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Abstract

Electrochemical, mechanical and morphological properties of thin poly(3,4-ethyl-
enedioxy-thiophene) (PEDOT) films deposited on gold were investigated in aqueous
sulfuric acid and sodium sulphate solutions. At sufficiently positive electrode potentials
overoxidation of the polymer took place and resulted in morphological changes and
structure evolution. These effects were monitored by electrochemical impedance spec-
troscopy (EIS), scanning electron microscopy (SEM) and X-ray diffraction. Significant
changes in the film stress caused by overoxidation were detected by using the electro-
chemical bending beam method. Results of the EIS measurements proved that the
charge transfer process at the metal/film interface is more hindered in case of the
degraded film. According to SEM images the overoxidation/degradation of PEDOT films
can result in random-like but quite well-ordered arrays of islands and trench-like
structures. The diffraction peaks of PEDOT became sharper and more intensive during
the subsequent oxidation cycles indicating an increase in the degree of crystallinity of
the polymer.
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Introduction

In recent years there has been considerable interest in the development of stable conjugated
polymers because of their potential use in a variety of applications that require materials which
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are both electrically conducting and mechanically compliant. Electronic and electrochemical
devices based on organic materials are e.g. light emitting diodes, sensors, actuators, organic thin
film transistors, solar cells, memory devices, ion-selective electrodes, microelectrode arrays, fuel
cells, etc. [1-15]. Obviously, in all these applications the long term stability of the polymer is of
particular concern. This stability can be assessed in terms of the property of interest, such as:
mechanical elasticity, conductivity, electrochemical activity, etc.

Poly(3,4-ethylenedioxythiophene) [16], often abbreviated as PEDOT, is relatively stable
compared to other conducting polymers. The conjugated polymer backbone, consisting of
alternating C-C double bonds, provides for m-orbital overlap along the molecule. PEDOT can be
doped with many anions, including macromolecular polyanions such as poly(styrene sulfonate)
(PSS). Previous studies have shown that PEDOT is highly insoluble in most solvents, it is
electroactive in aqueous solutions [17-19], and exhibits a relatively high conductivity. On the basis
of these results studies have been performed to investigate the electrochemistry of PEDOT in
more detail by using voltammetric techniques (in most cases cyclic voltammetry).

It has been found in Refs. [20-22] that at sufficiently positive electrode potentials, degradation
(“overoxidation”) of the polymer takes place. That is, when the positive potential limit of the cyclic
voltammogram (CV) is extended to the region in which the overoxidation of the polymer film takes
place, an oxidation peak (without a corresponding reduction peak) appears in the CV.

In Refs. [16] and [22] it has been shown that PEDOT films in modified electrodes undergo
structural changes during the overoxidation (degradation) process. The most probable stages
involved in the overoxidation/degradation process are: 1) Overoxidation results in stress
generation in the PEDOT film [23]. 2) Formation of cracks due to internal stress. 3) The products of
the degradation of the polymer leave the polymer layer. 4) After the formation of the line cracks,
the film stress is partially released. 5) The partial delamination of the polymer layer leads to the
exposure of the underlying metal substrate to the electrolyte solution.

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 [24-27]. For instance, many studies have demonstrated that overoxidized polypyrrole
films exhibit molecular-sieve properties, and such films have been used to fabricate glucose,
alcohol, hydrazine, and dopamine sensors [25-32]. (Over)oxidized PEDOT films were successfully
used for sensing perchlorate [33]. According to [34] overoxidized poly(3,4-ethylenedioxythio-
phene) film-modified screen-printed carbon electrodes exhibited superior sensitivity and
selectivity to dopamine. However, the basis for the observed selectivity of overoxidized polymer
films is not entirely clear [32,35,36].

The purpose of the present paper is to complement (and extend) the results reported so far in
the literature. In order to highlight some of the features mentioned above, PEDOT (poly(3,4-ethy-
lenedioxythiophene)) films deposited on gold (and immersed in sulfate solutions) have been
selected as illustrative examples.

Experimental

Solutions and film preparation

The Au/poly(3,4-ethylenedioxythiophene) films were prepared by galvanostatic deposition
from 0.01 mol dm™ ethylenedioxythiophene (EDOT)/0.1 mol dm™ Na,S0, solution on gold plates
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or on gold layers deposited by vacuum evaporation onto glass substrates. A constant current
density of 0.2 mA cm™ was applied for different time intervals, typically 1800's or 7200 s (film
thicknesses d = 1.4 um and d = 2.9 um). An Autolab PGSTAT 20 potentiostat was used to control
the electrochemical cell operations and data acquisition. The film thickness was estimated from
the amount of charge passed during the deposition of the PEDOT film and by using the charge/film
volume ratio determined earlier by direct thickness measurements [1,37,38].

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. The 0.1 M H,SO,
solutions used for voltammetric experiments were prepared with ultra-pure water, and p.a. H,SO,4
(Merck). All solutions were purged with oxygen-free argon (Linde 5.0) before use and an inert gas
blanket was maintained throughout the experiments.

Cyclic voltammetry and impedance measurements

The electrochemical tests were performed in conventional three-electrode electrochemical
cells. A high surface area gold foil or a spiral shaped gold wire was arranged cylindrically around
the working electrode to maintain a uniform electric field (counter electrode). A NaCl saturated
calomel electrode (SSCE) was used as reference. Impedance measurements at different potentials
were carried out using a Zahner IM6 system over a frequency range from 7.5 mHz to 50 kHz. The
impedance was measured at 60-80 discrete frequencies in the frequency region investigated
during each scan at an amplitude of 10 mV.

Stress change measurements

The “bending beam” method [39-51] can be effectively used in electrochemical experiments,
since the changes of the stress (gs) in a thin film or other conducting layer on one side of an
insulator (e.g. glass) strip in contact with an electrolyte solution can be estimated from the
changes of the radius of curvature of the strip. If the potential of the electrode changes,
electrochemical processes resulting in the change of gs can take place exclusively on the metal side
of the sample. The change in the film stress induces a bending moment and the strip bends. In
case of a thin metal film on a substrate if the thickness of the film (t;) is sufficiently smaller than
the thickness of the plate (ts), i.e. t; >> t;, the change of g can be obtained by an expression based
on a generalized form of Stoney’s equation [42,52]

Ag, =k A(1/R), (1)
where k; depends on the design of the electrode. In most cases

Ef;

where E;, vs, and R are Young’s modulus, Poisson’s ratio and radius of curvature of the plate,
respectively. The values of A(1/R)=Ag;/k; can be calculated if the changes of the deflection angle
A0 of a laser beam mirrored by the metal layer on the plate are measured using an appropriate
experimental setup. The following approximate equation can be derived for large R and s, and
small 6[23,42,53-55]:

1)_ A6 _ Ab a)
R) 2n_h 2n_hl’

doi:10.5599/jese.225 79



J. Electrochem. Sci. Eng. 6(1) (2015) 77-89 OVEROXIDATION OF POLY(3,4-ETHYLENEDIOXYTHIOPHENE) FILMS

where h is the distance between the level of the solution in the cell and the reflection point of the
laser beam (measured with the help of a cathetometer); / is the distance between the electrode
and the position sensitive photo detector (PSD), Ab is the change of the position of the light spot
on the PSD, and ng, is the refractive index of the solution with respect to air. The refractive
indexes were measured at 25.0 °C with a Zeiss PR 2 refractometer and, based on the Cauchy
parameters, the refractive index at 632.8 nm (see Table 1 in Ref. [22]) was calculated.

A He—Ne laser (Melles Griot 05-LHP-151, 1 mW, operating at a wavelength of 632.8 nm) was
used in our electrochemical bending beam measuring system [43]. The displacement of the
reflected beam (Ab) was measured with a position-sensitive photodetector (PSD, Hamamatsu
S$1300). This device was attached to a signal processing unit (Hamamatsu C4757) that can provide
analog output signals proportional to the coordinates of the incident light spot. The position-
sensitive detector, the laser and the electrochemical cell were assembled on an optical bench in
order to avoid vibrations.

Cantilever probes for the measurement of surface stress changes were made by evaporating a
150 nm thick gold layer on a very thin layer of titanium evaporated on one side of a glass plate
(total length: [,=60.0 mm, width: w;=5.0 mm, thickness: t;=147 um, Eg= 7.09-10% Nm'z,
vs=0.230 and ng=1.522, i.e. k-tr=331.6 N for the present case) after careful cleaning of the
surface of the substrate. An electrically isolated layer of the same metal covered the reverse side
of the glass strip. This metal layer reflected the light of the He-Ne laser. The PEDOT film on the
gold layers was made by the electropolymerization method described above. The geometrical area
of the electrode (in contact with the solution) was 2.0 cm”.

The thermostated three-electrode electrochemical cell equipped with an optical window was
driven by a battery-powered potentiostat (Jaissle Model 1001 T-NC). Control voltage was supplied
by a function generator (Hewlett—Packard 3314A) or by a data acquisition card. A National
Instruments 6034E DAC was used for the computer-based acquisition of the analog output signals
of the PSD and the potentiostat. The software for controlling and data acquisition was developed
in the National Instruments LabVIEW environment. All measurements were carried out at 25.0 °C.

Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD)

The oxidation of the polymer film has been followed by a Quanta™ 3D FEG high-resolution, low-
vacuum SEM/FIB instrument. A Philips Xpert powder diffractometer with CuKa radiation
(wavelength: 0.15418 nm) and Bragg-Brentano geometry [56] was used for the study of the phase
structure of PEDOT by X-ray diffraction.

Results and discussion

Voltammetric measurements and stress change vs. electrode potential curves

Between —0.3 and 0.8V vs. SSCE the oxidation-reduction process of the PEDOT films is
reversible. Above 0.8 V potentials irreversible degradation of the polymer layer occurs as it can be
seen in Fig. 1. A series of cyclic voltammetric curves recorded for the gold | PEDOT | 0.1 M sulfuric
acid (aq) electrode (geometric surface area: 4.0 cm?) at a sweep rate of v =50 mV s are presented
in Fig. 1b. The potential program applied to the electrode is given in Fig. 1a. Three time intervals in
Fig. 1 are marked by “A”, “B”, and “C”. The voltammograms show capacitive behavior if the
potential limit is kept below 0.8 V. If the polarization potential exceeds this critical value an
oxidation peak without corresponding reduction peak appears (“overoxidation cycles”: see e.g.
curves 2,4,6 in Fig. 1b).
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Figure 1. (a) Potential program applied to the Au | PEDOT | 0.1 M sulphuric acid electrodes.
Sweep rates: v=50mV s™. “A”, “B” and “C” are time intervals in which (b) the cyclic
voltammetric curves (In the insert the “narrow-range” part is enlarged) were recorded
(d = 2.9 um). E: electrode potential, t: time, |: current.

After oxidation up to 1.2V there are only small differences between the voltammograms
recorded in the —0.3 V to 0.8 V (“narrow”) potential range before and after overoxidation (curves 1
and 3 in Fig. 1b). Voltdeflectograms recorded under similar conditions are presented in Fig. 2. The
shape of the curves before and after mild oxidation are similar, but the change in 1/R (between
minimum and maximum) is slightly smaller.

If we extend the overoxidation limit up to 1.5 V vs. SSCE, the intensity of the capacitance of the
film decreases (see curves 5 and 7 in Fig 1b), but curve 7 still shows the presence of the polymer in
direct electrical contact with the gold surface. The shape of the (1/R) vs. E curves changes
considerably if the positive limit of the electrode potential is extended to 1.5 V vs. SCE (curves 5-7
in Fig. 2) and begins to resemble more and more that of the (1/R) vs. E curve for bare Au.

As we have discussed in Ref. [22], the bending beam method offers the possibility to measure
the changes of the stress in thin polymer films but the contributions from surface and bulk cannot
be separated in the general case, therefore only the “voltdeflectograms”, i.e. the AR vs. E plots
are shown in Fig. 2.
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Figure 2. Voltdeflectograms recorded in time intervals “A”,“B” and “C”. E: electrode potential,
R: radius of curvature of the cantilever (d = 1.4 um).

Impedance measurements

Impedance spectra of freshly prepared and overoxidized Au/PEDOT in 0.1 M Na,SO, solution at
E=0.6V are presented in Fig. 3. The impedances of freshly prepared electrodes at medium and
low frequencies (w < 50 Hz) can be well approximated in terms of a constant phase element (CPE):

Z(w)=R, +%(iw)a, (4)

where w is the angular frequency, R, is the uncompensated ohmic resistance, B and « are the CPE
parameters, and i is the imaginary unit. The values of « are close to unity. At higher frequencies an
arc can be identified which can be observed more clearly in the spectra recorded after
overoxidation (after repetitive cycling of the electrode potential between —0.3 and 1.5 V vs. SCE).
The increase of the charge transfer resistance with the level of degradation is in accordance with
the results for polypyrrole on Pt published in [57].

The decreasing capacitance and the increasing charge transfer resistance suggest that during
(over)oxidation the electrochemical activity of the film decreases, and the charge transfer process
at the metal/film interface becomes more hindered.

In [22] EQCM experiments have been carried out to evaluate the correlation between mass loss
and electrochemical measurements. It has been shown during the potential cycling in the “stable
region” the EQCM frequency changes periodically and the average remains practically the same.

When the positive (anodic) limit of the CV potential range was extended to 1.2 V a significant
increase of the frequency was obtained indicating a mass decrease of the electrode during
overoxidation of the polymer film. This can be attributed to the removal of oxidation products
from the surface.
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Figure 3. Impedance spectra (complex plane plots) (a,c) and Bode plots (b,d) of Au/PEDOT in 0.1 M Na,SO,
solution at E = 0.60V vs. SCE in case of freshly prepared (®) and overoxidized (O) film; ReZ, ImZ: real part
and imaginary part of the complex impedance, respectively, f: frequency, ¢: phase angle, ReY, ImY: real
part and imaginary part of the complex admittance.

Structure information: SEM micrographs and X-ray diffractograms

The X-ray diffractogram and SEM images of the PEDOT film prepared freshly on gold are
presented in Fig. 4. In the XRD spectrum a pattern characteristic for an amorphous state is
identified. In the image detected by secondary electrons (SE) (Fig. 4a) well-separated globules (or
cauliflower-like particles) are on the top of the polymer layer. The backscattered electron (BSE)
micrograph taken from the same area (which characterizes a thicker layer compared to SE) shows
that the globules are attached to an underlying smoother polymer layer (Fig. 4b).

In Fig. 5 X-ray diffractogram and SEM images of the polymer film after mild oxidation up to
1.2 V vs. SSCE (time interval “A” in Fig. 2a) can be seen. The XRD spectrum is still characteristic for
amorphous state but small peaks appear as sign of crystalline phase. The most striking difference
between the micrograph (a) shown in Fig. 5 and that of the freshly prepared sample in Fig. 4a is
the appearance of narrow cracks or crevices in the SEM image of the oxidized film. The cracks
resulted in bright spots (“islands”) in the backscattered SEM image (Fig. 5b). After further
oxidation the XRD peaks corresponding to the crystalline polymer are growing (Fig. 6), the SEM
images show interconnected crevices.
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Figure 5. Structure of the oxidized PEDOT film after time interval “A” in Fig 2a: X-ray diffractogram. Inserts:
(a) SEM image using secondary electrons. (b) The corresponding backscattered SEM image taken from the
same area. The length of the vertical black bar left to the images corresponds to 5 um.
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Figure 6. Structure of the oxidized PEDOT film, recorded after time interval “B” in Fig 2a: X-ray diffrac-
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After oxidation in the interval “C” well-separated X-ray diffraction peaks are observed (Fig. 7).
The diffraction peaks of crystalline PEDOT were indexed according to previous studies [58,59].
These works identified this phase as orthorhombic structure.

30 um

Intensity / arb. units

20/degree
Figure 7. Structure of the oxidized PEDOT film, recorded after time interval “C” in Fig 2a: X-ray diffrac-

togram. Inserts: (a) SEM image using secondary electrons. (b) The corresponding backscattered SEM image
taken from the same area. The length of the vertical black bar left to the images corresponds to 10 um.
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The best agreement between the theoretical orthorhombic and the experimental peak
positions was obtained by selecting the following values for the three lattice parameters:
a=0.980 nm, b=0.690 nm, ¢ =0.405 nm. The value of b is very close to the lattice constant
(b =0.679 nm) determined from reflection 020 in a previous study [59]. However, it should be
noted that the values of the lattice parameters of PEDOT are very sensitive to the type of counter
ion as revealed in Table 2.1 of Ref. [59]. The diffraction peaks of PEDOT became sharper and more
intensive due to electrochemical treatment. This indicates that besides the degradation of the
PEDOT film its crystallinity was gradually improved with increasing the number of oxidation cycles.
In the SEM micrographs the cauliflower structure is still present, but the film forms islands on the
surface of the substrate. The width of the crevices shown in Fig. 7a is about 2-3 um. According to
the backscattered SEM micrographs (Fig. 7b) the crevices form a widespread network. EDX
analysis proved that only Au is present at the bottom of the grooves. As we mentioned above
there is a stress change in the polymer layer during overoxidation. This change may result in the
formation of structures similar to those often found on the surface of asphalt pavement (Figs. 8a
and 8b). It is known that stress change due to the thermal expansion (and/or other processes e.g.
evaporating of volatile contents, freezing of water) can cause “alligatoring” (interconnected cracks
in the asphalt surface).)

HV  cur | det mag 30 pm -
5.00 kV 23.7 pA vCD 2 000 x ELTE TTK

Figure 8. Similar structures (a) Backscattered SEM image of the oxidized PEDOT. The length of
the horizontal white bar below the image corresponds to 30 um. (b) Picture of asphalt at
Vdcrdtdt square, Budapest, Hungary (coordinates 47.577272 N, 19.125732 E).

Conclusions

The above experimental results support the mechanistic picture, according to which the
originally compact and strongly adherent polymer films undergo structural changes during
electrochemical degradation, and agree with earlier observations that the porosity of the film
increases progressively during the degradation process. It can be seen from the SEM images of
overoxidized Au|PEDOT that the degradation process induces only a partial delamination of the
polymer film from the underlying metal. However, the charge transfer process at the metal/film
interface is somewhat more hindered in case of the degraded film. Apparently, the formation of
quite well-ordered arrays of islands and trench-like structures is a common occurrence during
overoxidation of PEDOT films. In the XRD patterns, the diffraction peaks became sharper and more
intensive during the subsequent oxidation cycles indicating an increase in the degree of
crystallinity of the polymer.
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The results also suggest that, besides the increase in the porosity, the generation of sites with
novel catalytic and binding properties may also influence the sensitivity and specificity of
conducting polymer-based sensors for the analysis of organic and inorganic substances.
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