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In this study it has been shown that the 4-dimensional analysis method, originally proposed by Stoynov, can not
only be used for the correction of existing (experimentally measured) impedance data, but it also opens up the
possibility of the estimation of impedance spectra outside the time interval of the measurements. As an illustrative
example the method is applied for the determination of the charge transfer resistance of a polymer modified electrode
corresponding to the time instant just after overoxidation of the poly(3,4-ethylenedioxytiophene) (PEDOT) film.
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INTRODUCTION

The single sine excitation method is by far the
most commonly used technique for measuring
impedance in electrochemical systems. In a single
sine excitation measurement, the excitation signal
is time-invariant and deterministic. When this
method is employed the system under
investigation is sequentially excited by applying
small sinusoidal waves of a quantity, such as
current or voltage. This is done within a given
frequency range (e.g. from some mHz to some
MHz). If the condition of linearity is fulfilled, the
response of the system is an alternating voltage or
current signal with the same frequency as that of
the input signal. The frequency dependence of the
response can be attributed to specific processes
occurring either at the interfaces (electrodes) or
inside the phases in contact. The impedance at a
given frequency is the complex ratio of the Fourier
transforms of the voltage and the current signals
(sinusoids of the same frequency). A frequency
spectrum can be obtained by sweeping the
excitation frequency. Unfortunately single sine
impedance spectroscopy measurements suffer
from increasing time consumption if the frequency
range is extended toward lower frequencies. When
data recording occurs at low frequencies a
complete measurement sequence can take
significant time (at least several minutes).
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However, many electrochemical systems are
intrinsically nonstationary and are affected by
time-dependent phenomena. According to the
usual interpretation of the concept of impedance,
impedance is not defined as time-dependent and,
therefore, there should not exist impedance out of
stationary conditions. On the other hand, it is
possible to show that under some suitable
conditions time dependence can be conciliated
into the concept of impedance.

Stoynov pointed out that there are two general
cases in the impedance measurements related to
the non-stationary errors [1]:

(i) measurements in a stationary system under
non-steady state conditions;

(ii) investigation of non-stationary systems.

The error of the first type increases sharply
with decrease of the frequency (see ref. [2]). In the
second case, an additional error appears, related to
the measurement delay due to the classical
“frequency by frequency” mode of impedance
measurements.

Different methods to deal with a non-stationary
behavior can be found in literature. Stoynov
proposed a method of determining instantaneous
impedance diagrams for non-stationary systems
based on a four-dimensional approach [1, 3].
Darowicki et al. developed a dynamic EIS method
to trace the dynamics of the degradation process
by the calculation of an instantaneous impedance
[4]. The possibility to analyze non-stationary
impedance spectra by employing standard
equivalent circuits was discussed in [5]. In [6] a
procedure was proposed to quantify and correct
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for the time-evolution by means of the calculation
of an instantaneous impedance. (The instantaneous
impedance is defined as an instantaneous
projection of the non-stationary state of the system
into the frequency domain [1].)

The method of Stoynov (the 4-dimensional
analysis) provides for correction of the systematic
errors arising during the measurements of time-
evolving impedance, i.e. when the consecutive
impedance measurements are performed at
different system states, but each of the measured
impedance values can be accepted as “valid” in
the classical sense. In this case the measured data
are corrupted by typical errors caused by the
system evolution during the experiment [7]. (If the
problem is related to the mathematical basis of the
transfer function analysis [2, 8], the so called
rotating Fourier transform can be used [7, 9].)

As discussed before, the four-dimensional
analysis method is based on the assumption for the
continuum of the object’s state and parameters
space. It requires a number of impedance spectra
recorded subsequently at the same set of
frequencies. Every measured data at a given
frequency should additionally contain the time of
measurement. Thus, the experimental data form a
set of 4-dimensional arrays, containing frequency,
real and imaginary components of the impedance
and the time of measurement. The post-
experimental analytical procedure previews the
reconstruction  of calculated instantaneous
impedances. For every measured frequency two
one dimensional functions of “iso-frequency
dependencies” (e.g. for the real and for the
imaginary components) are constructed. Then,
each iso-frequency dependence is modeled by an
approximating formal model. On the basis of the
continuity of the evolution, interpolation (and
extrapolation) is  performed resulting in
instantaneous projections of the full impedance-
time space and “reconstructed” instantaneous
impedances related to a selected instant of the time
(i.e. the beginning of each frequency scan). Thus a
set of impedance diagrams is obtained, containing
instantaneous impedances, virtually measured
simultaneously. Each of these diagrams can be
regarded as a stationary one, free of non-steady-
state errors.

On the basis of the above, one could conclude
that the four-dimensional analysis method can be
most effective in the correction of low-frequency
impedance data. However, as it will be shown in
the present study, this technique can also be used
for solving other problems. For instance, it is
known that the impedance spectra of overoxidized
poly(3,4-ethylenedioxytiophene) (PEDOT) films

on gold recorded in aqueous sulphuric acid
solutions differ from those measured for freshly
prepared films. The most interesting feature is the
appearance of an arc (or a “depressed semicircle™)
at high frequencies in the complex plane
impedance plot. The decreasing capacitance and
the increasing charge transfer resistance suggest
that during overoxidation the electrochemical
activity of the film decreases and the charge
transfer process at the metal/film interface
becomes more hindered than in the case of pristine
films. The published results support the
mechanistic picture, according to which the
originally compact and strongly adherent polymer
films undergo structural changes during the
overoxidation (degradation) process [10-16].
Overoxidation results in the partial delamination
of the polymer layer and leads to the exposure of
some parts of the underlying metal substrate to the
electrolyte solution.

Nevertheless, it should be emphasized here that
the polymer film still present on the substrate after
overoxidation remains electroactive, and its
internal structure may be an interesting subject for
further studies, since according to literature
reports conducting polymers in different
overoxidation states show unique features useful
for analytical, sensing and biomedical applications
[17-22].

The time evolution of the impedance spectra is
a remarkable feature of the electrodes with
overoxidized PEDOT films. To our knowledge,
this phenomenon was first reported in ref. [23].
According to this observation, the charge transfer
resistance at the (electronically conductive)
substrate/polymer  film interface  decreases
continuously over several hours when the potential
is held in the “stability region” after overoxidation
of the film. This means that the impedance spectra
recorded using the consecutive frequency sweep
mode (typical of EIS) are corrupted by typical
errors caused by the system evolution during the
experiment. On the other hand, for reasons of
measuring technology, we are not able to record
an impedance spectrum immediately after the
overoxidation process. But even if we would be
able to do so it wouldn’t solve the problems
related to the nonstationarity of the system. It is
beyond doubt that the knowledge of the “initial”
charge transfer resistance is essential for the better
understanding of the degradation process and it
may also have an impact on practical applications.

In the present study, an attempt was made to
solve both problems simultaneously by using a
method very similar to that proposed by Stoynov.
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EXPERIMENTAL
Electrodeposition of PEDOT

Poly(3,4-ethylenedioxytiophene) films were
prepared by galvanostatic deposition on both
sides of thin gold plates from 0.01 moledm™
ethylenedioxytiophene (EDOT) solution contain-
ing 0.1 moledm™ Na,SO, supporting electrolyte.
Analytical grade 3,4-ethylenedioxythiophene
(Aldrich), p.a. Na,SO, (Fluka), and ultra-pure
water (specific resistance 18.3 MQ cm) were
used for solution preparation. All solutions were
purged with oxygen-free argon (Linde 5.0) before
use and an inert gas blanket was maintained
throughout the experiments.

The deposition was performed in a standard
three electrode cell in which the gold plate in
contact with the solution served as the working
electrode (WE). A spiral shaped gold wire
immersed in the same solution served as the
counter electrode (CE), and a KClI-saturated
calomel electrode (SCE), as the reference
electrode (RE). A constant current density of j =
0.2 mAe«cm™ (1 = 0.2 mA) was applied for 1000 s
(the geometric surface area of the working
electrode was 1 cm?). The film thickness was
estimated from the polymerization charge by
using the charge/film volume ratio determined
earlier by direct thickness measurements [24-26].
The average thickness of the PEDOT film was
about 0.8 um, the structure of the PEDOT film
was globular, cauliflower-like.

Cyclic voltammetry and impedance
measurements

Solutions used for cyclic voltammetric and
impedance measurements were prepared with
ultra-pure water and p.a. H,SO, (Merck). The
solutions were purged with oxygen-free argon
(Linde 5.0) before use and an inert gas blanket
was maintained throughout the experiments. In
the conventional three-electrode cell
configuration the  PEDOT-modified gold
substrate in contact with the solution was used as
the working electrode (WE), a spiral shaped gold
wire immersed in the same solution as the
counter electrode (CE), and a NaCl-saturated

calomel electrode (SSCE) as the reference
electrode (RE). The counter electrode was
arranged cylindrically around the working

electrode to maintain a uniform electric field.

The overoxidation of the PEDOT film was
carried out in 0.1 moledm™ H,SO, solution a day
after the deposition.

A Zahner IM6 electrochemical workstation
was used in all electrochemical experiments.
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RESULTS AND DISCUSSION

Cyclic voltammetry and overoxidation of the
PEDOT-film

The potential program applied to the PEDOT -
modified electrode wused in the impedance
measurements (geometric surface area: 1.0 cmz2)
is given in Fig.1la, and the corresponding cyclic
voltammograms in  Fig.lb. The cyclic
voltammetric curves recorded before and after
overoxidation of the gold|PEDOT|0.1 mol-dm-
3 sulfuric acid (aq.) electrodes were very similar
to those reported in the literature (see e.g. [13,
27]).

b)

02 0 02 04 06 08 10 12
E/V (vs. SSCE)

Fig. 1. a) The potential program applied to the PEDOT-
modified electrode. The impedance measurements
started at T,.T, is the estimated end of the overoxidaton
process. A 1=- 66,4 s. b) O: Cyclic voltammogram
recorded before overoxidation in the potential range
between - 0.1 V and 0.6 V vs. SSCE, sweep rate:
v=50 mV/s. 1-3: Successive cyclic voltammograms
(,,overoxidation cycles”) recorded in the potential range
from - 0.1 V to 150 V vs. SSCE, sweep rate:
v=50 mV/s.

T
1.4 1.6

In the 3 overoxidation cycles, the positive
potential limit has been set to 1.5 V vs. SSCE
(Fig. 1a). It is known [11-15] that between - 0.3
and 0.8 V vs. SSCE the oxidation-reduction
process of the PEDOT films is reversible.
However, at more positive potentials irreversible
degradation of the polymer layer occurs. As it
can be seen in Fig. 1b (curve 0), the cyclic
voltammograms of PEDOT-modified electrodes
show almost pure capacitive behavior in the
potential range between —0.1 V and +0.6 V, i.e. if
the positive potential limit is kept below 0.8 V
vs. SSCE. If the polarization potential exceeds
this critical value, an oxidation peak without
corresponding reduction peak appears (see
Fig. 1b). The voltammograms recorded before
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and after overoxidation are similar in shape and
show typical (pseudo-)capacitive behavior, but
the redox capacity of the (over)oxidized polymer
film is considerably smaller than that of the
freshly prepared film.

Impedance measurements

After overoxidation, subsequent impedance
measurements were performed at 0.4 V vs. SSCE
over a frequency range from 100 mHz to 100 kHz
(starting at T, in Fig. 1a).
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Fig. 2. a) Successive impedance diagrams of the
Au|PEDOT|0.1MH,SO, at E = 04 V vs. SSCE
recorded after overoxidation; b) High frequency part of
the Argand diagrams; c) Phase angles corresponding to
a);The solid lines are to guide the eye only: not curve
fits.

The data points were measured at 60 discrete
frequencies in the frequency region investigated
during each scan at an amplitude of 5 mV.

In Fig. 2 the results are presented in the
complex plane. The 3D representation of the data
is shown in Fig. 3. The curves in Figs. 2 and 3 are
similar to those reported for other polymer
modified electrodes [28, 29], all the complex
plane diagrams contain a capacitive semicircle and
a Warburg-like region (quite narrow) followed by
a CPE-like domain at low frequencies

[30].However, since the successive impedance
diagrams are continuously changing with time (see
Figs. 2 and 3), it is obvious that the system is still
in a transient state rather than in a stationary (or
equilibrium) state.
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Fig. 3. Time dependence of the locus curves of
recorded impedance spectra in the Argand-
representation.

As already discussed in the introduction, in
such cases a post-experimental analytical
procedure is necessary for the reconstruction of
“instantaneous impedances” [2, 3, 7, 9, 31-33].

For this purpose a 3D complex interpolation
method using a three-dimensional bicubic spline
interpolation algorithm implemented in LabVIEW
[34] has been adopted. Mathematically, this
corresponds to the 4-dimensional analysis
proposed by Stoynov [1-3, 7].

Two different approaches were applied for the
calculation of the corrected (synthetic) impedance
diagrams. In the first, the measured magnitudes
and phase angles were used in the
interpolation/extrapolation process (Fig. 4), and
the interpolated/extrapolated magnitude and phase
angle values corresponding to the same time
moments were converted into real and imaginary
parts of the complex impedance. In the second, the
interpolation/extrapolation was carried out using
real and imaginary parts of impedances measured
at identical frequencies (,.isofrequential
components™) [1] (see Fig. 5). This means that for
every measured frequency two one-dimensional
functions of iso-frequency dependencies (for the
real and for the imaginary components) have been
constructed, and on the basis of the continuity of
the evolution, interpolation (and extrapolation) has
been performed. As a result a set of instantaneous
impedances related to a selected instant of time
(i.e. the beginning of each frequency can) has been
obtained.) As it can be seen by comparing Figs 4
and 5, the corrected impedances obtained by the
two methods practically coincide.
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0
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Fig. 4. Results of a 3D complex interpolation. The absolute values (a) and phase angles (b) of measured impedances
are shown as a function of time and frequency (discrete points). The continuous surface is created by a three-
dimensional bicubic spline interpolation algorithm implemented in LabVIEW [1]. In (c) both the measured data
(discrete points) and the interpolated surface are transformed to a time-dependent complex plane representation.

According to the above considerations,
extrapolation allows the reconstruction of spectra
that can be regarded as “original” (undistorted)
from a series of time-dependent spectra. By
extrapolation to t = 0 (1, in Fig. 1) the impedance
diagram corresponding to the starting time of the
measurement series could be constructed (Fig. 6,
plots designated by S2)
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Fig. 5.The measured impedance spectra and some
isofrequential space curves created by spline
interpolation shown in a three-dimensional (time
dependent) complex plane representation.
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The differences between the diagrams S1
(directly measured data points) and S2
(calculated values for t=0s) in Fig.6 are
assumed to a first approximation to be entirely
due to time evolution of the charge transfer
resistance (R.) at the gold substrate/polymer
interface. The value of the charge transfer
resistance at t = 0s was estimated by fitting the
high-frequency impedance data (frequency range
38.57 Hz - 10.65 kHz) to an equivalent-circuit
analog, shown in the inset of Fig.7. The
equivalent-circuit analog is based on the
impedance model proposed in [29], wherein the
double layer capacitance at the substrate/polymer
interface has been replaced by a constant-phase
element (CPE), which more accurately imitates
the behavior of the double layer (

Zcpe =%(iw )", where i is the imaginary unit, B

and a are the CPE parameters, and w is the
angular frequency, respectively).

The estimated values of the parameters
(obtained by complex non-linear least squares
(CNLYS) fitting based on the Levenberg—Marquardt
algorithm [35, 36]) are shown in the first column of
Table. 1. Curve F1 in Fig. 7 is the complex plane
diagram (Argand plot) simulated by using these
parameters.

All the above results imply that the extrapolation
method can not only be used for the correction of
experimental data (i.e. the measured impedances),
but it opens up the possibility of the estimation of
the impedance spectra outside the time interval of
the impedance measurements.
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Fig. 6. S1 (=):Data measured during the frequency sweep starting at 1, in Fig. 1. t = 0 is the starting time of the
impedance measurement series. S1 is the first set of data measured in the series and contains inherent time dependence;
S2 (0): corrected impedance diagram obtained by extrapolation to t = 0 (the ,,instantaneous” spectrum corresponding to
the starting time of the impedance measurement series); S3 (e): calculated spectrum corresponding to the presumed end
of the overoxidation process, t = -66.4 s (1, in Fig. 1). The data are shown in complex plane (a,b) and in Bode (b,c)

representations.

Complex plane and Bode plots of the calculated
impedance corresponding to the presumed end
of the overoxidation process are shown in
Fig. 6 (plots marked by S3). Similarly to the
charge transfer resistance att =0 s, the R at t = -
66.4s was obtained by CNLS fitting of
the extrapolated data (frequency range 38.57 Hz -
10.65 kHz) [29, 36,37]. The best-fit values of
the parameters are shown in the 2nd column
of Table. 1, while F2 in Fig. 7 is the impedance
spectrum calculated by using the estimated
parameters.

As it can be seen from Fig.7, the model
function fits the extrapolated impedance data
for t = 0 s quite well, for t = -66.4 s the goodness of

the fit is poorer. This is most probably
the consequence of the very rapid time evolution of
the impedance response immediately

after overoxidation of the PEDOT film.
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Fig. 7. S2 and S3: Impedance diagrams containing
the ,,instantaneous impedances”, virtually measured
simultaneously at t =05 (S2) and at t =-66.4 s (S3). F2
and F3: Impedance spectra calculated by using the
estimated (,,best-fit”) parameters.
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Fig.8. Time evolution of the charge transfer
resistance at the beginning of the experiment. The Ry
values are determined from the calculated impedance
spectra.

Table 1. EDS surface composition of BCY15 and
BCY15/Ni.

t=0s t=-66,45s
Estimated mean Estimated mean

values with values with

confidence confidence

intervals at 95%
confidence level

intervals at 95%
confidence level

R,/Q 5.97 +0.27 5.97 +0.41

R,/Q  67.0%11 74416

ppet  (L0B4E (1141
0.063)-10° 0.093)-10°

a 0.925 + 0.012 0.939 +0.017

Some of the charge transfer resistance values
determined by using the “instantaneous”
impedances are shown in Fig. 8. It can be seen from
Table 1 (and from Fig. 8), that the highest value of
Ry is about 75 Q. This value corresponds to the
time instant just after overoxidation of the film.
Starting from this value, R decreases continuously
with experimental time to a value somewhat higher
than the charge transfer resistance of the pristine
electrode.

CONCLUSIONS

The 4-dimensional analysis method, originally
proposed by Stoynov, can serve as an efficient tool
for the study of non-stationary systems. It can not
only be used for the correction of the existing
(experimentally measured) impedance data, but it
opens up the possibility for the estimation of the
impedance spectra outside the time interval of the
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impedance measurements. The method was
successfully applied for the determination of the
charge transfer resistance of a

gold|PEDOT|0.1 mol-dm sulfuric acid (aqg.)
electrode corresponding to the time instant just after
overoxidation of the PEDOT film. In the
experiment presented in this study, the “starting”
(calculated) R, value was approximately 75 Q-cm’

After 66.4 seconds this value fell to about
67 Q-cm?, i.e. it decreased by ~10 % in the first
minute after the overoxidation procedure.

On the other hand, we acknowledge that
criticism may arise from the choice of the method
used to overoxidize the polymer film before the
impedance measurements, since between the end of
the last CV and the start of the first impedance
measurement (T, in Fig. 1a) the electrode was held

at the open circuit potential. Nevertheless the
extrapolation procedure may be justified by the fact
that according to experimental observations the
impedance parameters of the

Au|PEDOT]0.1 mol-dm™ sulfuric acid (aqg.)
electrode are practically independent of the
electrode potential within a wide potential range
(here between - 0.1 and -0.8 V vs. SSCE). It should
also be noted that in most practical cases no or only
little information is available about the past history
of the system involved. Therefore, because the
measured data are from a time series experiment
carried out within a given time period, any
extrapolation beyond this time period is somewhat
arbitrary.
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Solid State

ENEKTPOXUMWYHN MMIMEOAHCHUN NSMEPBAHUA HA HECTAUWOHAPHW CUCTEMU
- MPUJTAT AHE HA 4-D METOJA 3A UMIMNEAAHCEH AHAJI3 HA TNMPEOKCUAVPAHN
Nnonu (3,4-ETUNEHONOKCUTUNODEH)- MOANDPUNLINPAHN ENEKTPOAN

M. Y>xsapwu', [. 3anka’, C. Beceprom®, C. Enuceesa?, B. Kongpatues?, I". I". flanr!

"MueTuTyT No xumms, NlabopaTopus MO eneKTPOXUMUA 1 eNeKTPOaHaNTUYHA XUMUS, YHBEepeTeT ETBaLl
NopaHxg , Na3manu, M. ¢. 1/ A, H-1117 byaanewa, YHrapus

dakynTeT no xumus, [bp>kaseH yHusepcuTeT “Ca. MeTepbypr", yn. YHusepcuTeTcKa 26, 198504, Pycus
Moctbnuna Ha 10 mapt 2017 r.; KopurupaHa Ha 26 mapt 2017 T.
(Pe3stome)

B TOBa M3cnefBaHe € NOKa3aHo, Ye MeTOAbT Ha 4-MepeH aHann3, MbPBOHAYa/IHO NpeAnoXeH oT CTOMHOB, MOXe He
camo fla Ce M3M0/3Ba 3a KOPUr1paHe Ha CbLUECTBYBALLM (EKCTIEPUMEHTANHO U3MEPEHN) UMMEAAHCHM AaHHM, HO CbLLO
Taka faBa Bb3MOXHOCT 3a OLEHKa Ha MMMNeAaHCHMTE CMEKTPW WM3BLH BPEMEBUS MHTEPBa Ha M3MepBaHusiTa. Kato
HarfeseH NpuMep MEeTOAbLT € MPUIOXKEH 3a OnpefensHe CbMAPOTMBEHMETO Ha MPEXOfa Ha 3apsf Ha eneKkTpof
MOoAudMLUmMpaH ¢ NoAMMep, CbOTBETCTBALLO Ha BPEMEBWSI MOMEHT HEMOCPEACTBEHO Cref NPeokcuampaHe Ha nonw (3,4-
ethylenetunex gnokcutnoden) (PEDOT) dunma.

113





