films was measured with a four-probe 

method [6]. The probes of the measuring contact were placed in a row with 

a distance of 1 mm in between. The specific resistance, p, of the film 

was then calculated from the potential difference, av. between the two 

inner probes, when a small current, I, flowed through the two outer 

contacts, and the thickness, d, of the film, according to : 

av 211'd 
P = I ln4 (7.1) 

The specific conductivity, ~. is calculated by taking the reciproke of 

the specific resistance. The thickness of the films was determined with a 

micrometer. 

7.2.4. Thin Layers 

Thin layers of polypyrrole, for the oxidation/reduction measurements and 

the optical measurements, were formed on a Pt-foil anode of 2 cm2. The 

polymerization was carried out in the same cell as for the free-standing 

films. 

7.2.5. Oxidation/Reduction measurements 

For the oxidation/reduction measurements, films were produced with a 

constant current density of 10 mA cm-2, during 0.5, 1 and 5 minutes. The 

charge, Qf, passed during deposit ion was 0. 6, 1. 2 and 6. 0 C, 

respectively. After formation of the polypyrrole layer, the electrode 

with the polymer was amply rinsed with distilled water and transferred to 

another one-compartment cell. This cell was filled with the same 

electrolyte solution, as was used for the deposition of the polymer 

layer, however, without adding pyrrole. The redox behaviour of the 

polymer films was then investigated according to the following procedure. 

The working electrode with the deposited film was polarized at a 
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potential of +0. 3V vs SCE, during 5 minutes, using a potentiostat 

(Wenking 68FR05). The potential was then stepped to -0,25 V vs SCE, a 

potential at which the polymer is reduced; The charge-time transient was 

measured using a voltage integrator (Wenking EVI 80) and recorded with a 

XY-recorder (Philips PM 8043) or a transientrecorder (Datalab DL 901) in 

combination with the mentioned XY-recorder~ The last set-up was used to 

record fast transients (on a 1 second time scale). After 5 minutes, the 

potential of the electrode was stepped back to +0.3 V vs SCE, and the Q-t 

transient, due to the oxidation of the reduced polymer, was recorded. 

This procedure was repeated several times. 

7.2.6. Ellipsometry 

7. 2.6 .1. Theory 

In ellipsometry, a linearly polarized light beam, which can be regarded 

as a combination of separate beams with parallel and perpendicular 

polarizations, relative to the electrode surface, is reflected from the 

surface of an electrode. The in-phase parallel and perpendicular 

components usually undergo different charges in amplitude and phase upon 

reflection [7]. The projection of the electric field vector of the 

reflected light on a plane is an ellipse; the reflected beam is 

elliptically polarized. The shape of the ellipse is determined by the 

relative amplitudes and the phase differences between the parallel and 

perpendicular components. The phase shift between the two components, a, 
and the parameter ~ (with tan ~ defined as the ratio of the amplitudes of 

the parallel and perpendicular components) can be measured with an 

ellipsometer. The presence of a thin film on an electrode can be detected 

because 8 and o/ of the reflected light are different from the values for 

the bare substrate. When the film is absorbing, the refractive index is 

considered to be a complex quantity, n-i. k, in which n is a measure for 

the optical density of the material, and k stands for the absorbance (or 

conductivity) of the film. The values of a and ~ generally depend on the 

refractive index, the thickness of the film and fixed parameters, like 

the angle of incidence of the light beam and its wavelength. 

When both the complex refractive index and the thickness of the film are 

unknown, the measured a and ~ values correspond to a series of possible 
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refractive indexes and corresponding thickness. From an estimated guess 

(or known data) of one of the two unknowns, the other one can be 

determined. 

7.2.6.2. Experimental 

The optical properties of growing polypyrrole films were monitored 

continuously during the deposition of the film. In this case polypyrrole 

was deposited with a constant current density of 0.2 rnA cm-2 on a Pt disc 

anode of 0.5 cm2 in an "optical" electrochemical cell with a Pt foil 

counter electrode and a SCE reference electrode. 

In order to determine the optical parameters for a reduced film, the 

following procedure was used. After the potentiostatic deposition of 

polypyrrole at +0.5 V vs SCE for a certain time, the potential of the 

electrode was stepped to -0.3 V vs SCE, causing a reduction of the film. 

After some time the potential was stepped back to the oxidation 

potential, and the film started to grow again. This procedure was 

repeated. During these oxidation and reduction periods, the optical 

parameters a and v were also continuously monitored. 

An automatic ellipsometer (Rudolph Research RR 2000) was used for 

measuring A and V• A personal computer was used for data acquisition and 

processing. The wavelength of the used light was 5461 A and the angle of 

incidence was 70°. 

7.3. Results and Discussion 

7.3.1. Composition 

After the free-standing films, prepared as described in 7 .2.2., were 

peeled off the electrode, they were amply rinsed with distilled water, 

and dried in a vacuum desiccator. The composition of these films was 

determined by elemental analysis. 

All films appeared to contain a considerable amount of water. The water 

content and the amount of anions per pyrrole unit are shown in table 7.1. 

The anion content indicates an oxidation degree of the polymer of 

0.20-0.30 (taking into account the higher charge of the di- and 

tri-sulfonate anions), in accordance with literature values [1,5,8]. 

70 



Electrolyte 

KCl 

NaCl04 

NaBS 

NaTOS 

NaBDS 

NaBTS 

Number of anions per 

pyrrole unit. 

0.56 

0.46 

0.35 

0.29. 

o.n· 
0.08 

Number of water molecules 

per .pyrrole unit. 

0.37 

0.11 

0.52 

Table 7.1 Composition of free-standing polypyrrole films, as 

determined from elemental analysis. 

Only the values for Cl- and Cl04 --containing films are significantly 

higher. Also, in the case of toluenesulfonate, we have found in a 

previous experiment (chapter 6) considerably higher values. The water 

content shows a large spread, with no systematic dependence on the nature 

of the anion, or the degree of oxidation of the polymer. Probably a much 

more rigorously controlled environment for the deposition of the films 

and/or handling of the films after preparation are needed for coherent 

results [5]. 

7.3.2. Morphology 

The morphologies of polypyrrole films, prepared in the various 

electrolytes, show some striking differences. Scanning electron 

microscope pictures of the various polypyrrole layers are shown in Fig. 

7 .I. The cl- and Cl04 --containing films show a very rough surface 

structure, "cauliflower" like, as described earlier in the literature. 

These films are hard and brittle: they can be easily broken. 

The polypyrrole films, containing benzenesulfonate derivatives are much 

more flexible. In the range BS, BDS and BTS, an increasing smoothness of 

the surface of the polymer film is observed with increasing anionic 

charge. The rather large, in size comparable to a pyrrole ring, and flat 
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A 

B 

Fig. 7.1. SEM photographs of free-standing polypyrrole films with the 

counterions (A) cl-; (B) Cl04-. 



c 

0 

Fig. 7.1. SEM photographs of free-standing polypyrrole films with the 

counterions: (C) benzenesulfonate and (D) 1,3- benzene

disulfonate. 
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E 

Fig. 7.1 SEM photographs of free-standing polypyrrole films with the 

counterion : (E) 1,3,5-benzenetrisulfonate. 

benzene-sulfonate anions can have a c lose interaction with the 

polypyrrole chain, much more so than anions like Cl04-. Thus they can 

serve as an "ordering" element for the polypyrrole chains and so cause 

the flexible properties of the films. 

7.3.3. Conductivity 

The electronic conductivity of the films, as measured by the four-probe 

method is shown in Fig. 7.2 as a function of the formation current 

density, ip, for the various electrolytes. As the Cl04--containing films 

were very brittle, they could not withstand the pressure, applied by the 

measuring device. Therefore, for this anion we made the films twice as 

thick as for the other electrolytes (864 C instead of 432 C charge, 

passed during deposition). 
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Fig. 7.2. Specific conductivity of free-standing polypyrrole films as 

a function of the polymerization current density, ip. 

Formation charge, 432 C (see text). (•) Cl04-; (o) cl-; 

(x) benzenesulfonate; (+) p-toluenesulfonate; 

<•> 1,3-benzenedisulfonate; (0) 1,3,5-benzenesulfonate. 

The films containing cl- and Cl04- show the lowest conductivity of 2.5 

Q-1 cm-1, in accordance with the values found by Warren and Anderson [5]. 

The conductivities for the "organic" anions are considerably higher, with 

the highest value (ca. 50 Q-1 cm-1) for the films with incorpated BTS. In 

all cases a decrease in conductivity is found with increasing current 

density of deposition. This can be caused by an increase in surface 

roughness which leads to inaccurate values for the film thickness. As the 

anodic potential during deposition approaches the oxidation potential of 
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water at high current densities, the decrease in conductivity can also be 

caused by the reaction of oxygen species with the polymer backbone. This 

interrupts the conjugated structure and lowers the intrinsic conductivity 

of the polymer [9]. 

7.3.4. Oxidation/Reduction Behaviour 

The reduction of electrochemically prepared polypyrrole layers (or 

discharging, in analogy to secondary battery-electrodes) causes a loss of 

conductivity of the polymer, as it is only conducting in the oxidized 

state. The re-oxidation of the polymer then restores the conductivity 

almost to its original value. As the charge of the polymer becomes less 

positive during reduction, the number of anions, needed to neutralize 

this charge decreases and the redundant anions will diffuse out of the 

polymer towards the bulk of the solution. 

The charge vs time curves, for the first reduction and oxidation steps 

(to -0.25 and +0.3 V vs. SCE, respectively) are, for each electrolyte 

used, shown in Fig. 7.3. From this figure it can be seen that the films, 

containing cl- and Cl04- can be discharged and charged on a very short 

time scale. The films containing BS and TOS show curves, indicating a 

much slower (dis )charging process. When the charge of the anions is 

increased (BDS and BTS), the (dis)charging rate of the films rises again. 

For the extreme cases cl-, Cl04-, BS and TOS, measurements have also been 

carried out on a 1 second timescale, using the transient recorder. These 

results are shown in Fig. 7.4. For c1- and Cl04- (Fig. 7.4 A & B) the 

charge-time transient is initially linear with time and shows some 

deviation after 0.6-0.7 s. 

If diffusion of the anions is the rate-determining step, the current is 

proportional to t-1/2, according to the Cottrell-equation 

i (7.2) 

The charge is then proportional to tl/2 [10,11]. 

(7.3) 
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Fig. 7.3. Q vs time curves for the first reduction and oxidation 

pulses to -0.25 V and +0.3 V vs SCE, respectively. 

(A) Cl04-; (B) Cl-; (C) benzenesulfonate. 

Polymerization time 30 s, at i = 10 mA cm-2. 
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Fig. 7.3. Q vs time curves for the first reduction and oxidation 

pulses to -0.25 V and +0.3 V vs SCE, respectively. 

(D) p-toluenesulfonate; (E) 1,3-benzenedisulfonate and 

(F) 1,3,5-benzenesulfonate. Polymerization time 30 s, 

at i = 10 mA cm-2. 
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In Fig. 7.5 the charges are plotted vs tl/2. For films, containing BS and 

TOS a straight line is found. Therefore. we assume that for these anions 

the process is controlled by the diffusion of these ions in and out of 

the polymer film. From the slope of the Q-tl/2 plot and the film 

thickness (estimated by using p = 1.50 g cm-2). a diffusion coefficient 

of 4.78 x lo-ll cm2 s-1 for benzenesulfonate and 4.29 x lo-ll cm2 s-1 for 

toluenesulfonate is calculated. These low values (for ions in aqueous 

solution usually in the order of w-5 cm2 s-1) clearly indicate a 

hindered diffusion of these organic anions in the polypyrrole film. 

Fig. 7.4 and 7.5 show that for cl- and Cl04--containing films the 

reduction (or oxidation) process proceeds initially. linear with t and 

changes to a tl/2 dependence at longer times. 

A similar proportionality to t has been observed for the sorption of 

solvent and electrolyte into polymer films and is referred to as Case II 

diffusion {12]. In these systems, the rate is controlled by the constant 

velocity of an advancing internal boundary resulting from a chemical 

reaction or a phase transition. According to Peterlin, this process can 

be mathematically.described by: 

dC 
dt 

dC 
d [D dx - v C]/dx (7 .4) 

in which C is the concentration of solvent or electrolyte and v is the 

constant velocity of the boundary. 

If in our case the (dis)charging rate for the cl- .and Cl04--containing 

films is controlled by the reduction (or oxidation) of the polymer 

instead of by the diffusion of the anions. this process can be described 

analogously to the above. The advancing boundary is in this case the 

boundary between the reduced and the oxidized part of the polymer (see 

Fig. 7.6) [13]. 
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polymer 

substrate oxidized • reduced 
polymer polymer 

Fig. 7.6. Advancing internal boundary during reduction of a conducting 

polymer layer on a substrate. 

When the "moving .boundary" is only controlling the rate of the reduction 

(or oxidation), if follows that after a time dt (in which the boundary 

moves a distance dx = vdt) the number of anions is decreased with 

(C-cE)Adx, in which C is the concentration of the anions in the film 

before the reduction and CE the concentration after reduction. As the 

disappearance of one anion is associated which the consumption of one 

positive charge, it follows that : 

(7.5) 

and 

(7 .6) 

Integration leads to 

(7.7) 

As the boundary moves towards the substrate, the diffusion of the anions 

becomes more important because the distance to the bulk of the 

electrolyte solution becomes larger. Eventually • the diffusion of the 
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anions becomes rate-determining and a straight line in the Q-tl/2 plot 

can be seen. As for BS and TOS an estimation of the diffusion coefficient 

can be calculated: for cl- 3(±1) x lo-9 cm2 s-1 and for Cl04- 3.l(±Q.6) x 

lo-9 cm2 s-1. The large errors are caused by the large standard deviation 

in the slope of the linear part. Genies [14] has found for similar 

experiments in acetonitrile solution for Cl04- a diffusion coefficient of 

ca. 6.2 x lo-10 cm2 s-1. The value which is calculated here is a factor 5 

higher. This can be explained by the more compact structure of 

polypyrrole films, prepared in acetonitrile, compared to "aqueous" 

polypyrro1e layers. 

The slow diffusion process of especially p-toluenesu1fonate ions has also 

been found by Li [15] and has been explained by a decreased mobility of 

these ions, when incorporated in a polypyrrole film [16]. A high 

interaction of the molecule with neighbouring pyrrole rings is most 

likely the explanation [16]. Benzene- and toluenesulfonate are molecules 

with clearly distinguishable charged and non-charged parts (the sulfonate 

group and the benzene ring or methylgroup). If the molecule is oriented 

parallel to the pyrrole rings, the interaction of the non-polar side and 

the uncharged part of the pyrrole units (the N-H region) is quite strong 

and it continues even when the polymer is reduced. Hence, a low value for 

the diffusion coefficient is found. 

For higher charged benzenesulfonates like benzenedi- and trisulfonate the 

coulombic interaction of the sulfonate groups with the positively charged 

polymer backbone is dominating, and a much faster (dis)charging process 

is found. The (dis)charging behaviour is similar to that of the "small" 

ions Cl- and Cl04- (see Fig. 7. 3). For the polymer layers with 

incorporated Cl- and Cl04-, the discharging process is initially 

controlled by the transition of the polymer from the oxidized, conducting 

state to the neutral (or reduced), insulating state. 

7.3.5. Ellipsometry 

Ellipsometric experiments have only been carried out, using NaCl04 and 

NaTOS as electrolytes, as the two most extreme cases. 

The curves of A and 'I' vs time and of A vs 'I' for the growth of a 

polypyrrole film from a NaCl04 solution are given in Fig. 7. 7. The 

experimental data can be fitted with the linear growth of a polypyrrole 
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film with a constant refractive index of 1.47-0.39i (the drawn line in 

curve Fig. 7.7(C)). After 170 seconds of film growth this corresponds to 

a thickness of 760 A. Assuming a density of 1.51 g cm-3 for this film 

[8], a thickness of 1034 A should be reached. This discrepancy is 

explained by an increased surface roughness of the substrate, causing a 

higher geometrical surface area. From the thickness values a roughness 

factor of 1.39 can be calculated. 
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Fig. 7.7. Ellipsometric measurements for a growing polypyrrole film 

from aqueous NaCl04 during 400 s at i = 0.2 mA cm-2. (A) A 

VS time ; (B) ljl VS time; (C) ljl VS A; (--) fitted line for 

n = 1.47-0.39i. 

The reduction experiments for Cl04 films are shown in Fig. 7.8. At the 

reduction steps, the values of A and ljl still change with time. Two 

possible complex refractive indexes can be calculated : 1.56-0.17i or 

1.60-0.14i (fits are shown in Fig. 7.8(C)). The corresponding thickness 

are, at t = 52 s: 139 A (just before the reduction step 230 A) and at 

t = 158 s: 501 A (just before the reduction step 589 A). 
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Fig. 7.8. Ellipsometric measurements for a growing polypyrrole film 

from aqueous NaCl04 at E 0.5 v vs SCE, with reduction 

steps to E = -0.3 v at t 54 s and t = 158 s. (A) fl VS 

time; (B) 'I' vs time; (C) 
"' 

VS L\; (-) fitted line for n 

1.56-0.17i; (-----) fitted line for n = 1.60-0.14i. 

These experiments show that Cl04--containing films grow linearly with 

time and have a constant index of refraction during growth. Upon 

reduction, the refractive index changes. The film becomes optically more 

dense (higher n-value), in agreement with a rapid decrease in film 

thickness. The k-value or absorption value decreases, indicating a lower 

conductivity. The changes occur at a very short timescale, which is in 

agreement with the discharging/charging experiments. 

For the experiments with NaTOS as the electrolyte, the fl-t, 1jl-t and 1jl-fl 

curves are given in Fig. 7.9. For the galvanostatic experiments the v-fl 

curves could not be fitted to a linear growth of the layer with a 

constant refractive index. Therefore, at selected times of polymerization 

the values of n, k and the thickness of the film, d, are determined. The 

results are given in Table 7.2 for two cases: (1) the thickness of the 

film is equal to the theoretical value, assuming a density of 1.50 g cm-2 

and corrected for the surface roughness factor of 1.39, as calculated 

before, and (2) by assuming a constant real component of the relative 

index of 1.43. The values in this table, with the assumption of linear 

growth, lead to a continuously changing refractive index. The assumption 

of a constant optical density leads to a non-linear increase in thickness 

of the film. 
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7.9. E11ipsometric measurements for a growing polypyrrole film 

from aqueous NaTOS, during 300 s at i = 0.2 rnA cm-2. (A) !}. 

vs time; (B) lfl vs time; lfl VS !}.; (-) fitted line for n 

1.56-0.17i; (----) fitted line for n = 1. 60-0. 14 i. 

(1) (2) 

d I A n-k.i d I A n-k.i 

110 1.47-0.13i 150 1.43-0.09i 

220 1.47-0.lOi 276 1.44-0.08i 

440 1.38-0.09i 850 1.43-0.09i 

660 1.54-0.16i 983 1.43-0.lSi 

880 1.51-0.25i 1100 1.43-0.21i 

1100 1.47-0.38i 1200 1.43-1. 29i 

1320 1.49-0.38i 1530 1.43-0.34i 

Table 7.2 Calculations of nand d, for a polypyrrole film, growing 

from aqueous NaTOS 

As long as the thickness of the growing film cannot be determined 

independently, neither explanation can be prefered. However, in both 

cases it can be seen that the k-value of the refractive index increases 
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with increasing polymerization time, indicating an increase in 

conductivity. 

The results for the reduction experiments of TOS-films are shown in Fig. 

7.10. Especially, the '!'-a curves in Fig. 7.10 (C) show that no significant 

change in the optical parameters are observed on the time-scale of the 

experiments. This is in agreement with the slow (dis)charging process for 

TOS-containing films, reported in 7.3.4. 
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Fig. 7.10 Ellipsometric measurements for a growing polypyrrole film 

from aqeuous NaTOS at E = +0.5 V vs SCE, with reduction 

steps to E = -0.3 V vs SCE at t = 130 s and t = 378 s. 

(A) a VS time; (B) '!' VS time and (C) '!' VS a. 

7 .4. Conclusions 

The experiments, presented in this chapter, show that the nature of the 

anion, incorporated in the polypyrrole layer, has a large influence on 

the properties of the polymer. As far as the composition, i e the degree 

of oxidation of the film, is concerned, another set of data is added to 

the long list in the literature. Viewing these data, it must be concluded 

that the experimental conditions, during the polymerization, have a more 

pronounced influence on the composition than the nature of the anion has. 

The electronic conductivity of films, containing benzenetrisulfonate ions 

show the highest value, followed by the toluenesulfonate films. The low 

values for cl- and Cl04- films, as has already been reported in the 

literature, are probably caused by a high surface roughness of these 

films, when prepared in water [1,8]. 
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The discharging/charging behaviour of thin films of polypyrrole turns out 

to be a very fast process for the cl- and Cl04--containing films. For 

these films, the rate is initially controlled by the transition of the 

polymer from one state to the other (oxidized ~ neutral or vice-versa). 

Only after some time the process appears to be diffusion controlled and 

an indication for the diffusion coefficient can be calculated (D= 3(± 1) 

x lo-9 cm2 s-1 for Clo4- and 3.1(± 0.6) x lo-9 cm2 s-1 for cl-). 

When benzene- or toluenesulfonate anions are incorporated in the film, 

the (dis)charging process is much slower, and controlled by the diffusion 

of the anions. Values of D = 4.8 x lo-ll cm2 s-1 for benzenesulfonate and 

4.3 x lo-ll cm2 s-1 for toluenesulfonate are calculated. 

Increasing the charge of the incorporated anions, in the sequence 

benzene(mono)sulfonate, benzenedisulfonate and benzenetrisulfonate, 

causes an increase in (dis)charging rate. The interaction of the 

incorporated ion with the polypyrrole chains decreases in this sequence 

caused by a less pronounced apolar, aromatic character of the anions, 

going from mono- to trisulfonated benzene. 

The occurrence of fast and slow reduction processes of the polymer film 

in the case of CH>4- and TOS-containing films is also found in the 

ellipsometric experiments. The results also show that the growth of a 

Cl04--film is linear with time and uniform, whereas the growth of a TOS 

film shows some still unknown features. 
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8. Concluding Remarks 

As has been shown in the chapters 4 and 5, polypyrrole can serve as a 

good conducting carrier for electrocatalysts. The electrodeposition of Pt 

particles in the polymer layer leads to electrode systems, both active 

for the oxidation of hydrogen and the reduction of dioxygen. In the last 

case, the product composition (water and/or hydrogen peroxide) can be 

influenced by changing the preparation conditions of the electrode. The 

incorporation of Pt particles, by simultaneous precipitation of the 

particles and formation of the polymer layer, yields electrodes with 

inactive Pt surfaces. 

Polypyrrole itself shows no catalytic activity for the above described 

reactions. Additional experiments showed that polypyrrole is also not 

active as electrode material for the reduction of the organic compounds 

benzil and 9,10-phenanthrenequinone. Polypyrrole can be modified with 

electroactive groups like ferrocene, as shown by Merz c s [1). 

Some disadvantages to the use of polypyrrole as electrode material in 

electrochemical processes exist. 

In the first place, the potential range in which polypyrrole can be used 

is limited, especially in aqueous media. The lower limit is at ca. 0 V vs 

NBE, as this is the reduction potential of the polymer. Below this 

potential, the electronic conductivity of polypyrrole decreases some 

orders of magnitude and it forms an insulating layer. In aqeuous media, 

an anodic limit is at ca. 1.2 V vs NHE. Beyond this potential an 

irreversible "overoxidation" of the polymer occurs. It is suggested that 

the oxidation of water at these potentials leads to oxygen species, which 

attack the conducting backbone. Carbonyl groups can be formed at the 3-

and 4- positions of the pyrrole ring and even ring-opening may occur [2). 

A loss of conductivity is the result as the conjugated system is 

distorted. 

Secondly, the polymer is ·very sensitive to nucleophilic agents and to 

strong oxidants. If reactions take place at the polymer backbone, a loss 

of conductivity may occur, or even "depolymerisation". 

Thirdly, as unsubstituted (see further) polypyrrole is insoluble in all 

known solvents (unless destuction occurs), the processing of the polymer 

is not easy. The electrochemical preparation method usually leads to thin 
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films on some substrate or to free-standing films, foils or sheets. A 

chemical production method may lead to other forms and shapes of the 

polymer. 

The first and second problem are closely related to the high conductivity 

of the system and are, therefore, also known for other conducting 

polymers like polyacetylene and polyaniline. The vulnerable 3- and 

4-positions of the pyrrole ring can be protected by attaching protecting 

(alkyl-) groups, but this leads mostly to a loss of conductivity. 

Nevertheless , it will be interesting to investigate the changes in the 

polymer, which take place when polypyrrole loses its conductivity by 

chemical attack. An additional question is if, and how, 

"depolymerization" occurs during the degradation of the polymer. 

In order to solve the third problem, the processing of the formed 

polymer, some approaches have been suggested in the literature. It has 

been reported that polypyrrole and polythiophene can be made soluble in 

organic solvents by modifying the monomer with a long alkyl chain at the 

3-position [3], or made soluble in water by attaching a sulfonate group 

to the mentioned alkyl chain [4]. Especially the poly(3-alkylthiophenes) 

draw the attention of many research laboratories. For example, Osterholm 

[5] has shown, that poly(3-hexylthiophene) (P3HT) can be mixed with 

thermoplastic matrix polymers in a melt or in solution. Various shapes of 

a flexible conducting polymer can be formed by various techniques. The 

preparation of soluble conducting polymers also opens the way to a better 

characterization of the polymer, which may lead to a new insight in the 

chemistry and physics of this class of compounds. 

An alternative approach to obtain processible conducting polymers is to 

copolymerize pyrrole with for example polystyrene, which has pyrrole 

units, attached to the phenyl-group [6]. The electrochemical preparation 

method then leads to a processible polymer with enhanced conductivity. 

Despite many papers, published in the last years, still little is known 

about the exact role of the anions, incorporated in the polymer during 

electrochemical deposition. In the chapters 6 and 7, some suggestions 

towards the elucidation of the special character of polypyrrole, when 

benzenesulfonates are incorporated, are given. The differences in the 

properties of polypyrrole when e.g. benzenesulfonate, p-toluenesulfonate 

or benzene trisulfonate are used, demand further investigation. 
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List of Symbols and Abbreviations 

Symbols 

A 

c,C 

Co 

CE 

d 

D 

E 

E 

Ey, 

f 

F 

ii 
i 

iF 

ipt 

ip 

I 

In 

Io(HzO) 

I 0 (H 2o2 > 

Il 

IR 
k 

Kr 

electrode surface 

concentration 

bulk concentration 

concentration at current electrode potential 

film thickness 

diffusion coefficient 

electrode potential 

energy 

half-wave potential 

rotation frequency 

Faraday's constant 

Hamiltonian energy operator 

current density 

formation current density 

current density for Pt deposition 

polymerization current density 

current 

disc current 

disc current leading to water 

disc current leading to hydrogen peroxide 

limiting disc current 

ring current 

absorption coefficient 

force constant for bond stretching 

force constant for bond bending 

Pt loading 

ms spin quantum number 

n number of electrons, involved in electrode 

n 

reaction 

real part of the index of refraction 

reaction rate of dioxygen, leading to water 

reaction rate of dioxygen, leading to water, 

per mol Pt present 

cm2 

mol m-3 

mol m-3 

mol m-3 

j.llll, A 

cm2 s-1 

v 
J, J mol-l 

v 
Hz 

C mol-l 

mA cm-2 

mA cm-2 

mA cm-2 

mA cm-2 

rnA, A 

rnA, A 

rnA, A 

rnA, A 

rnA, A 

rnA, A 

mol s-1 (mol Pt)-1 
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N 

p 

q 

Q 

reaction rate of dioxygen, leading to 

hydrogen peroxide 

reaction rate of dioxygen, leading to 

hydrogen peroxide, per mol Pt present 

reduction rate of dioxygen 

reduction rate of dioxygen, per mol Pt 

present 

collection efficiency of ring-disc electrodes 

factor, by which the number of active 

sites increases 

charge 

charge 

QF formation charge 

Qpt charge, used for the deposition of Pt 

r bond length 

R resistance 

aR increase in resistance between -0.25 V 

and -0.35 V VS SCE 

increase in resistance for a PP electrode 

increase in resistance for a PP electrode, 

with increasing aging time 

~R* relative increase in ohmic resistance 

t time 

T absolute temperature 

T translation energy operator 

v velocity of internal boundary 

V volume 

V potential energy operator 

V~ force constant for torsional bending 

X distance to electrode surface 

X oxidation degree of polypyrrole 

xH2o fraction of reduced dioxygen molecules, 

leading to water 

z· 
z•' 
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real part of the impedance 

imaginary part of the impedance 

mol s-1 (mol Pt)-1 

mol s-1 

mol s-1 (mol Pt)-1 

me, me cm-2 

me, c 
me m-2 

mC m-2 

A 
Q 

Q 

Q 

Q 

s 

K 

m s-1 

m3 

m 



tt transfer coefficient 

a phase shift between parallel and 

perpendicular components 

& dielectric constant 

e 

p 

p 

bond angle 

kinematic viscosity 

density 

specific resistance 

~ atomic orbital wave function 

torsion or dihedral angle 

molecular wave fuction 

complex conjugated molecular wave function 

ratio of the amplitudes of the parallel and 

perpendicular components 

specific conductivity 

frequency 

rotation frequency 

Subscripts 

el of electrons 

eq equilibrium 

nucl of nuclei 

Abbreviations 

Cp pyrolytic graphite 

GC glassy carbon 

PA polyacetylene 

PAN polyaniline 

PMP poly(N-methylpyrrole) 
pp polypyrrole 

RHE reversible hydrogen electrode 

SCE saturated calomel electrode 

rad 

rad 

m2 s-1 

g cm3, kg m3 

Q em 

rad 
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S...ary 

In this thesis the properties of polypyrrole-modified electrodes with 

incorporated catalyst particles, regarding their activity for the 

oxidation of hydrogen and the reduction of dioxygen, are described. Also 

the properties of polypyrrole layers, as a function of the conditions of 

preparation, are discussed. After the introductory chapter 1, in which 

the aim and scope of the investigations are described, follows a short 

literature review in chapter 2, concerning conducting polymers and 

polypyrrole in particular. A number of examples of conducting polymers is 

given. Next to a description of the mechanism of polymerization of 

pyrrole and the mechnism of conduction in a conducting polymer (the 

so-called "bipolaron-mechanism"), attention is being paid to the 

possibility of incorporating catalyst particles in a (conducting) polymer 

layer. A number of examples is given. 

In chapter 3, the experiments, carried out to characterize polypyrrole 

electrodes with electrodeposited Pt particles, are described. The ohmic 

resistance of the electrodes is determined using AC-impedance techniques. 

This resistance increases strongly as the electrode potential decreases 

below -0.25 V vs SCE. This increase is caused by the loss of conductivity 

of the polymer as it is reduced. The electrodeposition of platinum 

particles in the polymer layer lowers the increase in resistance, as the 

particles contribute to the conductivity of the layer, when the polymer 

becomes partly insulating by reduction. This decrease is a function of 

the rate of deposition of the particles (i.e. the current density of 

deposition), which influences the distribution of the incorporated 

particles in the layer. 

The experiments, concerning the oxidation of hydrogen at polypyrrole

modified particles with incorporated Pt particles, are described in 

chapter 4. In this case two methods to prepare the electrodes are used. 

In the first place, by electrodepostion as described in chapter 3 and 

secondly, by the inclusion of platinum powder particles, during the 

preparation of the polymer layer. The electrodes, prepared by the first 

method, show a high activity for the oxidation of hydrogen. Even at very 

low Pt loading, only diffusion controlled currents are measured, with low 

overpotential (comparable to a bare Pt electrode). The electrodes, 

prepared by the second method, show high overpotentials for the oxidation 
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of hydrogen. Even at very high Pt loading the currents are kinetically 

limited. These electrodes are therefore not used for the reduction of 

dioxygen, which are described in chapter 5. 

The polypyrrole electrodes with electrodeposited Pt particles, also show 

a high activity for the reduction of dioxygen. In this case however, 

another aspect plays a role. The current density, used for the depostion 

of platinum, has a large influence on the final product composition. When 

the deposition rate is high (at high current densities), mainly water is 

formed according to the 4-electron reduction mechanism. When the 

particles are deposited with a low current density, the product is mainly 

hydrogen peroxide (formed according to a 2-electron mechanism). With 

increasing Pt loading, the amount of water in the reaction product 

increases. The effects are explained in terms of the availability for 

dioxygen molecules of platinum particles, which are located more near the 

substrate polymer interface than near the polymer/electrolyte interface. 

Because we found some remarkable structures of polypyrrole layers during 

the investigations, the influence of the anions, which are incorporated 

in the polymer during the electrochemical preparation, is investigated 

further. When the polymer is prepared from an aqeuous solution, 

containing p-toluenesulfonate ions, structures with the shape of hollow 

tubes are formed, as described in chapter 6. These structures, which are 

not found when another solvent is used, are ascribed to a special 

conformation of the polymer. This is supported by the calculation of some 

models of various polypyrrole conformations and of chains of substituted 

pyrrole molecules. 

Chapter 7 describes an intensive investigation of various properties of 

polypyrrole layers, like composition, electronic conductivity, 

oxidation/reduction behaviour and optical properties (ellipsometry). The 

incorporated anion is varied in the series: cl-, Cl04-, 

p-toluenesulfonate, benzenesulfonate, 1,3-benzenedisuldonate and 

1, 3, 5-benzenetrisulfonate. The polypyrrole layers with "organic" anions 

show the highest conductivity, which decreases in following order: 

benzenetrisulfonate > toluenesulfonate > benzenedisulfonate "' 

benzene(mono)sulfonate > Cl04- "' Cl-. The polypyrrole layers containing 

cl- and Cl04- can be completely reduced and oxidized on a very short 

timescale. The rate of the process is almost completely determined by the 

transition of the polymer from one state to the other state. The layers 
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containing benzenedi- and trisulfonate show an almost indentical 

behaviour. The layers with benzene- and toluenesulfonate show a very slow 

reduction/oxidation process, which is controlled by the diffusion of 

these ions in the polymer layer. The behaviour is explained by the 

existence of distinctly separated charged and uncharged, apolar regions 

in these anions. The results are supported by the measurements of the 

optical properties of the polymer layers, using ellipsometry. 

The thesis ends with chapter 8, which contains a number of remarks, 

regarding the use of polypyrrole-modified electrodes in electrochemical 

processes and some suggestions for further research. 
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Samenvatting 

Dit proefschrift beschrijft het gedrag van polypyrrool-gemodificeerde 

elektroden met ingesloten katalysatordeeltjes met betrekking tot de 

aktiviteit voor de oxidatie van waterstof en de reduktie van zuurstof. 

Tevens zijn de eigenschappen van polypyrrool-lagen als functie van de 

synthese-omstandigheden onderzocht. Na het inleidend hoofdstuk 1 waarin 

het doel van het verrichte onderzoek wordt beschreven, volgt in hoofdstuk 

2 een kort literatuuroverzicht over het fenomeen geleidende polymeren en 

met name polypyrrool. Een kort historisch overzicht en enige voorbeelden 

van tot nu toe bekende geleidende polymeren worden gegeven. Na een 

beschrijving van het polymerisatiemechanisme van 

geleidingsmechanisme in een geleidend polymeer 

pyrrool en het 

(bet zogenaamde 

"bipolaron-mechanisme") wordt ingegaan op de mogelijkheden van het 

aanbrengen van katalysatordeeltjes in een geleidend polymeer, met een 

aantal voorbeelden. 

In hoofdstuk 3 worden de experimenten beschreven die zijn uitgevoerd ter 

karakterisering van polypyrroolelektroden met, door elektrodepositie 

aangebrachte, platinadeeltjes. Met behulp van AC-impedantietechnieken 

wordt de weerstand van de elektrode bepaald. Deze blijkt afhankelijk te 

zijn van de elektrodepotentiaal en neemt sterk toe als de potentiaal 

daalt beneden -0.25 V vs SCE. Deze toename wordt veroorzaakt door bet 

verlies aan geleidingsvermogen van de polypyrroollaag door reduktie. Het 

elektrolytisch aanbrengen van platinadeeltjes in de polymeerlaag verlaagt 

deze weerstandstoename, doordat de deeltjes een bijdrage leveren aan bet 

geleidingsvermogen, als het polymeer door reduktie minder gaat geleiden. 

Tevens is deze weerstandsafname afhankelijk van de snelheid van depositie 

(ofwel de stroomdichtheid), aangezien deze de plaats waar de deeltjes in 

de film terecht komen mede bepaalt. 

In hoofdstuk 4 worden de waterstofoxidatie-experimenten met polypyrrool

gemodificeerde elektroden met ingebouwde platinadeeltjes beschreven. De 

elektroden zijn in dit geval op twee manieren bereid. Ten eerste, door 

elektrodepositie als hierboven genoemd en ten tweede, door het insluiten 

van platina-poederdeel tjes tijdens de vorming van het polymeer. De 

elektroden, bereid op de eerste wijze, blijken een hoge activiteit voor 

de oxidatie van waterstof te vertonen. Zelfs met zeer lage platina

belading wordt een uitsluitend door diffusie bepaalde respons verkregen. 
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terwijl de overpotentiaal laag is (vergelijkbaar met een "gladde" platina 

elektrode). De elektroden, die op de tweede wijze verkregen zijn, 

vertonen een hoge overpotentiaal voor de oxidatie van waterstof. Zelfs 

met zeer hoge Pt-belading is de stroom ook kinetisch gelimiteerd. Deze 

elektroden zijn niet meer gebruikt voor de experimenten met de reduktie 

van zuurstof, zoals beschreven in hoofdstuk 5. 

De polypyrroolelektroden met Pt deeltjes vertonen ook een hoge aktiviteit 

voor de reduktie van zuurstof. Hier speelt echter nog een ander aspekt 

een rol. De stroomdichtheid, gebruikt voor het aanbrengen van platina, 

heeft een grote invloed op de uiteindelijke produkt- samenstelling. Als 

de depositiesnelheid hoog is (hoge stroomdichtheid) wordt voornamelijk 

water gevormd volgens het 4-elektron mechanisme. Als de deeltjes met een 

lage stroomdichtheid worden aangebracht, is het product voornamelijk 

waterstofperoxide (gevormd via een 2-elektron mechanisme). Bij toenemende 

Pt-belading neemt echter de hoeveelheid water in het produkt toe. Deze 

effekten worden verklaard door de slechte bereikbaarheid voor zuurstof

molekulen van platinadeeltjes die zich meer in de buurt van het grensvlak 

substraat/polymeer dan het grensvlak polymeer/elektrolyt bevinden. 

Naar aanleiding van enige bijzondere structuren van polypyrrool, die in 

de loop van het onderzoek waargenomen zijn, is er nader onderzoek gedaan 

naar de invloed van het anion, dat tijdens de elektrochemische bereiding 

van polypyrrool erin wordt opgenomen. Bij het gebruik van p-tolueen

sulfonaat in een waterige polymerisatie oplossing ontstaan structuren in 

de vorm van holle buisjes, als beschreven in hoofdstuk 6. Deze structu

ren, die niet gevormd worden met een ander oplosmiddel dan water, worden 

toegeschreven aan een bijzondere conformatie van het polymeer, zoals 

wordt ondersteund met modelberekeningen aan diverse polypyrroolconfor

maties en ketens van gesubstitueerde pyrroolmolekulen. 

Hoofdstuk 7 beschrijft een uitgebreid onderzoek naar diverse eigenschap

pen van polypyrroollagen, zoals samenstelling, geleidingsvermogen, 

oxidatie/reduktie gedrag en optische eigenschappen (ellipsometrie). Het 

tegenion is daarbij gevarieerd in de reeks: cl-, Cl04-, 

p-tolueensulfonaat, benzeensulfonaat, 1,3-benzeendisulfonaat en 

1,3,5-benzeentrisulfonaat. De polypyrroolfilms met "organische" 

tegenionen vertonen het hoogste geleidingsvermogen. Dit neemt af in de 

reeks: benzeentrisulfonaat > tolueensulfonaat > benzeendisulfonaat = 
benzeen(mono)sulfonaat > Cl04- = cl-. De polypyrroollagen met Cl04- of 
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cl- kunnen op zeer korte tijdschaal volledig gereduceerd of geoxideerd 

worden. De snelheid van het proces wordt bijna volledig bepaald door de 

overgang van het polymeer van de ene naar de andere toestand. Hetzelfde 

gedrag vertonen de films met benzeendi- en trisulfonaat. De lagen met 

benzeen- en tolueensulfonaat vertonen een traag reduktie/oxidatie proces, 

dat voornamelijk bepaald wordt door de trage diffusie van deze anionen in 

de polymeerlaag. Dit gedrag wordt verklaard met het aanwezig zijn van 

duidelijk gescheiden geladen en apolaire gebieden in deze ionen. Deze 

resultaten worden ondersteund door de resultaten van de bepaling van de 

optische eigenschappen, door middel van ellipsornetrie. 

Het proefschrift wordt in hoofdstuk 8 besloten met een aantal oprnerkingen 

over de bruikbaarheid van polypyrrool-gemodificeerde elektroden in 

elektrochemische processen en enige suggesties voor verder onderzoek. 
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STELLINGEN 

1. De hypothese van Prezja et al., dat de elektrochemische polymerisatie 

van pyrrool ge1nitieerd wordt door de vorming van het BF4" radikaal, 

is onwaarschijnlijk. 

J. Prezja, T Lundstrom en T. Skotheim, J. Electrochem. Soc. 129, 1685 

(1983). 

M. Fleischmann en D. Pletcher, Tetrahedron Lett., 6255 (1968). 

2. Ret gebruik van de term "doping", om de vorming van een geleidend 

po1ymeer uit de niet-geleidende toestand te beschrijven, geeft 

onvoldoende de gang van zaken weer en schept onnodige verwarring met 

de betekenis van het woord in de halfgeleider-techno1ogie. 

G. Wegner, Angew. Makromal. Chem. 145/146, 181 (1986). 

3. De invloedssfeer van een bipolaron kan, in tegenstelling tot de 

bewering van Bredas en Street, zich oak beperken tot minder dan 4 

pyrrooleenheden. 

J.L. Bredas en G.B. Street, Ace. Chem. Res. 18, 309 (1985). 

4. Bij de beschrijving van het op- en ontlaadgedrag van een polypyrroo1-

laag suggeren Genies et al. ten onrechte dat de verklaring voor het 

2e gedeelte van de Q-lt curve ook voor het 1e gedeelte geldt, hetgeen 

niet juis t is. 

E.M. Genies, G. Bidan en A.F. Diaz, J. Electroanal. Chem. 149, 101 

(1983). 

J.-c. LaCroix en A.F. Diaz, Makromol. Chem. Macromol. Symp. ~. 17 

(1987). 

Hoofdstuk 7 van dit proefschrift. 

5. Terwille van de verkeersveiligheid zou het gebruik van een telefoon 

door bestuurders van matorvoertuigen tijdens het rijden verboden 

moeten worden. 



6. Het huidige systeem van arbeidsduurverkorting leidt, met name in 

ziekenhuizen en in tegenstelling tot de bedoeling van deze maatregel, 

niet tot een vermindering van de werkloosheid, maar tot een nog 

verder verhoogde werkdruk van bet verplegend personeel. 

7. Op bet wegwerpen van afval op de openbare weg zou, in navolging van 

bet beleid in de Verenigde Staten ("$ 1000,- fine for littering"), 

ook in Nederland een hoge boete moeten worden gesteld. 

8. Gelet op de commotie rond de paspoort-affaire en de moeilijkheden bij 

bet vaststellen van een Europees beleid inzake o.a. de landbouw en de 

B.T.W.-tarieven, moet bet jaar 1992 eerder met scepsis dan met 

optimisme tegemoet worden gezien. 

9. Het nog steeds voorkomende gebruik, de kathodische stroom een 

positief en de anodische stroom een negatief teken te geven, is een 

egoistische traditie van waaruit de betreffende auteurs en 

apparatuurfabrikanten moeten opereren. 

H. Ulich en W. Jost, "Kurzes Lehrbuch der Physikalischen Chemie", 7. 

Auflage, Steinkopf Verlag, Darmstadt, p. XIII (1954). 

A.J. Bard en L.R. Faulkner, "Electrochemical Methods", John Wiley & 

Sons, New York (1980). 

10. De aanleg van golfterreinen in natuurgebieden, op landgoederen en in 

agrarisch gebied met hoge landschappelijke en natuurwetenschappelijke 

waarde, is ontoelaatbaar. 

M. Kruijtzer, Natuur en Milieu 11(4), 13 (1987). 

11. De bewering van Drake et al., dat corrosieprocessen, die geschieden 

op een tijdschaal van minder dan 1 minuut, kunnen worden bestudeerd 

met behulp van een Scanning Tunneling Microscoop, wordt niet 

ondersteund door hun experimenten. 

B. Drake, R. Sonnenfeld, J. Schneir en P.K. Hansma, Surf. Sci. 181, 

92 (1987). 



12. Dopingcontrole bij sportbeoefenaars dient te gebeuren aan de hand van 

een bloedmonster. 

13. Het getuigt niet van een beleid op lange termijn om bij 

bezuinigingsoperaties de uitgaven op het gebied van onderwijs en 

gezondheidszorg ondergeschikt te maken aan die voor defensie. 

14. Een P.C. is nooit snel genoeg. 




