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1 Introduction

A new exiting branch of electrochemistry was born in 1977, as Heeger & McDiarmid
[/] discovered the ability of polyaromatics with conjugated double bonds to undergo
chemical and electrochemical redox transitions to yield polymers with high electronic
conductivity. The simple electrochemical technique of producing conducting polymer
layers was first reported by Diaz et al. [2] in 1979. After that, conducting polymers have
become a beloved object of investigation by electrochemists. Many proposals for
possible applications of these materials have been put forward in the last few years
because of their unique electronic, electrochemical and optical properties. Some of
these include their use in storage batteries [3], electrochromic displays [4] and sensors
[5]. However, no extensive commercialization of any of these systems has been
observed up to the present. This can be partially accounted for their very complex
chemical and physical behaviors. The price paid for the simplicity of their
electrochemical preparation is the high complexity of the structure and properties of the
obtained polymer layers. For such applications as supercapacitors or electrochromic
devices, thin films of polymer on the electrode are required, however preparation of
such films by use of chemically synthesized polymers would be connected with
unreasonable expenses. Hence, the understanding of the electrochemical kinetics in

view of polymer layer properties is decisive for the future use of conducting polymers.

A large number of different processes influence the kinetics of the recharge of
electrochemically synthesized conducting polymers, however a couple of processes is
common to most of them. These are: charge transfer through the polymer and the
electrolyte, included in the polymer layer; transport of counterions into the polymer
matrix; formation of double layer on the polymer interface; establishment of chemical
and membrane equilibrium and the associated structural changes. Practically all kinds of
existing physical and chemical methods have been used to investigate the properties of
conducting polymers. Investigations have been performed under potentiostatic control
by cyclic voltammetry along with other measurement techniques, such as

electrochemical impedance spectroscopy (EIS) [6- 9], conductivity measurements
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[10- 12], ESR [12], quartz microbalance [/3], uv-vis spectroscopy [/4] etc. Results of
current pulse experiments under galvanostatic control have also been reported [7,15,16].
However, due to complexity of the electrochemical behavior of conducting polymers,

much questions remain still open.

e Due to the manifold of processes, determining the behavior of conducting polymers,
the cyclic voltammetry is not able to give their physical and chemical parameters
directly. One of the commonly admitted features of the cyclic voltammograms (CVs) of
conducting polymers is its strong capacitive character in potential range, where polymer
is in an oxidized form [/7-20]. Several attempts have been made to describe such a
behavior of coated with conducting polymer electrodes [9,2/-26]. Feldberg [21]
assumed that the capacitance is proportional to the amount of oxidized polymer but is
independent of the electrode potential once the polymer film has been converted into its
oxidized form. White and coworkers [22,23] extended the approach of Feldberg, taking
into account the porosity of the polymer films. Kaplin and Qutubuddin [24] simulated
charge transfer during switching of conducting polymers for both the reversible and the

irreversible cases, but neglected the capacitive effects.

The combined analysis of the cyclic voltammograms and data obtained by
measurements from a different source, can allow to exclude one of the processes,
effecting the current response during the potential sweep and therefore to simplify the
investigation significantly. Tanguy and coworkers measured the impedance of
chemically synthesized polypyrrole [25] and of electrodes covered with 3-
methylthiophene [9] over a large frequency range for different values of the electrode
potential. They measured electrochemical impedance spectra in steady state and
calculated the capacitive part of the current as I, = C(U)(dU/dt) where: C(U) is an
expression for the voltage dependence of the capacitance obtained by fitting of the low
frequency part of experimental impedance data and dV/dt is the sweep rate. Use of
steady state impedance data for predicting CVs requires consideration of
pseudoequlibrium conditions during the potential cycle. Cyclic voltammograms with
different scan rates performed on polybithiophene films do not prove this assumption.
Impedance spectra measured at a particular potential are dependent on the rate of

potential scan. Therefore, the attempt has been made, to predict CVs using the
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resistance and capacity values evaluated from impedance spectra, which were measured
during potential sweep with a respective scan rate (chapter 4.1). Current response was
calculated by a numerical solution of a differential equation considering both C and R

values dependent on the applied electrode potential.

e The model of serial connected capacitance and resistance is only usable to describe
the slow recharge of conducting polymers. In the intermediate frequency range,
corresponding to fast processes in the time domain, the porous nature of
electrochemically deposited polymer layer has to be taken into account. Due to porosity,
the polymer-electrolyte interface resides not only on the geometrically edge of the layer
but also inside of it. Different inner interfaces become nonequipotential during the
current flow through the layer. The analysis of alternating current (ac) response allows
us to evaluate the resistance of polymer layer, however, the path of current flow by
conventionally impedance measurements travels through the pores, filled with
electrolyte, as well as through the compact polymer aggregates. Hence, the electronic
conductivity of polymer becomes indistinguishable from the ionic conductivity of
electrolyte. An analysis of experimental impedance spectra of polymers in conducting
state shows, that the contribution of one of the two possible resistances can be neglected
and does not have considerable effect [27]. The question remains open though, as to
which one is it. Measurements, where the charge transfer does not cross the
polymer-electrolyte interface can allow independent evaluation of one of the
resistances. Several experimental designs for performing such experiments have been
reported [5,11, 28-31]. Paul et al. [S] have investigated the conductivity properties of
polyaniline, electrochemically deposited onto an Au microelectrode array. The
resistance was measured between two microelectrodes, spaced 1.7 pum apart. Schiavon
et al. [28], Holze and Lippe [11], and Kankare and Kupila [29] have used a simpler,
twin electrode configuration with two metal stripes separated by a gap a few
micrometers wide, exposed to the electrolyte. The gap was bridged with a polymer layer
through electrochemical deposition. The resistance measurement has been performed by
applying a small dc voltage [11,28] or a 130 Hz ac voltage [29] to the electrodes across
the gap. The 4-probe technique has also been successfully applied to in situ

conductivity measurements on polymer covered electrodes by Olmedo et al. [31].
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Measurement with a polymer layer, which is only contacted at the polymer or
electrolyte side, could give resistance data along with other information, relevant to
recharge kinetic, if performed within a wide frequency range. A new technique for
multifrequency EIS measurements in the surface layer, nearly described in chapter 4.2,
has been developed for this purpose. The technique has been applied to a twin-working
electrode, bridged with electrochemically deposited polybithiophene. Measurements,
both time-resolved in situ EIS during electrochemical deposition of polybithiophene and
potential-resolved during oxidation/reduction potential sweeps, have been performed.
The analysis of the electric field taking place in the electrode configuration used has
allowed to make an estimation for the specific electronic resistance and the polymer

layer thickness.

e As mentioned above, the structure of electrochemically deposited polymer layer
highly depends on the condition of preparation and considerably influences the recharge
behavior of the conducting polymer. The deposition of conducting polymers onto metal
electrodes during electrochemical polymerization from monomer containing
electrolytes is a rather complex process involving diffusion of monomer to the
electrode surface and electrooxidation, subsequent back diffusion, oligomerization,
and precipitation onto the electrode. Hillman and coworkers [32,14] suggested a
deposition mechanism including instantaneous nucleation, followed by 3-D growth of
the nuclei until they overlap leading to formation of a plain polymer layer, but Li and
Albery [33] have pointed out that the alternative 2-D growth mechanism is also
possible. Investigations of the electrochemical polymerization of thiophene and its
derivatives have been performed by potential pulse [32,33] and potential sweep [34-36]
techniques combined with other measurement techniques, such as ellipsometry [36-38],
conductivity measurements [29,39,40], quartz microbalance [41,42], uv-vis
spectroscopy [32], EIS [43], etc. Measurements upon galvanostatic conditions can be
very useful for the study of the early stages of polymer deposition, where formation
rate of polymer layer can be controlled according to the requirements of an impedance

experiment.

Investigation of thickness dependence of impedance spectra can be easily performed

in situ, without removing the polymer coated electrode from the monomer containing
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electrolyte, by setting a zero current after deposition of every new layer. While
galvanostatic methods were used earlier predominantly for preparation of polymer
films and for proving their charge/discharge cyclability performance [44-47], a new
technique of EIS measurements, using the advantages of the galvanostatical condition,
has been developed. EIS measurements, aimed to investigate the process of
electrochemical growth of polybithiophene and the dependence of impedance spectra on
the layer thickness, have been performed as closely described in chapter 4.3. Time
resolved impedance spectra have been measured in situ during current controlled
polymerization. Thus the polymer film formation could be traced out for a wide range
of electric charge passed, i.e. from the onset of polymer deposition until a relatively
thick layer was grown. The impedance spectra obtained has been analyzed using models
of Ho et al. [48] and Paasch et al. [27], and the suitability of both models for analysis of

layers with different thickness has been discussed.

e The simple model [6], based on the work of Ho and coworkers [48], considers a
homogeneous nonporous polymer layer and can thus only be used for very thin layers.
Impedance measurements on polymer layers of different thicknesses, made by Tanguy
[9] as well as measurements made in this work let conclude, that transport of dopants
during recharge is not hindered in the bulk of polymer layer but in the polymer
aggregates, which are relatively small in comparison to the layer thickness. A polymer
layer can thus be imagined as a 2-phase medium, where one phase consist of the
polymer aggregates and another the electrolyte, which fills the cavities between them. A
mathematical model describing electrochemical behavior of such polymer layer is
developed by Paasch et al. [27]. A good correspondence of experimental results to this
model was observed during the investigation of oxidized polybithiophene layers with
different thicknesses. However, the assumption of macrohomoheneity in direction
perpendicular to the electrode interface was made, which is not strictly fulfilled by most
of electrochemically prepared polymer layers. Discrepancies between experimental and
simulated spectra were not considerable for polymer in oxidized state.
Macroinhomogeneity of specific resistance does not affect the spectra because of the
small value, which resistance of an oxidized polymer exhibits nonetheless. The situation
change in case of reduced polymer, where experimental data can not be described by

this model any further. To analyze experimental data measured on polymer layers in
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reduced state, the model of Paasch has been extended for the case of inhomogenenous
polymer layers (chapter 4.4). EIS measurements on polybithiophene layers were
performed steady state at different electrode potentials and the experimental result were

analyzed using the developed model.
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2 Experimental

2.1 Electronic equipment
All measurements described in this thesis have been performed using a computer
operated fast potentiostat/galvanostat, developed in our working group [x/ix]. The

normally used measurement design is shown below.

ELECTROCHEMICAL
- SIGNAL CELL
GENERATOR
C W |R
|
————— ADC  [®---T-
PC-AT-486 c : POTENTIOSTAT
Xenix _: ==
- 1 : I
DAC - : . D.C. ’L
. J y v v
1 .|. - .|. =
! S ——— DAC-2 | U
1
B e EEEEEE -/ TRANSIENT RECODER

Fig. 1 Electronic design used for electric measurements, dashed lines - output signal
routing, normal lines- input signal routing.
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The characteristics of electronic devices, presented in Fig. 1, are listed in detail in the

following table:

Fast potentiostat, Inst. f. Phys. Chem. d.c. - 100 kHz

University of Kiel

Signal generator, Inst. f. Phys. Chem. e Perturbation signal burned in EPROM
University of Kiel e DAC - 16 bit, synchronized with the

transient recorder
e 2xlow pass filters, Kemo LTD
Beckenham Kent, type VBF8

Transient recorder, Inst. f. Phys. Chem. e 2xdifferential amplifiers

University of Kiel e 2xlow pass filters, Stanford Research
Systems, inc. model SR640

e 2xADC - 12 bit, 3 ps

e 2x256 Kbytes record length

ADC, DAC-1, DAC-2, Inst. f. Phys. Chem. | 12 bit, 3 ps
University of Kiel

AT-486 16 Mbytes RAM, 256 Kbytes cache,
XENIX

2.1.1 Conventional electrochemical techniques

CV, coulometry, potential- and current pulse experiments were carried out using the
simplified electronic design shown in Fig. 1. Potentiostat/galvanostat was operated by
signal of DAC-1, which was controlled by the computer. Output signal was filtered by a
low pass filter, digitized by ADC and recorded. Software running under DOS and
XENIX were used to operate and record the measurements. For especially exact low
current measurements an extern DC-standard (Knick Berlin37 type S13) was used for

operating of the galvanostat.

2.1.2 Impedance measurements

In situ FFT- impedance measurements were performed using the electronic equipment
[xlix], shown in Fig. 1. In case of potentiostatic EIS measurements, the bias potential
given by DAC-1 was overlaid by an alternating voltage signal, produced by the signal
generator. A sum of 52 sinus waves, were burned into EPROM and used for generation

of the perturbation signal in the frequency ranges shown below.
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e 4 Hz- 30 kHz (t=10 pus).
e 0.15 Hz- 5 kHz (=100 ps).
e (.015Hz-450 Hz (z=1000 ps).

Peak signal amplitude was selected specially for each particular measurement and never
exceed 15 mV, so linear conditions for EIS could be provided. Alternating potential and
current output signals were subtracted from the d.c. - bias component by differential
amplifiers, filtered by a low pass filter to prevent aliasing effects, digitized and recorded
by a two channel transient recorder. The perturbation signal was applied twice and only
the second half of the signal was recorded to prevent transient effects. Information
interchange between transient recorder and computer was initiated after each
measurement. Recorded signal in time domain was transformed into frequency domain
by means of fast Fourier transformation (FFT) immediately after each measurement or
stored in RAM and analyzed after finishing the entire experiment. In some cases the
,window* method [/], using Hanning weighing function, was applied to additionally
improve the impedance spectra quality. Amplitude spectra of potential and current

signals were analyzed to prove the validity of measurements.

Measurement under galvanostatical conditions was performed analogously with
the difference, that the operating signals were given on the input of galvanostat and
resulting potential signals were recorded. The measurement equipment and data

analysis are detailed described in [43].

2.1.3 Impedance measurements on the twin electrode
Measurement set-up used for EIS- measurements on the twin electrode was described in
detail earlier [/i]. It consisted of an FFT impedance spectrometer and a fast potentiostat

connected to the electrochemical cell as shown in Fig. 2.
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U,.*=—1 POTENTIOSTAT

1k

U o~ .
y -[_+ IC-2 | esp

Uper

Fig. 2 Electronic circuit diagram of impedance measurement on twin electrode

An equal bias potential Up;,,, measured against the reference electrode, was applied to

~

both W; end W, electrodes. Small perturbation voltage Upmwith peak-to-peak

amplitude 15 mV was applied to the electrode W1. The perturbation voltage Upm and

the resulting current between W; and W, was used to calculate the impedance of the

twin-electrode at the preset bias electrode potential U,y
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2.2 Cells and Electrodes

2.2.1 Three-electrodes-cell

A multifunctional three electrode cell, presented below, was used for all measurements.

Reference Working Counter
* 1

Fig. 3 The multifunctional 3 electrode cell used for electrochemical measurements

It was made out of Jena glass and rid up with 4 ground glass stopper sockets A,B,C and
D for attachment of different electrodes. For most of measurements two such cells were
used. One was filled with electrolyte, containing monomer and used for preparation of
polymer films as well as for investigation of the polymerization process. After the
preparation of polymer layer the stopper with the working electrode was removed from
the socket B, rinsed in clean acetonitrile for 5 minutes and then placed in the socket B

of the second analogous cell, filled with free of monomer electrolyte.

For all measurement a nonaqueous reference electrode was used. As reference, the
couple Ag/0.01 M AgNO; +0.1 M TBAB was chosen. It is reversible and rapid in
acetonitrile and has a potential +0.291 V vs. SCE as reported in [/ii]. The reference
electrode was mounted together with a Lugging capillary into a polyethylene stopper, as
shown in Fig. 4, at short distance to the working electrode to prevent for possible

disturbances.



2 Experimental 15

Fig. 4 The vreference electrode used for
electrochemical measurements in the 3-electrode
cell.

1. Silver wire

2. Syringe needle for filling the Luggin capillary
tube with the electrolyte

Ag/0.01M AgNOs solution in acetonitrile
Electrolyte solution hoisted from the cell

Frit membrane

Polyethylene stopper

N S AW

Polyethylene Luggin capillary tube

A Platinumum wire melted into a glass tube and

5 cut off near the glass range served as the working
electrode. The cut was grounded with emery paper.
The diameter of the used Platinum wire determined
7 thus the diameter of resulting disc electrode and

was chosen specially for every particular

experiment. The glass tube with the Platinum wire

was fixed in a polyethylene stopper as shown in Fig. 3. Platinumum wire melted in a
glass tube and fixed analogously in a polyethylene stopper was used as the counter

electrode. All measurements were performed under Ar atmosphere.

2.2.2 The twin electrode

The twin-working electrode used for impedance measurements with one-side contacted
polymer layer was constructed analogous to one described in [31]. It possessed a
sandwich configuration consisting of two sheets of Pt with an insulation foil in between,
pressed together with a very little amount of epoxy seal and stored under pressure till
hardening (24 hours). The so prepared ,,sandwich* was inserted into a glass stopper and
sealed in epoxy resin, high resistive against organic solvents, which was hardened by
120° for 20 minutes. The surface directed to the socket was grounded with series of

different emery papers with dimension of abrasive particles from 30 to 0.05 um. The
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two Pt stripes, 5 mm x 0.5 mm each, separated by a 20 um gap appeared after the

preparation as shown below.

glas tube
epoxy resin
Pt

insulator
Pt

Fig. 5 Cross section of the twin-working electrode. Platinum strips: 5 mm x 0.5 mm
each, gap: 20 um.

The glass stopper with incorporated twin electrode was inserted into the socket D in
Fig. 3 and the bands of the twin electrode was then covered with polymer layer by
electrochemical polymerization in solution containing monomer. Dependent on the
particular experiment it was then rinsed with clean acetonitrile and placed in socked D

of an another cell with free from monomer electrolyte for further measurements.

2.3 Chemicals and Electrolytes

The acetonitrile used for preparing of all electrolyte solutions was ,,acetonitrile extra
pure* from Merck, Art. 15500, which was stored for 30 minutes with heated Na,;SO,,
then distilled from KMnOj, processed with small amount of concentrated H,SO4 and

then finally distilled from P,Os as described in [Ziii].

TBAB (tetrabutilamoniumborfluorid) was used as the conducting salt. It was supplied
by Fluka, cleaned by recrystallization from double distilled water and dried by 80°
under vacuum. The background current measured to prove the absence of electroactive
species in the electrolyte on Pt electrode at 1.2 V vs. SCE has been found to be 7
uA'cm'l.

Bithiophene (Merk) was used as supplied, Pyrrole (Merk) was distilled under vacuum in

Ar atmosphere and stored in a refrigerator by -5°.

Electrolytes containing 0.05 M of monomer were used for electropolymerization in all

experiments.
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3 Basic experimental data analysis

3.1 The analysis of the impedance spectra of conducting polymer
layers

The EIS spectra of conducting polymers are quite complex and still not well understood
because of numerous processes taking place simultaneously during recharge of the
polymer layer. However, a number of models, describing the impedance spectra for
some particular kind of polymer layers, has been proposed in the literature [6,27,liv,62-
66]. In this work only the models, describing the capacitive effects in the low
frequency range through chemical processes, as first proposed by Hunter et al.[6], have
been applied. This well known from the literature approach emphases the restricted
amount of the electroactive species on the interface of the electrode as the reason for the
capacitive behavior of the polymer layer in the low frequency region. The mechanism
of this kinetical effect can be demonstrated on the example of the simplest
representative of such systems - the monomolecular layer of electroactive species fixed
on the electrode. The probability of diffusion of the dopping ions from the electrode
interface into a polymer layer with a finite thickness [48] and the influence of the
porosity of the electroactive layer [27] are the complications solved by two models

presented further in this chapter.

3.1.1 Monolayer of an electroactive species

Monomolecular layer of electroactive species, fixed on the interface, is the simplest
representative of the electroactive coatings and offers thus a favorable object for
illustrating the common properties, shared by more complicated systems. An
electrochemical behavior of such a system at higher frequency range is analogous to
one, characteristic for species dissolved in the electrolyte. The charge transfer
resistance R in parallel with the double layer capacitance Cgy results in a semi-circle in
the impedance spectrum, if presented as a Nuquist plot. The change of the concentration
of the electroactive specie during the harmonical perturbation of potential becomes

significant at lower frequencies and leads to more complicated impedance behaviour.
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To evaluate the quantitative correlation between the kinetic characteristics of this
system and its impedance spectrum it can be helpful to make use of the equivalent

circuit presented below, known as the Randles circuit.

CDL
|
]

cT

Lim

Fig. 6 Randles equivalent circuit for the ac response of an activated charge transfer
and concentration hindrance of reaction. R, is the serial resistance of electrolyte, Cy,
the double layer capacity, R., the charge transfer resistance and Zy;, is the
concentration hindrance impedance.

This circuit describes a behavior of all non distributed electrochemical systems, if only
one redox couple is present and the Zjiy, is considered to be any kind of a concentration
hindrance, i.g. Warburg impedance for the case of an active specie, dissolved in
electrolyte. The evaluation of the impedance of electroactive monolayer, fixed on the
electrode is thus simplified to the determination of the expression for Zj, Evaluation of
this impedance means finding the relation between the small perturbation voltage OE,
and the response current di under the assumption, that no charge transfer resistance or
double layer capacity is present. In this case the flow of charge 0Q is linearly connected
with the change of the concentration of the oxidized species by the Faradaic law.
Assuming further, that SE/6t = dE/dt, 0E/0Q =dE/dQ for small amplitude of

perturbation potential, the definition of the current i=6Q/dt can be rearranged, as

i—d—E SFz
dt dE/dc

eqn. 1

Here c is the interfacial concentration of the oxidized species, S, the interface of the
electrode, F, the faradaic constant and z, the number of electrons involved in the

reaction. This expression is analogous to the equation describing the current response of
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capacitor. Hence it is justified to denote the time independent multiplier as

,.pseudocapacity®, Cp.

i—dEC _ SFz eqn. 2

-==c, C, =
dt ™ » " dE/dc

If the systhem exhibits an ideal behaviour, the dependence dE/dc can be determined by
differentiating the Nernst's equation. The corresponding equation for Cps for such a

system is then given as:
zF
exp| —(E-FE
p{ RT ( 0 )}

Fc,z
ps = RT F 2 eqn. 3
exp| —(E—-E))|+1
{ p[RT( °)} }

Here cy is the sum of interfacial concentrations of the oxidized and reduced species, E is
the bias electrode potential, at which the small alternating voltage SE is applied and Eg
is the formal potential of the redox couple. It can be seen, that the observed system
exhibits an impedance behavior of a capacitor, which capacitance varies with the bias
electrode potential. The peak of the capacitance value is reached at the formal potential

of the particular redox couple.

3.1.2 Homogenous nonporous electroactive layers

If thin, but not monomolecular layers of the electroactive substance has to be
considered, as normally the case with conducting polymers, a diffusion of dopping ions
into the inner parts of the layer has to be taken into account. The analysis of the ac
current response of such a system is given by Ho et al. [48]. Analogously to the
approach used in chapter 3.1.1, the Randles equivalent circuit can be used. The Zj, has
to be evaluated considering the gradient of concentration at the interface, described by
the Fick's law. The solution of the Fick's differential equation

qan]_ 7]

4 = e eqn. 4

with the boundary conditions dc(0,£)=0 and dc(/,¢), as given by eqn. 2, allows to

determine the impedance of the concentration hindrance as:
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7 _dE 1 coth(l\Jio/D)
= \/m eqn. 5

Here Z,w is the "restricted finite Warburg" impedance and / is the thickness of the
layer. The impedance of the equivalent circuit shown on Fig. 6, with the Z:w
substituting Zjiy, is given by:
—1

1
Z,, = (—+ia) Cd]S eqn. 6
Zy+R,

An example of an impedance spectra of such a system is shown as Nuquist plot below.

Fig. 7 Computer simulation of the impedance of homogenous nonporous layer of
electroactive species using the equivalent circuit shown in Fig. 6 with restricted finite
Warburg impedance as concentration hindrance.

It can be seen, that the kinetics changes from charge transfer control by high
frequencies to diffusion control by intermediate frequencies. At very low frequencies
range, the effect of the finite layer thickness becomes dominant and the restricted finite
Warburg impedance approaches the impedance of a capacitor C,s, connected in series

with a resistance Rp, The values of this elements can be expressed as:

SFz dE/dc
C =1 R, =114
» =" dE/dc >~ 3pSFz eqn. 7
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It can be seen, that the pseudocapacity for the case of a multimolecular layer is
expressed analogously to one of the monomolecular layer with the difference, that here
¢ is the volume concentration of the electroactive species. dE/dc can be determined by
differentiating of the Nernst's equation (cf. eqn. 3), if the particular redox couple

exhibits ideal behavior.

3.1.3 Porous electroactive layers

Thick polymer layers exhibit impedance behavior, which can not be described by the
simple model, presented in the previous chapter. The semicircles observed in the higher
frequency range in the complex impedance plots are depressed, which can be
accounted for the distribution of the time constants. The possible reason for such a
distribution for the case of conducting polymer layers could be their high porosity.
Paasch et al. [27] have proposed a theoretical model, which allows an analysis of
systems exhibiting such behavior. In this theory the polymer layer is assumed to be a
macrohomogenous two-phase system consisting of small polymer aggregates and
electrolyte. The diffusion of the dopping ions occurs inside of this aggregates, therefore
the characteristic diffusion length can be assumed to be independent of the polymer
thickness, corresponding to results of experimental measurements of Tanguy et al. [9].
To find the total impedance of such a system, the entire polymer layer is divided into N
elementary volume elements with cross-sections A. The polymer is assumed to be

contacted to polymer and the electrolyte to electrolyte at each cross-section.
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Polymer
aggregates

- d/N
Electrode Electrolyte

Fig. 8 An elementary volume of the porous polymer layer and the corresponding
equivalent circuit as assumed by model of Paasch et al.

The charge transfer through the polymer-electrolyte boundary at each cross-section is
determined as in the model of Ho et al. under consideration, that the diffusion of the
dopping ions take place inside of the elementary agglomerates of the polymer, having a
characteristic dimension 1, and not through the whole polymer layer. This interfacial

impedance can therefore be expressed as

-1

1 rio CJJ'SI eqn. 8
o TR, d

The effective interface of the polymer agglomerates inside one elementary volume is
given here by the expression Sf/d, where f'is the effective interface coefficient and d the
thickness of the polymer layer. The Z,w is calculated analogously to eqn. 5 with the
difference, that the diffusion length / is treated as the average dimension of polymer
aggregates independent on the layer thickness. The current flow through each cross-
section is determined by an electronic resistance of the polymer p;, interfacial

impedance Z'y, and the ionic resistance of the electrolyte p,. The impedance the entire
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polymer layer is then analogous to one of a transmission line consisting of chain

connected elements shown in Fig. 8.

=l

Fig. 9 Generalized transmission line representing the impedance of porous
macrohomogenous electrode

The solution for the input impedance of this circuit under consideration of infinite N is
given by Paasch et al. However, for the case of oxidized or slightly reduced conducting
polymers, the expression for the total impedance of presented generalized transmission
line can be considerable simplificated by an assumption, that either electronic or ionic
resistance of the polymer layer is neglectable small. The impedance of a cross-
connected transmission line will then be equal to the impedance of normal transmission

line, terminated by an impedance Z;.

Elementary volume

Zi| Zo| Z,

LA A i o i

Fig. 10 Generalized transmission line representing the impedance of porous
macrohomogenous electrode neglecting the specific resistance of the polymer or of the
electrolyte.

The terminating impedance Z; can be either infinity for a normal impedance
measurement or zero for measurement on polymer layers contacted only on the

electrolyte side or on the polymer side. The expression for the total impedance of this



3 Basic experimental data analysis 24

circuit under consideration of an infinite small distance &x and Z; equal to infinity is

derived by Fletcher [/iv]:

Z=, Zyop/S~CO\l1(d- /5—/5]+K eqn. 9

The serial distributed resistance per unit length p’; is replaced here by p/S, where p is
the specific resistance of the polymer. A computer simulation results for the same

parameter using eqn. 6 and eqn. 9 are presented below.

Fig. 11 Computer simulation of impedance spectra for the same parameters using Ho
et al. model (eqn. 6)- solid line, and simplified Paasch et al. model (eqn. 9)- dashed
line. Specific resistance p = 4.8 E+5 Qcm was used in egn. 9.

In the low frequency region the impedance spectra predicted by the model is practically
analogous to one of serial connected resistance R and capacity C. The interpretation of
this quantities is similar to one given in eqn. 7. The difference is in the additional serial
resistance R;, which accounts for the resistance of polymer and is related to the specific

resistance as

R, =pd/3S eqn. 10
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3.2 Field considerations for measurements on the twin electrode

The specific conductivity of an electrochemically deposited polymer layer is an
essential electrochemical characteristic. However, the conventional impedance
measurements, where the polymer layer is contacted on both polymer and electrolyte
sides, do not allow to distinguish between the electronic conductivity of polymer itself
and the ionic conductivity of the electrolyte in pores. Conductivity measurements

between the bands of a twin-electrode, as shown in the picture below, covered with a

polymer layer, was proposed by several authors for this purpose [11,12,29].

y

Fig. 12 Cross-section of a twin electrode covered with a polymer layer of thickness g.

The polymer-electrolyte interface, which is partly present also inside of the polymer
layer because of its porosity, has highly capacitive character. Therefore, high frequency
ac current flows between the electrodes not only trough the polymer but can also across
the walls of cavities and uses the electrolyte as an alternating path. This effect is
diminished by very low frequencies, however, where the pure electronic resistance can

be measured.

Measurements between the bands of the twin-electrode can be applied to obtain the
value of conductance, which can be used to compare polymer layers with different
oxidation level, but depends on the particular electrode configuration. To evaluate the
specific conductance of polymer layer, an analysis of electrical field between the bands

of the twin electrode is required.

The theory of conformal mapping was applied by Kankare et al. [29] to find the solution
of the current flow field for the electrode configuration analogous to this used in our

work. According to this approach, the electrode configuration depicted into complex
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coordinate plane is transformed with preserving the angles between the boundaries into
another complex plane, where the solution of the field can be easily found. For the
transformation of the polygonal boundaries, the Schwarz-Christoffel equation is usually
used to calculate the transformation function of the coordinates. The authors have
shown, that the configuration in Fig. 12 can be transformed to a plate-capacitor-like

configuration:

V<

Fig. 13 Space obtaining by two-stage conformal mapping of the configuration shown in
Fig. 12 with the polymer layer mapped into the interior of a rectangle and electrodes
into the opposite sides of the rectangle.

The virtual width of the electrodes, ¢0, in this new complex coordinate system can be

expressed through the coordinates of electrodes in the original plane as [/v]

eqn. 11
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tanh(lﬁﬁ)
_K'(h) 2 g

$0= 2K (k)

tanh(l ﬂé)
2 g

Here, a and b are dimensions of the twin-electrode and g the thickness of the layer, as in
Fig. 12; K(k) and K'(k) are complete elliptic integrals modulus k of first and second

kind respectively, as in

1
F 1

e K'(k)=| dx
1

i - (1= %)

p 1
K (k)=
) J(;\/(l—x2)(1—k2x2)

eqn. 12
The configuration shown in Fig. 13 is one of a plate capacitor thus the conductance

between the two plates is given by:

G=0l¢0 eqn. 15

Kankare et al have shown, that the expression for conductance G can be simplified for

the case of an intermediate layer thickness (a < g <b) as in eqn. 13.

Gza—l(lni+ln gj eqn. 13
T ma

In the region g > b the resistance between the bands of twin electrode becomes

independent on the of the layer thickness:

G~ "—lln(4b/a) eqn. 14
T
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Using these two expressions, thickness and specific resistance of the polymer layer can
be determined, if the dependence of conductivity between the bands of the twin
electrode on polymerization charge is known. Assuming, that the thickness of deposited
polymer layer depends linearly on the charge used for polymerization per unit area (g =

kQ) , eqn. 13 can be rearranged as follows:

Gzo-—l(ln%'f—ln Qj eqn. 16

T wa

Accordingly, the specific conductivity can be calculated from the slope of G vs In Q.

The intercept gives the thickness growth coefficient k.
az?tan(a) k:%exp(G(O)ﬁ/al) eqn. 17

An example of a dependence of G on Q, simulated for a dummy twin electrode is shown

in Fig. 14.

2.5

2.0

Conductance, G

In(Q)

Fig. 14 Conductance between the bands of the twin-electrode vs. In(Q) exact simulated
using eqn. 15 (a) and approximately simulated using eqn. 13 (b) and eqn. 14 (c). Here,
a=1, b=20 and I=k=o0=1 were used in simulation.

3.3 Complex nonlinear least squares fitting
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EIS spectra are often complex and can give only qualitative information about
properties of the examined electrochemical system. Quantitative informations can be
obtained by fit of experimental data to a complex function resulting from the used
physical model. For this purpose, the complex nonlinear least squares (CNLS)
immittance fitting program LEVM 6.1 by J.R.Macdonald [/vi] was used and

modificated in this work.

The least squares fitting procedure optimizes parameters of the used physical

model by minimizing the sum:
2
S(P):ZWJ[Z/'_Z(“’/"P);] eqn. 18
J

Here, Z is the vector of experimental impedance values for each frequency, Z(P) is the
functional dependence of impedance on frequency ® and vector of parameters P,
resulting from a particular physical model. The sum is calculated in range j = 1-N,
where N is the total number of experimental data points. W is the vector of weights for
each point. Weighting factor w; is calculated from the uncertainty of the jth data point,

Bi, as follows:

w].=1/(,3].)2 eqn. 19

Levenberg-Marquardt algorithm [/vii] is used to minimize the sum in eqn. 18.
Relative and absolute standard deviations for each parameter fitted are calculated during
the minimization. These values were used to check the goodness of the entire fit as well
as to reveal the effect of any parameter on the function value in view of a particular
parameter set. The value of relative deviation for every parameter is conversely
proportional to its average partial derivative over the frequency range where the fit is
performed. The parameters having insignificant effect on the functional value in
considered frequency range would therefore be calculated with very large relative
deviations. This makes the error variance analysis important for validation of the

parameter reliability.
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4 Results

4.1 Impedance measurements during oxidation and reduction of
conducting polymers

4.1.1 Simulation procedure

As well known from measurements performed under potential control, the low
frequency impedance of polymer covered electrodes can be approximated by a
capacitance and a series resistance [6,lviii-Ix]. The nature of the capacitance is still not
well understood. It is often referred to as "limiting", that reflects its connection to the
finite diffusion at limiting low frequencies, or as "redox" to point out its relation to

oxidation/reduction processes of the polymer film.

In order to simulate the capacitive part of the current-voltage curve we assumed that the
equivalent circuit of the cell can be represented as a series combination of a resistor R
and a capacitor C, both dependent on the applied electrode potential U. Then the

potential drop U, across the capacitor when current I flows is

U =U-1IR eqn. 20
and the charge Q = U, " C, stored in the capacitor is
0=U-IR)C eqn. 21

Taking into account the dependence of R and C on the potential and assuming a

constant sweep rate v = dU/dt in cyclic voltammetry, differentiation of eqn. 21 gives

a0 _ {U_ Iuﬁ— Rﬂ}c.;- o(U - IR)E eqn. 22
dt dU dt dU

which can be rearranged to give the differential equation for the current as

dl {1 1 dR ldC} 1 U dC
+ + IZE

— |ttt = + eqn. 23
dU |vRC RdU CdU RC dU

The solution of eqn. 23 for I = I(U) has been obtained numerically using the Runge -

Kutta method. The data for R(U) and C(U) used in the calculations have been obtained
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from low frequency part of EIS measurements. The anodic and the cathodic sweeps
have been simulated separately with the initial conditions L. st = O at the start of the
anodic sweep and I gt = Liend , Where L st 18 the current at the start of the cathodic
sweep and Iienq is the current at the end of the anodic sweep. For the sake of
comparison, simulation of cyclic voltammograms (CVs) using obtained C(U) data has

been also performed using
I, =CU)v, eqn. 24

neglecting the potential dependencies of C and R, as previously reported by Tangui at
al. [9].

4.1.2 Measurements and simulation results

The measurements have been performed on a polished polycrystalline Pt electrode (0.02
cm®) coated with PBt or PPy layers, obtained galvanostatycally at 2 mA" cm™ for 40 s.
The impedance spectra measured during anodic and cathodic potential sweeps at a scan
rate of 20 mV's™ in the ranges - 0.3 to 1.0 V for PBt and 0.4 to 0.7 V for PPy are
shown in Fig. 15 and Fig. 16 respectively.
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Fig. 16 Complex plane impedance plots for a PPy-coated electrode measured at

different electrode potentials, (a) - anodic sweep; (b) cathodic sweep.
It was previously observed, that condition of stady state in polymer layer is reached

much faster at potentials, where the polymer is oxidized, then at reducting potentials.
Thus, in order to reach reproducible initial conditions for carrying out CV and EIS

measurements, the voltammetric cycles were started with the cathodic potential sweep.
The potential limits were chosen such that (i) the polymer layer was still slightly

oxidized at the end of reduction scan and (ii) high anodic potentials were avoided to

prevent the layer from damage due to over-oxidation. The potential dependencies R(U)
and C(U) of the resistance and capacitance of the samples, derived from the low

frequency parts of the measured impedance spectra, are shown in Fig. 17 and Fig. 18 for

PBt and PPy respectively.
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Fig. 17 Capacitance C and
resistance R derived for the
PBT-coated electrode from
impedance spectra measu-
rements.

Fig. 18 Capacitance C and
resistance R derived for the
PPy-coated electrode from
impedance spectra measu-
rements.
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Results from numerical integration of eqn. 23 and eqn. 24 for the case of PBt are shown

in Fig. 19 for the anodic and the cathodic sweeps.
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Fig. 19 CV of the PBt-coated electrode. The capacitive current was obtained by
numerical integration of (a) eqn. 23 and (b) eqn. 24. The CV recorded experimentally at
a scan rate of 8.5 mV* s is shown for comparison as curve (c). Curve (d) is the
difference between curves (c) and (a).

As mentioned above, the C and R data were derived from a measurement in which the
nominal potential sweep rate was 20 mV' s'. However, the potential sweep was
interrupted during the perturbation and data transmission to the computer, so that the
effective scan rate was 8.5 mV's™. This value was used in the integration and thus a CV
recorded at 8.5 mV's™ is presented for comparison, in Fig. 18. The calculated capacitive
current and the measured current-voltage curve for the PPy- covered electrode are

shown in Fig 20.
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Fig 20 CV of the PPy-coated electrode. The capacitive current was obtained by
numerical integration of (a) eqn. 23 and (b) eqn. 24. The CV recorded experimentally at
a scan rate of 8.5 mV*s™ is shown for comparison as curve (c). Curve (d) is the
difference between curves (c) and (a).



4.2 Impedance measurements on twin working electrodes bridged with
polybithiophene layers

4.2.1 Verification of the measurement set-up

As shown in 2.1.3, an application of a perturbation voltage U e ccross the bands of

t
the twin electrode results in a flow of response current /., , which can be measured and

used for calculating the impedance spectra of the part of the polymer layer, bridging the
gap. However, it must be established that the obtained impedance spectra characterize

only the polymer layer between the two metal stripes, i.e., that the ac response current,

~

I, has no components due to currents crossing the polymer/electrolyte interface.

resp

The twin-working electrode, with the gap bridged by conducting polymer can be

represented by a simplified equivalent circuit as depicted in Fig. 21.

Ref. g ) Fig. 21 Simplified equivalent circuit of
g a twin-working electrode, covered with
U bias conducting polymer.
~_
A i
z, Z||
I
i i
Wi W2
— 1+— i
i 4
PUq 1.2 Uz
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The impedance elements Z; and Z, represent the metal/polymer/electrolyte branches for
the two twin working electrodes, and Z; » is used for the metal/polymer/metal branch,

i.e. for the polymer layer bridging the gap. Note that U; and U, are given with respect to

system ground. When a small perturbation voltage, U

pert >

is applied to W, two currents,

1, and 71’2 , flow through Z, and Z, », respectively. The response current, 7, , measured

resp 2

at W, should be equal to the sum of 71’2 and 72 , Where 72 is the a.c. current through Z,,

due to the perturbation. One can consider 72 as this part of the response current that

crosses the interface polymer/electrolyte at W;, passes through the electrolyte and
enters W, crossing again the polymer/electrolyte interface. On the other hand the bias
voltage, Upias, used to adjust the working potential in an EIS experiment is generally set
to be a d.c. voltage, and the fast potentiostat used provides that the potential difference
measured between the reference electrode and the working electrode is exactly equal to
the preset bias voltage. The working electrode W, is connected to virtual ground and it

appears as a true working electrode to the potentiostat. Thus, the current across Z,

depends only on Uyiss, and does not depend on U i.e. its a.c. component 72 =0, and

pert >

consequently 7= sz.

resp

Nevertheless, an experiment has been curried out to additionally assure the prevention
of cross-interface currents by the measurement set-up. The EIS spectra, resulting from

the test measurements, are shown in the figure below:

0.06
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=
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Fig. 22 Impedance spectra measured on the dummy cell shown on Fig. 21. The curve
(a) marked with squares - switch A OFF, potentiostat OFF. Curve (b) marked with



4 Results 39

triangles- switch A ON, potentiostat OFF. Curve (c) marked with circles- measurement
with switch A in position ON, potentiostat control ON.

Curve (a) present a measurement made with a circuit representing interfacial impedance
switched OFF. This provide an ideal case, where EIS of the circuit modeling the "metal-
polymer-metal" bridge is measured only. In case (b), the normal two-electrode
impedance between W, and W, is measured. Potentiostat is switched OFF, therefore no
compensation of cross-interface currents is performed. The impedance spectra
corresponds to the electrical circuit W;-A-W, and differ from (a). A reliable
measurement of the impedance of the polymer bridge over the gap between the bands of
twin electrode is not possible in this configuration. Case (c) occurs in experiments made
in a real electrochemical cell. The circuit representing interfacial impedance is switched
to ON but the cross-interface current is compensated by the potentiostat, which
establishes a constant potential between the pair of working electrodes and the reference
electrode. It can be seen, that curves (a) and (c¢) are almost identical. Thus, the
performed test measurements prove experimentally, that the used measurement setup

effectively prevents flowing of cross-interface currents.

4.2.2 Impedance spectra

As shown in the previous section, in situ EIS measurements, free of distortion due to
current flow through electrolyte, can be performed on twin electrode bridged with
polymer layer and can give information about the electrochemical properties of the
polymer. Impedance measurements on polymer layers in different oxidation levels were

carried out.

The twin-electrode was covered by polybithiophene layer by means of potentiostatical
electropolymerization at 0.8 V in monomer solution until the total charge of 800
mCem™ passed. The obtained twin-electrode, covered with polymer, was rinsed with
acetonitrile and transferred into an electrochemical cell with solution free of monomer.
By means of potential sweeps in range 0.3 V - 0.8 V the polymer layer could be reduced
and oxidized reversibly. The impedance spectra resulting from the series of EIS
measurements, performed for electrode potentials ranging from 0.36 V to 0.8 V are

shown in a complex plane diagram.
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Fig. 23 Series of impedance spectra in the complex plane as obtained during anodic
sweep in monomer-free solution in potential range from 0.36 to 0.6 V (a) and from 0.73

t0 0.8 V (b).
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The results can also be presented as Bode-plots, which allow better comparison of the

spectra measured for high and low potentials.

30000 0.36 V

(a)

0 i it Tl =
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2800 +

-500 AL SRR RELL LR WAL B O
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Fig. 24 Series of impedance spectra measured on a polybithiophene covered twin-
working electrode during anodic sweep in potential range from 0.36 to 0.8 V presented
as Bode-plots.

The values of the resistance between the bands of the twin electrode, extrapolated from
the low frequency region of impedance spectra, are presented versus the applied

electrode potential:
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Fig. 25 Resistance data, obtained from the impedance spectra (Fig. 24), measured
between the bands of the twin-electrode covered with polybithiophene layers at different
electrode potentials.

For the sake of comparison, the two twin- working electrodes were externally short
circuited and an impedance spectrum of the polymer-electrolyte interface was measured
using the conventional three-clectrode cell configuration. Fig. 26 shows the impedance
spectrum, as obtained with anodic polarization of 0.8 V, i.e., with the polymer in its

oxidized state.

Fig. 26 Impedance spectrum of the
UG WA twin-electrode, covered with

1 polybithiophene, measured at 0.8 V
with a conventional EIS technique with
the bands of the twin-electrode
connected externally.

—-Im(Z) /Ohm

150 4

500

' 350 '
Re(Z) / Ohm
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As shown in Chapter 3.2, the specific conductivity of polymer layer, deposited
on the twin electrode, can be determined by analyzing the dependence of the
conductivity between the bands of twin electrode on the charge used for polymerization.
The required conductivity data can be obtained from the low frequency parts of
impedance spectra, measured between the bands. Aiming to evaluate the
conductivity/polymerization charge dependence for a wide range of thicknesses, a series
of impedance measurements during a deposition of polymer layer was performed. With
this purpose a polished twin-working electrode was subjected to an anodic potential of
0.8 V in a bithiophene solution. The metal stripes were covered with polymer and the
growing polymer layer bridged the gap. The charge, Q, passed through the twin-
electrode was measured simultaneously by a current integrator and is presented in the
figure below.
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Fig. 27 Total charge, Q, passed through the cell during polymer deposition on the two
bands of the twin-electrode. EIS measurements were performed at 40 s intervals as
marked with the numbered points.

A series of 20 EIS measurements was performed at time intervals of 40 s after the
beginning of polymerization. The impedance spectra obtained are shown in a complex

plane diagram, Fig. 28a, and as Bode-plots, Fig. 28b and c.
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4000 Fig. 28 Series of impedance spectra in
(a) the complex plane (a), and as Bode
1 plots (b, c), as obtained between the
two twin-working electrodes during
polymerization at 0.8 V in monomer
solution. The measurements were
performed at 40 s intervals, and the
numbers correspond to the respective
points in Fig. 27.

—-Im(Z) /Ohm
3
s

3000

6000 —

10000
E 1
E (b)
8000
3 £ 4500
g =
S <
6000 2
~
_—
—_ 3 N 3000
[ 7 ~—
T 00] 4 g
5 3 T
5 |
E
E 1500
20003 7
1 8
1 10
0:—|2|Q..u..| 1y s 3 e e 0 - -, : I Esit
10" 1 10 10° 10° 10t 10! 1 10 102 103 104
Frequency / Hz Frequency / Hz

These results were used to extract data for the dependence of the polymer resistance on

polymerization charge as depicted in the picture below.
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Fig. 29 Resistance data, extracted from the low frequency region of the impedance
spectra, presented in Fig. 28.

4.2.3 Estimations of conductivity and thickness of the polymer layer

The resistance data, obtained from impedance measurements between the bands of the
twin electrode during electropolymerization, can be used for estimation of specific
resistance of the deposited polymer layer as shown in chapter 3.2. For this purpose the
resistance data from Fig. 29 has been converted into conductance and presented versus

logarithm of charge, used for deposition of the particular layer as follows:
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Fig. 30 (a) Conductivity data obtained from impedance spectra measured during the
electrodeposition of polybithiophene vs. logarithm of charge, used for deposition, (b) fit
of experimental data by egn. 13 using dimensions of the twin electrode as in Fig. 5 and
0=0.273 Sem™ k= 0.011 um mC™".

It can be seen, that at the beginning of deposition no linear dependence of G on
logarithmic charge is observed. That can be explained through an absence of an even
bridging of a gap between the bands of the twin-electrode by the growing polymer
layer. For thicker layers the conductance becomes linear dependent on the logarithm of
charge according to eqn. 13. Hence, the values of the specific conductance of polymer
layer ¢ and the thickness growth coefficient, k, related to I'em? electrode interface,
could be estimated as 0.27 S'cm™ and 0.011 um mC™' respectively. The thickness of the
layer deposited upon a polymerization charge of 800 mC'cm™ has been found to be 8.8

pm.
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4.3 The thickness dependence of the impedance spectra of
polybithiophene layers measured under galvanostatic condition

The electrochemical properties of conducting polymer layers are strongly dependent on
their structure. The analysis of impedance spectra for polymer layers of different
thickness in view of a particular physical model allows to prove or to refute the
structural deliberations, laying in its basis. If the impedance dependence on thickness,
predicted by the model (cf. chapter 3.1.2), take place, an estimation of the kinetic and
thermodynamic parameters, common for the layers of different thickness, becomes

possible.

As known from literature [32-36], the electrosynthesis of polybithiophen starts with
initial formation of a dense polymer layer on the electrode substrate, but thicker layers
have porous structure. Under the assumption, that the thermodynamic properties of
polybithiophen do not depend on the layer structure, a combined analysis of thin and
thick polymer layers is possible. Thereby, it was interesting to investigate very thin
polymer layers, for which the simplified model (chapter 3.1.2) can be used and then to
apply the evaluated parameters to analysis of thicker layers, for which the porosity has
to be considered in addition. The EIS spectra, required for such investigation, were
obtained using electrodes covered with both thin and thick polymer layers performing

the impedance measurements under galvanostatical conditions.

4.3.1 Measurement results

Two series of EIS measurements were performed during galvanostatic polymerization
of bithiophene. In the first one, the polymerization was curried out at relatively low
current density of 0.15 mA.cm™ in order to slow down the deposition rate and thus
allow impedance spectra measurements at early stages of polymer growth. The

recorded electrode potential vs. time dependence is shown in Fig. 31.
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Fig. 31 Potential vs. time curve, obtained during electropolymerization of bithiophene
at 0.15 mA'em™. Impedance spectra measured as marked with dots.

The potential of the working electrode increases abruptly to a value of about 0.79 V
and does not change considerably even wupon prolonged polymerization. The EIS
measurements were performed in 5 s intervals as marked in the figure. The obtained
impedance spectra are shown as Bode-plots in Fig. 32 a, b. and the 5th spectrum is

presented as a Nuquist plot in Fig. 32, c.
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In a second experiment the polymer layer was deposited at a higher rate with
current density of 2 mA'cm™. The EIS measurements were performed at intervals of 15
s. In order to avoid polymer deposition during the impedance measurements, the cell
current was switched to 0.0 mA'em™ for the duration of the perturbation pulses and
respective data transmission to computer. The impedance spectra obtained are shown
below as Bode plots. The total polymerization charge reached during this experiment

was 450 mC cm™.
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Fig. 33 A series of impedance spectra, measured during the polybithiophene layer
deposition by polymerization current of 2 mA'cm™. Solid lines represent the fit of the
experimental data using the Paasch et al. model.
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4.3.2 Data processing

The impedance spectra measured during polymerization at 0.15 mA'cm™ were analyzed
using the model of Ho et al. [48]. A second charge transfer resistance, R, has been
introduced to account for the polymerization reaction. The eqn. 6 thus can be rewritten

to give:

—1
1 1
Z H +iow C, +—J-S] +R eqn. 25
Zy+R, R,

where R is the oxidation/reduction charge transfer resistance, Cq4 is the double layer

capacitance, S is the surface area of the electrode and Rg is the serial resistance. CNLS
fitting of experimental data by use of eqn. 25 yielded the impedance spectra shown in
Fig. 32. The thickness of the polymer layer obtained after passing 30 mCcm™
polymerization charge was estimated to be 80 nm using the value for polymer density p
= 1.5 gem™, as reported by KoBmel et al [30]. The value of dE/dc = 299.9 V'em® (cf.
eqn. 5), determined from the fit of EIS data obtained for 30 mC-cm™ layer, was assumed
to be constant during polymerization and has been used further to estimate the polymer
layer thickness for different values of polymerization charge passed as shown in Fig.

34a.
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Fig. 34 Thickness of polymer layer and apparent diffusion constant, vs. polymerization
charge passed during the polymer deposition at current density 0.15 mA-cm™.

The estimated values for the apparent diffusion constant of counterions, D, are shown in
Fig. 34b. In the region, where the apparent diffusion constant becomes independent of
the layer thickness and therefore Ho et al. model is valid, the diffusion constant D was
determined as 1.8'10® cm? s, The values for Ry, Cai and R obtained from the fits are

presented in Fig. 35.
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Fig. 35 Charge transfer resistance of polymerization reaction (a), double layer
capacitance (b) and charge transfer resistance of oxidation/reduction of
polybithiophene layer (c) vs. polymerization charge passed during the polymer
deposition at current density of 0.15 mA‘cm™.

The treatment of the impedance data measured on polymer layers consecutively
deposited at a polymerization current of 2 mA”cm™ was performed using the simplified
model of Paasch et al (eqn. 9). The values of dE/dc, R and the diffusion constant of
counter ions D were assumed to be invariable and equal to the values estimated in the
experiment with thin polymer layers. The value of diffusion length 1 of the counter ions

could thus be evaluated from the fits as in Fig. 36a.



4 Results 55

The assumption of a constant R value allowed to estimate the effective interface of
polymer, accessible for electron transfer. The effective interface coefficients obtained

by fit of experimental data are shown on Fig. 36b.
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Fig. 36 Specific diffusion length (a) and effective interface coefficients vs.
polymerization charge passed during the polymer deposition by current 2 mA-cm™.
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The value of the effective diffusion length increases with the thickness of the polymer
and saturates for polymerization charges > 200 mC cm™ . Thus the region of validity of
the model of Paasch et al. could be determined (Q > 200 mC cm™) and the thickness of
polymer layer, the double layer capacity and the specific resistance could be evaluated,

applying this model to the experimental EIS data obtained.
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Fig. 37 The thickness of the polymer layer (a), double layer capacity (b) and sum of
ionic and electronic conductivities of polybithiophene layer (c) vs. polymerization
charge passed during the polymer deposition at current 2 mA cm™.
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4.4 Impedance investigation of conducting polymer layers considering
their inhomogeneity.

4.4.1 Model of an inhomogeneous porous electroactive layer

Experiments described in this thesis as well as data from the literature [9,25] show, that
electrodeposited polymer layers are porous and behave as a two-phase system. The
model of Paasch et al. is based on the assumption of macrohomogeneity of the polymer
layers and allows good description of their impedance spectra in the oxidized state.
However, the observed impedance spectra of polymers in reduced state, presented in the
complex plane, exhibit a slope between 50 and 70 degree in the lower frequency range
(cf. Fig. 15), which can not be descibed by the model of Paasch at al. One of the
possible reasons for such a behavior could be inhomogeneity of the polymer layer in the
direction perpendicular to the electrode interface. The analysis of the polymer layers of
different thickness also prove the reliability of this assumption. Thus, a model taking
into account both porosity and macroinhomogeneity was developed as an improvement

of the Paasch et al. model.

We consider a polymer layer with thickness d to be divided by cross-sections
with surface S into N sublayers, each with thickness Ad = d/N, as shown in the scheme

below.
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Fig. 38 Scheme presenting
the dividing of macroscopic
polymer layer into
elementary volumes and the
network consisting of chain
connected transmission
lines, describing the
electrical behavior of such
a system. l(x) is the
characteristic diffusion
length and S(x) the effective
interface of the elementary
volume with recession x
from electrode.
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The resulting polymer sublayers are assumed to be described by parameters.
functionally depending on the distance from the electrode. The total number of the
cross-sections has to be high enough, so that additional division does not effect the

value of input impedance considerably.

The electrical response of every layer is presented by a transmission line as proposed by
Paasch et al (cf. Fig. 9). It is assumed, that the polymer layers, which consist of polymer
and electrolyte, included in pores, are connected polymer to polymer and electrolyte to
electrolyte. Thus, the total impedance of such a structure corresponds to a cross-
contacted network of chain connected transmission lines. An important simplification
for the calculation of the total impedance of the considered equivalent circuit can be
reached, if the electronic or ionic conductances can be neglected, yelding an infinitely
conducting line on the corresponding side of the circuit (Fig. 10). The above made
assumption about the connection between the elementary layers as polymer-to-polymer
and electrolyte-to-electrolyte has a consequence, that the infinitely conducting line of
each element is connected to the infinitely conducting line of the next element. In this
case the measurements with cross-contacted and direct-contacted network give equal

total impedance and therefore the circuit shown in Fig. 38 can be rearranged as follows:

) L poo P 0w |
Sror-or—Sronor -~ S
BOICT BOILT Rl

i d/N ' | i . i X
0 d

Fig. 39 The equivalent circuit describing an inhomogeneous in the x-direction polymer
layer, where either electronic or ionic resistance can be neglected. Z, = oo for the case
of conventional impedance measurement and Z, = 0 for measurement of a layer,
contacted on the one side.

The terminating impedance Z; can be either infinite to describe the case of conventional
impedance measurement or zero to represent the impedance of electrode-polymer-
electrode or electrode-electrolyte-electrode connected polymer layer. An expression for
the impedance of such a network can be derived by technique, common in electronic

engineering.
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The required input impedance on the left gate of a homogenous transmission line
is determined by the terminating impedance on it right gate and the characteristics of the
line. Now, we have a chain of transmission lines with different parameters. The input
impedance of the first one Z;(1) is the required input impedance of the whole network.
Every elementary transmission line from left to right has as terminating impedance,
Z«(n), the input impedance of the next one, Zi(n+1), which is unknown. We know only
the impedance Z; terminating the last of them. Therefore the solution for the first input
impedance can be found by "transmission" of the terminating impedance at the end of

the network through all of the homogenous transmission lines.

It can be shown [6]], that a dependence of the input impedance Z; of a

homogenous transmission line of length Ad on the terminating impedance Z; is given by

1+Zt/ZO_1e—27Ad

eqn. 26
7-7 Z,]Z,+1
1— Zt/ZO _lenyAd
Z,Z,+1
Here, y = Z'O—, is commonly called the propagation coefficient and
Ho

Z,=4p'Z,, 1s denoted as characteristic impedance of the transmission line.

To simplify further treatment, it is expedient to introduce the so called reflection factor
on the beginning of the transmission line, 1;, and the terminating reflection factor on the
end of transmission line r:.

_Z,)Z,-1 Z,]Z,-1

7= 7= eqn. 27
' Z)Z,+1 " ZZ,+1

The eqn. 26 can be then rewritten as

Z =7, L+r e eqn. 28
i 1— Vt e—27Ad

Comparing eqn. 27 and eqn. 28 can be seen, that the input reflection factor is related to

the terminating reflection factor by the simple expression

r,=re eqn. 29
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Now we have to evaluate the terminating reflection factor of the nth line, through the
terminating reflection factor of the (n+17)th line. As mentioned above, Z(n)=Z;(n+1).
Thus, if we substitute the Z;j(n+1), expressed through the terminating reflection factor of

the (n+1)th line, as in eqn. 28, into eqn. 27 we get

(Zy(n+1)=Zy(m)+1,(n+ e "V (Z (n+ D) + Z () eqn. 30
(Zy(n+ 1)+ Zy(m)+ 1, (n+ e "VM(Zy (n+1) = Z, (n))

r(n)=

Now through consecutive calculating r(n) beginning from the last chain r(N) we can
evaluate the reflection factor for the first chain and therefore the required input
impedance of the whole network. The terminating reflection factor of the last chain,
r(N), can be directly calculated by substituting the value of terminating impedance Z;
into eqn. 27. As mentioned above, Z= oo and Z; = 0 are the cases interesting for
impedance measurements on conducting polymers. The terminating reflection factors

for the last chain are correspondingly 1;(N) =1 and 1 o(N) = -1

A close mathematical expression for the input impedance of the considered network can
be found for the case of small inhomogeneity over the distance Ad. In this case an
equality of the characteristic impedances Z, of the adjoining transmission lines can be

assumed. A substitution Z(n) = Zy(n+1) into eqn. 30 gives:
()= r,(n+ 1) 7D eqn. 31

The consecutive substitution of every ry(n+1) until end of the line gives the terminating
reflection factor of the first chain for the cases of the open-circuit and the case of the

short-circuit respectively as:

rL(D)= exp{i -2 7(”)Ad)} () =- exp{i -2 7/(n)Ad)} eqn. 32

n=0 n=0

Substitution of these reflection factors into eqn. 27 gives expressions for the input

impedance of the first chain for both cases
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1+ exp{ﬁ: —27/(n)Ad} l—exp[i —27(n)Ad}

Z., =27,00) ";" Z,=27,(0) ";0 egn. 33
1- exp{z —27/(n)Ad} 1+ exp[z —2;/(n)Ad}
n=0 n=0
This expressions can be rewritten using hyperbolic functions as
N N
Z, = ZO(O)coth{z —27/(n)Ad} Z., =27,(0) tanh{z —Zy(n)Ad} eqn. 34
n=0 n=0

It can be seen, that this expressions go over into the well known expressions for the
impedance of the homogeneous transmission line (cf. eqn. 9) if all the y(n) are equal.
The ability of this approximate solution to describe the behavior of real conducting

polymer layers will be discussed further in this work.

The proposed mathematical solution can correctly describe a network with any
arbitrarily set parameters for all sublayers. However, for a physically relevant model of
conducting polymer layers, only smooth dependence of the parameters on the distance
to the electrode can be considered. Using a function describing the expected
dependence and fitting its parameters instead of the parameters of each sublayer can
greatly improve the efficiency of the fitting procedure. The choice of such function can
be different for every special case. A function, further refered as inhomogeneity
function, can be used to describe the uniform decrease of sublayer parameters with the

distance from electrode.

_ =1

P(x)=p, Tl eqn. 35

Here x is the distance from the electrode and d the thickness of the polymer layer. The
parameter value change from po (scale factor) to zero over the interval d. The product
k'd can be treated as a form factor, which controls the decrease of the parameter. Its
change from -oo to oo causes the change of the parameter dependence on the distance as

shown in Fig. 40.
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Fig. 40 Parameter dependence on distance x from the electrode as described by the
inhomogeneity function for different values of the form factor. Values of pp=1 and d=10
were used to simulate p(x) using eqn. 35

It should be mentioned, that performing numerical calculations of reflection factor for a
value of parameter equal to zero is unreasonable and hence the calculation for the Nth
layer was not carried out. The practical consequence of this approach is the absence of

inhomogeneity for parameters having a form factor <-1000.

4.4.2 Experimental results and validation of the model

The model described above was applied to impedance spectra measured on
polybithiophe layers in different oxidation state, aiming to investigate the character of
their inhomogeneity. The impedance measurements were performed in steady state
conditions on polybithiophene layers, electrodeposited by total charge flow of 80
mCem?, in an electrolyte solution, free from monomer. The resulting impedance

spectra are presented below as Bode plots.
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Fig. 41 A series of impedance spectra of polybithiophene layer at different potentials in
steady state (a) real part, (b) imaginary part vs. frequency. Solid lines corresponds to
CNLS-fit of experimental data by use of eqn. 30 with N=50

The critical number of cross-sections needed to provide the condition, mentioned above,
that the simulated impedance spectra should not further change with increasing N, must
be estimated experimentally for every particular set of parameters. In general, the strong
inhomogeneity necessitates a large number of cross-sections. In our case this conditions
was fulfilled by N = 50 even for cases of strong inhomogeneity. As can be seen in Fig.
42 below, the difference between the spectra calculated with N more than 20 becomes
negligibly small for the set of parameters describing the layer of a reduced polymer,

where the inhomogeneity of the resistance reaches its maximal value.
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Fig. 42 Impedance spectra simulated by use of eqn. 30 for different numbers of cross-
sections, N. The set of parameters, optimized to describe the experimental spectra

.
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measured by 0.5 V has been used for the simulation.

Using the approximate solution for the impedance of inhomogeneous polymer layer,

given by eqn. 34, could considerably simplify the numerical optimization, carried out to

fit the experimental data. However, the justification for use of this equation is based on

the assumption of small inhomogeneity over the length of one elementary section and is

dependent on the particular set of parameters. A comparison of impedance spectra

simulated with both the strict (eqn. 30) and approximate (eqn. 34) solution using same

parameters calculated from the experemental data is shown in Fig. 43.
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Fig. 43 Simulated impedance spectra using the parameters, optimized to fit to
experimental data measured at electrode potential 0.9, 0.65 and 0.5 V. Lines -
simulation by use of the approximate solution (eqn. 8) and markers - simulation by use
of strict solution (eqn.5)

The set of parameters were optimized to describe the experimental data at different
electrode potentials by use of the strict solution (eqn. 30). The obtained set of
parameters was then used to compute the spectra by the approximate solution (eqn. 34).
It can be seen, that the obtained spectra are in a good agreement with the exact
calculated spectra only in the case of well oxidized polymer (0.9 V), where the
inhomogeneity, required to describe the experimental data, is small. Therefore, the
analysis of the experimental data was further performed by use of the strict solution for

the impedance at all electrode potentials.
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The number of the parameters to be optimized could be reduced by use of the values for
dE/dc, D and R, estimated in 4.3.2 for thin polymer layers, which can be considered as
non porous and homogeneous. These values were used as fixed parameters to fit the
impedance spectrum measured on oxidized layer (0.9 V) and allowed evaluation of the
polymer layer thickness as well as of the scale factors for the effective surface

coefficient fj and characteristic diffusion length /, by fixed form factors kqd and k,d.

The inhomogeneity of / and f parameters is characteristic for the structure of any
particular polymer layer and therefore should be independent on the potential. This
consideration allows to reduce the number of optimized parameters by assuming
constant values for the form factors for / and f for all oxidation levels. The
inhomogeneity functions satisfying this criterion were estimated by fit of series of
experimental impedance spectra, as shown in Fig. 41. The curves representing the
dependence of the specific diffusion length / and efective surface coefficient f on the

distance from electrode are presented below.
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Fig. 44 Inhomogeneity profiles of characteristic diffusion length | (a) and effective
surface coefficient f (b), which allow good fits of impedance spectra of polybithiophene
layers for all oxidation potentials.

In contrast to the structural parameters / and f, the inhomogeneity of the specific
conductivity can increase during prolonged reduction due to slow relaxation processes
in polymer. Thus, the form factor of this parameter was set free in the fit of the
experimental impedance spectra at different potentials. The resulting inhomogeneity

profiles are shown in Fig. 45
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Fig. 45 Inhomogeneity profiles of the specific conductivity of polybithiophene layer at

different electrode potentials.

The double layer capacity and charge transfer resistance, related to the effective

interface of polymer, are presented in Fig. 46a and 46b, respectively. The change of

dE/dc with electrode potential can be seen in Fig. 46c.

B

Fig. 46 Charge transfer
resistance, R, (a), double
layer capacity, Cq, (b) and
dE/dc (c), evaluated by fit
of series of impedance
spectra, measured at
different potentials, using
eqn. 30.
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The form factor of the inhomogeneity function of the resistance was found to change
much more significantly with the reduction of polymer then the scale factor, in this case
the resistance of the first layer. Thus, aiming to improve the efficiency of the fitting
procedure, the resistance of the first layer was assumed to be constant during the first
stages of reduction and was fixed at 2.4'10° Ohm'em™. The apparent specific resistance
of the whole layer, estimated by integration of the inhomogeneous resistance and
dividing by layer thickness, is shown in Fig. 47a vs. electrode potential. The apparent

diffusion constant of dopant in the polymer particles is presented in Fig. 47b.

Fig. 47 Apparent specific
] :
resistance of the polymer
layer, p, (a), and the
apparent diffusion
coefficients of the dopant
ions, D, (b), vs. applied
electrode potential
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5 Discussion

5.1 The contribution of faradaic currents in the oxidation/reduction of
polybithiophene and polypyrrole during cyclic voltammetry
experements.

The combined analysis of CVs and impedance spectra, performed by Tanguy et al
[9,25], has demonstrated the ability to distinguish between different processes,
determining the redox behavior of conducting polymers. Their results are based on
impedance measurements, performed in steady state. The results of our measurements
have shown, however, that the impedance spectra are dependent not only on potential
but also on time, due to the slow relaxation processes observed during oxidation and
reduction. Thus, scan rate dependence should be expected in cyclic voltammetry
measurements. The application of FFT-impedance spectroscopy allows impedance
measurements during the potential sweep, so the measured impedance spectra

correspond to the actual state of polymer layer and can be used for simulation of CVs.

Several recent reports have dealt with interpretation of the impedance spectra of
polymer films deposited on metal electrodes [6,27,liv,62-66]. Some authors [6,62,63]
apply the model of Ho et al. [48], assuming that at high frequencies charge transfer
dominates, leading to a semicircle in the complex impedance diagram, at intermediate
frequencies the diffusion of ions determines the impedance leading to a Warburg-type
behavior and at low frequencies to a highly capacitive behavior, due to the finite
thickness of the polymer layer. Others [27,liv,64-66] have applied a transmission line

model to take account for the porosity of the polymer layer.

The high frequency impedance behavior of an electrochemical cell does not influence
its current-voltage characteristic at moderate scan rates and in the case of slow CVs,
only the low frequency range must be considered. Thus, a simple equivalent circuit,
represented by a resistor, R, and a series capacitor, C, can be justified experimentally by
the observed vertical segment in the impedance spectra of oxidized polymer electrodes

- cf. Fig. 15 and Fig. 16. This simplification results also from the model of Ho et al (see
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eqn. 7) and the transmission line based model of Paasch et al (eqn. 10). Here, the
quantities R and C have been only used for prediction of CVs using the results obtained
from in situ EIS measurements on PPy and PBt covered electrodes. The actual physical
parameters included in this apparent impedance elements have been analyzed by fit of
the impedance spectra in the entire accessible frequency range and will be discussed in

following sections.

The important question how to distinguish between faradaic and capacitive processes
during a potential sweep experiment has been repeatedly discussed in the literature [21,
70-69]. Most of the authors emphasize the inseparability of the faradaic and the
capacitive current components by electrical measurements. However, the definition of
the notion "capacitive" is often not well determined, which additionally complicates the
discussion. In this work the capacitive part of the current is defined formally as one of a
serial capacitor as revealed from the impedance spectra. The actual meaning of C can be
derived only from a physical model, for instance the one proposed by Ho et al (eqn. 7).
With regard to this model, by subtraction of the current resulting from this capacity we
actually exclude processes connected with the establishment of a chemical equilibrium
between different redox species of conducting polymer and the recharge of the double
layer. The remaining current, referred further on as faradaic current, can be due to
overoxidation of polymer, solid state polymerization or reducing of some species,

present in the electrolyte in small amount.

5.1.1 Polybithiophene.

The impedance spectra measured in situ for PBt covered electrode can be, to a good
approximation, described by the assumed series connection of R and C in the potential
ranges 0.6 V to 1.0 V in the anodic sweep and 1.0 V to 0.3 V in the cathodic sweep - cf.
Fig. 15. The slope of the low frequency spectra segments is between 75° and 85° which
supports the suggested simple equivalent circuit, applied for low frequencies. The
impedance spectra obtained during an anodic sweep in the potential range 0.3 - 0.5 V
can not be approximated by an R-C circuit. The analysis of such spectra can only be
correctly performed taking into account the inhomogeneity of a polymer layer, as

discussed in chapter 5.4. For the purpose of simulating CVs, however, the exact
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determination of R and C in this region of potentials is not a matter of concern. The
current in this potential range is low and hardly measurable, therefore no reliable

comparison with the experimental data can be performed anyway.

As shown in Fig. 17, R changes significantly with the onset of oxidation during the
anodic sweep, however, it changes only little during the cathodic sweep, even at
reductive potentials. Similarly, the build-up of C can not be completed during the
anodic sweep and continues to increase further during the reverse sweep, until the
reduction becomes dominant at lower potentials (cf. Fig. 17). Such an effect has been
observed even for steady state impedance measurements by Tanguy et al. [25]. They
ascribe this phenomenon to a profound structural change of the polymer during
oxidation. According to Heinze et al. [70] such structural relaxation processes should
accompany the oxidation and reduction of conjugated materials, such as PPy and
polythiophene. The delayed increase of the capacitance depends further on the sweep
rate and this underlines once more the necessity of in situ impedance measurements
during potential sweeps for the purpose of simulating cyclic voltammograms.
According to eqn. 24, usually applied for calculation of the capacitive current during a
potential sweep, it should be expected that the most significant capacitive effects on the
current-voltage characteristics of a polymer film occur in the potential range where the
capacitance has its highest values. A curve calculated using eqn. 24 is presented in Fig.
19b for comparison. However, as can be seen from the more general eqn. 23, the
capacitive current should strongly depend on the derivative dC/dU and not only on the
value of C(U). In cases where the capacitance of the sample significantly changes with
the electrode potential (cf. Fig. 17), the capacitive part of the current can not be
calculated using the simple eqn. 23. At a first look, the numerically computed capacitive
current as depicted in Fig. 19a, seems to have a very strange potential dependence. High
capacitive current flows at the onset of the oxidation of the polymer, an effect that is
related to the increase of the sample capacitance in this potential range. It seems that the
main contribution to the total current flow during the first stages of the oxidation and
reduction is of capacitive nature as can be seen from the comparison of curves (a) and
(c) in Fig. 17. At higher anodic potentials, 0.6 - 0.8 V, the capacitive current decreases,

approaching [,=C(U)v, because the capacitance of the polymer does not change
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significantly in the range 0.9 - 1.0 V (cf. Fig. 17). After the sweep reversal, however,
the capacitive current cannot approach the values predicted by eqn. 23, because of the
further increase of the capacitance during the first half of the sweep, but remains low

and even decreases further.

5.1.2 Polypyrrole.

EIS measurements of PPy covered electrodes were performed in situ in the potential
range -0.4 V to 0.7 V in which the obtained impedance spectra can be described by the
assumed series connection of R and C for low frequencies. The potential dependence of
C and R is less pronounced, as compared with the PBt results and the capacitive current
calculated from eqn. 23 shows a similar pattern as the curve obtained by using eqn. 24
instead, as can be seen in Fig.6. The faradaic current, obtained by subtraction of the
calculated capacitive part, exhibits evidently different behavior in the two potential
regions. It remains constant in the area under 0.4 V and begins to increase significantly
above this potential. The current in the first potential region could be accounted for the
solid state polymerization, which is imaginable to be connected with significant spatial
difficulties and therefore not limited by the charge transfer (and potential). The faradaic
current has an onset at 0.4 V and can either result from oxidation of some species

present in the electrolyte or from overoxidation of the polymer.

5.2 Contribution of electronic and ionic resistance to the resistive
hindrance of the recharge processes of polybithiophene

The impedance measurements with the twin electrode, presented in Fig. 12, were
performed aiming to obtain the value of electronic conductivity of polymer layer
independent on its ionic conductivity. The measurements, performed during anodic
potential sweep in monomer-free electrolyte enabled the determination of the polymer
layer impedance for different stages of oxidation. It was observed (cf. Fig. 23), that
even in its highly conductive state the polymer layer exhibits complex impedance
behavior. The impedance has however no imaginary components in the frequency range

below 10 Hz and presents therefore pure electronic resistance of polymer. As it could be
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expected, it decreases strongly during the process of oxidation, exhibiting a change of

more than two orders of magnitude, as can be seen in Fig. 25.

The impedance spectrum shown in Fig. 26, obtained in a conventional three-electrode
EIS measurement is typical for conducting polymers in the oxidized state and is well
known from literature. The measurement was performed on the same sample and with
no changes in electrochemical cell configuration, except that the two twin-working
electrodes were externally connected with a wire. It can be seen that the extreme
capacitive and blocking behavior of the polymer/electrolyte interface determines almost
entirely the impedance spectrum of the sample. The influence of the polymer resistance
can be seen on a slightly depressed character of the semicircle in the high frequency
range, but is hardly to determine quantitatively. The measurements performed with a
twin-working electrode allows, on the contrary, an exact evaluation of the electronic
conductivity of polymer along with the information about the processes on the polymer

interface.

During polymerization at a controlled anodic potential, the polybithiophene
layer grows in its oxidized and conducting state [7/,72]. The total electric charge passed
through the cell is related to the number of monomer units oxidized and deposited as
polymer layer on the electrodes and to the charge used in the process of the polymer
oxidation. Thus, although indirectly, the curve presented in Fig. 27 characterizes the
formation of an oxidized polymer layer during polymerization. The growth rate
evidently increases with time due to the polymer layer porosity and the increase in

active surface area.

In situ EIS measurements between the bands of the twin electrode has been performed
during polymerization as marked with the numbered points. It can be seen from the
obtained impedance spectra (cf. Fig. 28) that the gap of the twin- working electrode was
already bridged with polymer before the first impedance spectrum has been measured,
i.e. in less than 40 s polymerization time. A complete interpretation of the obtained
impedance spectra can be given using an approach described in the chapter 4.4.1. and
the knowledge of the field distribution between the bands of the twin-electrode.
However, such a distribution for the case of the inhomogenous polymer layer is rather

complicated and still remain a problem to be solved.
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Some general features of the impedance spectra are evident, though. The Ohmic
behavior for low frequencies, as seen in Fig. 28, can be attributed to electronic
conduction through the polymer aggregates. Low frequency resistance data, obtained
from Fig. 28b, are compiled in Fig. 29 to represent the dependence of the d.c. resistance
on the polymerization time. Evaluation of specific resistance values, however, depends
on particular electrode configuration. Model calculations, based on the electric field
distribution between the two metal stripes of the twin-working electrode, were
performed to gain insight into the dependence of the specific conductance between the
bands of the twin electrode on the layer thickness. The assumption of a linear
dependence of the layer thickness on the total charge used for polymerization had to be
used to evaluate the values of the specific conductivity and thickness of the layer. The
value of the specific electronic conductivity of the polymer has been found to be much
higher as the conductivity determined from conventional impedance measurements,
where ionic resistance has a significant effect. The analysis of the inhomogeneity of
even much thinner polymer layers, presented in chapter 4.4.2, let imagine, however, that
the assumption of the homogenous polymer layer, used in the the calculation of the
specific resistance, does not satisfactorily match the real polymer structure. A field
calculation taking into account the inhomogeneity of the polymer layer can be proposed

as further step in the development of this investigation method.

5.3 Evaluation of kinetic relevant parameters of conducting polymers
by analysis of layers with different thickness.

The formation of conducting polymer layers during the electropolymerization has been
intensively investigated in the last years [14,32-38]. However, the potentiostatic
measurements, commonly used for this purpose, do not allow to observe closely the first
stages of the layer growth, due to the nonlinear dependence of the formation rate on
potential at the onset of deposition. Thus, impedance measurements were performed
during galvanostatic polymerization of bithiophene at low enough current density of
0.15 mA'cm™. The absence of distortions of the potential response, due to changes in
the polymer layer during the EIS- measurement were checked by analysis of obtained

power spectra using an approach, described in [I]. Separation of two stages of layer
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growth was possible in the time scale of the polymerization experiment using this

current density, as obtained data have shown.

The use of the Macdonald's CNLS program for fitting the experimental data allowed
comprehensive analysis of the fit quality. The relative standard deviations of parameters
supplied by the optimization program are representative for the goodness of the entir fit
as well as for the influence of each parameter on the function value. All of the above
presented parameters had average relative standard deviations bellow 10%, whereas a
random distribution of the deviations for each frequency point has been detected. This is
a confirmation for a correct separation of parameters during the fit of the particular
experimental data by the used model. The comparison of the fit curves in Nuquist and
Bode presentation with the experimental data also verifies the reliable choice of fitting

functions.

The application of the model of Ho et al. was performed, assuming thin polymer layers
nonporous and homogeneous. However, the apparent diffusion constant of the
counterions depends on the film thickness at the initial stages of polymerization (Fig.
34b), what can correspond to 3-D growth of polymer nuclei rather than existence of
homogenous polymer film, assumed by the model. For polymerization charge > 20
mCcem™, the apparent diffusion constant becomes practically invariable and so the
requirements for the use of Ho et al. model become fulfilled. That can be a consequence
of a crossover to 2-D growth with a formation of homogenous polymer layer. The
estimated diffusion constant for this region amounts to 1.8 10® s - cm” . The charge
transfer resistance (Fig. 34a) does not change significantly during the polymerization,
indicating a constancy of the interface available for oxidation/reduction reaction of the
polymer. The exchange current density corresponding to the R value of the thickest
film was estimated to be 4 mA'cm™ . The capacitance of the double layer obtained from
the fits increases linearly with the film growth (Fig. 35b). This result shows, that the
inner regions of polymer film are possibly also involved in the formation of double
layer. The approximation of the obtained linear dependence to 0 polymerization charge,
where the interface can be assumed equal to the geometrical, yields for the specific

double layer capacitance the value of 2.4 pF cm™.
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Increasing of the electrode interface covered with polymer or a lower activation energy
for electron transfer from the monomer result in a decrease of the charge transfer
resistance during the first stages of film growth (Fig. 35¢). The latter can be due to the
fact that the already deposited film is better substrate for polymer precipitation than
Platinum. After a formation of a compact polymer layer the charge transfer resistance

becomes nearly constant.

The use of the impedance equations proposed by Ho et al. and Paasch et al. in
the form, including the structure independent layer parameter dE/dc, allows to perform
a combined analysis of both thin and thick polymer layers. Independence of this
parameter on the layer thickness requires only constancy of the polymer density inside
of elementary polymer aggregates during the polymer growth. Such an assumption can
be justified in view of the results of the polymer density measurements made by

flotation method [73].

During the first stages of polymerization the characteristic diffusion length,
resulting from fit of experimental data (Fig. 36a), changes with the film thickness,
which does not prove the assumptions made in the model of Paasch et al. After
deposition of polymer of up to 180 mC cm™ polymerization charge the characteristic
diffusion length becomes constant. Similar behavior was reported by Tanguy et al. for
methylthiophene [9]. The estimated value for the characteristic diffusion length (300
nm) let us conclude, that fibriles of polymer, for which similar dimensions are estimated
by SEM measurements [74], are the regions where diffusion becomes the limiting step

of charge transfer.

The effective surface coefficient increases with layer thickness until the
polymerisation charge reaches the value of 250 mC'em™ . The growth of the interface
due to deposition of more polymer becomes then compensated by blocking of already
accessable interface. This effect should result in macroinhomogeneities, that should be
taken into account in the analysis of thicker polymer layers. The possible model

approach for this case is discussed in the next chapter.

The estimated maximal effective surface is 4.7 times larger then the geometric
surface of electrode. This value is much smaller than values estimated by adsorption

experiments [75]. The observed difference could be explained by the assumption, that
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organic molecules can adsorb inside of the polymer conducting areas whereas the
electron transfer can occur only on their interface. The volume occupied by polymer
aggregates can be estimated by multiplication of the effective interface and
characteristic diffusion length. This volume amounts to 0.7 times the value of
geometrical volume of the film, calculated from film thickness obtained by the fit (Fig.
37a) and can serve as a characteristic for porosity of the polymer layer. The
dependence of the double layer capacity on the polymerization charge (Fig. 37b) is
nearly linear and similar to one, estimated for thin polymer films. The value of the
estimated conductivity of polymer layer (Fig. 37¢c), is between 0.5 and 2°10°S "em™.
This value is much smaller than the values of the electronic conductance characteristic
for polybithiophene and can be accounted for ionic conductance of the polymer layer.
However, the effect of the inhomogeneity was not considered in the calculation of this
value, and it should be thus interpreted as an average through the entire film thickness.

Its growth can therefore be interpreted as a sign for growing porosity of the film.

5.4 Influence of inhomogeneity on the electrochemical behavior of
conducting polymer layers.

Many authors [25,64 -80] have pointed out the necessity of accounting the
inhomogeneity effects by analysis of the impedance spectra of conducting polymers.
However, only approximate models, like one with constant phase elements (CPE)
[Ix,81] or with diffusion hindrance, calculated with different from 1/2 value of a
[78,79], not allowing quantitativ characterization of inhomogeneity, were proposed up
to date. The application of the approach of reflection factors, common in electronic
ingineering, allowed to simplify the mathematical treatment considerably and to
evaluate an exact solution for inhomogeneous transmission line, which takes into

account the dependence of all parameters on the distance from the electrode.

The proposed solution is valid only for cases, for which either the ionic or the electronic
resistance is negligible. This condition is fulfilled for the electrodeposited layers of
polybithiophene, as can be seen comparing impedance spectra measured on the blank Pt
electrode and on the same electrode after the deposition of a polymer layer. The real

part of the impedance high frequency limit does not change after the polymer deposition
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and therefore represent only the resistance between the tip of the Luggin capillary tube
and the polymere interface, not including the resistance of the polymer. Test
calculations using the expression for the impedance of a transmission line under
consideration of both ionic and electronic resistances [27], having comparable values,
show however, that the real part of the impedance of such system does not become zero
at high frequencies end and therefore should contribute to the entire high frequency
resistance. The absence of such contribution justifies the assumed simplification at

least for the case of slightly reduced polymer layers, analyzed in this work.

The choice of a function to describe, how particular parameters depend on the distance
from electrode should be made in accordance to the expected character of
inhomogeneity. For the case of galvanostatically deposited polybithiophene, the ESM
images [30] show a macroscopic structure consisting of conic agglomerates with the
base on the electrode and the tip directed into the electrolyte solution, as shown in Fig.
38 in diagram form. The specific effective surface, characteristic diffusion length and
specific conductivity should therefore decrease with the distance from the electrode and
become zero at the distance equal to the layer thickness. The proposed inhomogeneity
function (eqn. 35) exhibits the required behavior over the distance range from x =0 to
x =d. Its form undergoes a wide range of possible alterations by change of only two
parameters, having a physical meaning as the scale factor (the value of the function at
x=0) and the form factor, controlling the character of decreasing, as in Fig. 40. The use
of this function allowed good description of experimental data, as can be seen in Fig.

41.

The number of cross-sections, N, required to provide a quasi-infinite dividing of
polymer layer has been estimated as 50 for the case of polybithiophene in slightly
reduced state, cf. Fig. 42. The computing time for optimization of parameters describing
the impedance spectra are direct proportional to the number of the layers but remain still
acceptable for N = 50, when using an optimized for speed CNLS fitting program
(LEVM) on the IBM RISC 6000 workstation.

It has been found that the possible simplification of calculations using approximate
solution (eqn. 34) is unusable for fitting the impedance spectra for inhomogeneities,

taking place in reduced polybithiophene layers (cf. Fig. 43). It should be mentioned,
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that some approximate expressions for the impedance of inhomogeneous conducting
polymers, described in the literature [76,79], are based on similar assumptions of low
inhomogeneity and so their applicability to polymer layers, prepared by common
electrodeposition techniques are questionable and should be carefully considered in

view of the results obtained using the exact solution.

The proposed mathematical model can correctly describe an inhomogeneous system
with all parameters depending on the distance. However, the number of parameters,
which can be considered to be inhomogeneous in a polymer layer, is restricted by the
applied physical model. For instance, if the effective surface coefficient f'is considered
inhomogencous, the interface related parameters, such as specific capacitance Cg and
charge transfer resistance R have to be independent on the distance from the electrode.
Analogous, the apparent diffusion coefficient D and the thermodynamic parameter
dE/dc have to be independent on distance in case of an assumption of inhomogeneous
characteristic diffusion length /. Hence, only the inhomogeneities of the effective
interface coefficient f, the characteristic diffusion length / and the specific polymer

resistance p have to be analyzed.

The inhomogeneity profiles of the specific effective interface coefficient and the
characteristic diffusion length, which allow good fit of the experimental data at all
electrode potentials, are presented in Fig. 44. The observed character of the distance
dependencies are in a good aggreement with the assumed granular macrostructure of the
polymer layer. The decrease of the characteristic diffusion length is followed by slower
decrease of the specific effective surface. The possible interpretation of this
phenomenon is that polymer agglomerates become smaller with the increasing distance
from the electrode and simultaneously diminish its volume fraction, which results the

corresponding reducing of the specific interface as the summary effect.

The nature of the resistance, determining the charge/discharge kinetics of the polymer
layer, is still not well understood. However, the character of the dependence of this
resistance on the distance to electrode (Fig. 45) let assume, that the electronic resistance
of polymer agglomerates is the reason for distribution of relaxation times. As can be
expected, increasing with the distance porosity and decreasing volume fraction of

polymer agglomerates yield increasing resistance of the layer. If the ionic resistance



5 Discussion 82

would be the reason for the distribution, it should be decreasing with the distance from

the electrode.

The charge transfer resistance of polybithiophene, evaluated from the fit, almost
linearly decreases with the electrode potential in the range between 0.9- 0.45 V, as in
Fig. 46a. The potential dependence of this quantity is evidently non Nernstian, which
indicates the presence of a complex electrochemical equilibrium on the interface of
polybithiophene. The potential dependence of the partial derivative (dE/dc)g, denoted in
Fig. 46c¢, is non Nernstian either, in accordance with the results of coulometric
investigations reported in [82,83]. Accounting of the Donnan equilibrium and the
interaction between the ions, incorporated into polymer matrix, could possibly allow to

describe the observed potential dependence.

The double layer capacity decreases slightly with the potential (Fig. 46b). The decrease
of the concentration of doping ions on the interface with reducing the polymer could be
the possible reason for this effect. The apparent diffusion coefficient D also exhibits a
slight decrease with the electrode potential, as in Fig. 47b. This fact confirms the
observed by many authors [37,38] decrease of the volume of the polymer during
reduction, which respectively yields more compact polymer agglomerates in reduced

state.
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6 Conclusion

In this work the processes involved in recharge of conducting polymers have been
investigated by means of various electrical measurement techniques. Conventional
methods (cyclic voltammetry, coulometry, potentiometry, potential and current pulse,
EIS), EIS on twin electrode and EIS under galvanostatical conditions were applied. The
two latter investigation methods were developed in our working group and their

application and analysis were performed for the first time during this work.

Two recently published models, connecting the kinetic and thermodynamic parameters
relevant to the recharge processes of the polymer layer with its electrical properties,
have been used to analyze the experimental data and their applicability for different

kind of polymer layers has been discussed.

To account for the inhomogeneity of thick polymer layers, which has been established
in some cases, the model of Paasch has been generalized using an approach of an
inhomogenous transmission line and was applied to analyze the impedance spectra of

polymer layers at different oxidation potentials.

e The impedance measurements during the cyclic recharging of polybithiophene and
polypyrrole layers show considerable hysteresis in the potential dependence of the
pseudocapacity and the resistance. The comparison of calculated CVs with
experimentally measured ones allowed the estimation of the faradaic current for high
anodic potentials, which was ascribed for solid state polymerisation and/or

overoxidation of polymer.

e In order to estimate the electronic resistance of the polymer separately, impedance
measurements on a polymer layer, contacted only on the polymer side, have been
carried out. Using an analytical solution for the electrical field in the used
twin-electrode configuration, specific electronic conductivity and thickness of the layer

could be estimated.

e An analysis of the impedance spectra obtained during the first stages of

polybithiophene deposition allowed to observe a transition from a granular 3-D to the
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2-D growth of the polymer film. An application of the Ho et al. model for layers of
intermediate thickness, prepared at low current densities, could be justified. Polymer
layers produced by higher current density has been found to be porous and therefore
well matching the considerations of the 2-phase model proposed by Paasch at el. A
combined analysis of thick and thin polymer layers assuming the constancy of their
thermodynamic properties allowed to estimate the effective interface and the average
dimensions of the polymer agglomerates. An increasing inhomogeneity has been

observed for polymer layers with growing thickness.

e A model has been developed in order to describe macroinhomogenous polymer
layers. The assumption of the polymer as a 2-phase medium with structural parameters,
differing in the direction perpendicular to the electrode interface, has been realized
using the approach of an inhomogeneous transmission line. Good correspondence of the
proposed model to the impedance spectra of polybithiophen, measured at different
electrode potentials, has been observed. CNLS fit of experimental data with the model
function allowed to estimate thermodynamic and kinetic parameters of the polymer,

along with the information about the structure of polymer layer.
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