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Abstract

Electrochemical and morphological properties of thin poly(3,4-ethylenedioxy-
thiophene) (PEDOT) films deposited on gold were investigated in aqueous sulfuric acid
solutions. X-ray diffraction and electron microscopy were used for monitoring the
morphological changes and structure evolution caused by overoxidation. The diffraction peaks
of PEDOT became sharper and more intensive during the subsequent oxidation cycles. This
indicates that besides the degradation of the PEDOT film its crystallinity was gradually
improved with increasing the number of oxidation cycles. These changes may result in the

appearance of novel properties that may be advantageous for specific applications.
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1. Introduction

Conductive polymers are used in a variety of applications that require materials which
are both electrically conducting and mechanically compliant. Electronic and electrochemical
devices based on organic materials are e.g. light emitting diodes, organic thin film transistors,
solar cells, memory devices, ion-selective electrodes, microelectrode arrays, fuel cells, etc. [1-
15]. Beyond doubt the monitoring of the degradation of the polymer layers is of great
importance for the long term use of these devices.

Among the organic conducting polymers poly(3,4-ethylenedioxythiophene) [16], often
abbreviated as PEDOT, and its derivatives appear to be among the most stable organic

conducting polymers currently available. Previous studies have shown that PEDOT is highly
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insoluble in almost every 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 e.g. by using cyclic voltammetry
(CV). It has been found in refs. [20-22] that when the positive potential limit of the CV is
extended into the region in which the overoxidation of the polymer film takes place, an
oxidation peak (without a corresponding reduction peak) appears, but only minor changes can
be observed in the properties of the cyclic voltammograms recorded in the “stability region”
before and after overoxidation.

In Refs. [16] and [22], it has been shown that PEDOT films deposited on Au or Pt
undergo structural changes during the overoxidation (degradation) process. The most probable
stages involved in the overoxidation/delamination process are: i) Overoxidation results in stress
generation in the PEDOT film [23]. ii) Formation of cracks due to internal stress. iii) The
residual products of the degradation of the polymer leave the polymer layer. iv) After the
formation of the line cracks, the film stress is partially released. v) The partial delamination of
the polymer layer leads to exposure of the underlying metal substrate to the electrolyte solution.
vi) The polymer film still present on the substrate after overoxidation remains electroactive.
vii) The areas with the polymer form a barrier between the metal substrate and the surrounding
electrolyte solution.

Although the above conclusions seem to be justified, the internal structure of the
polymer film remaining on the substrate after the overoxidation process has not been
investigated in the papers mentioned above. This topic may, however, 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]. A demonstration of an organic electronic ion pump
containing parts made of overoxidized PEDOT:PSS (Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)) was provided in Refs.[27,33]. In [34]
oxidized PEDOT films were successfully used for sensing perchlorate. It is also well known
that in conductive polymer based ion bipolar junction transistors emitter and collector are cation
selective and contain overoxidized PEDOT [35,36]. According to [37] an overoxidized
poly(3,4-ethylenedioxythiophene) film-modified screen-printed carbon electrodes exhibited

superior sensitivity and selectivity for the recognition of electrochemical probes, leading to the
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determination of submicromolar concentration of dopamine without interference from the
existing 10 times of concentration of uric acid and 1000 times of concentration of ascorbic acid.
The basis for the observed selectivity of overoxidized polymer films is not entirely clear. In
some cases it is attributed to the increase in porosity of the polymer film [32,38].

The purpose of the present paper is to complement (and extend) the results reported in
[21] and [22] by studying the morphological changes in electrodeposited PEDOT films during
overoxidation. As it has been pointed out in [22] the overoxidation/degradation of PEDOT films
can result in random-like, but quite well-ordered arrays of islands and trench-like structures.
This may imply an increase of the crystalline fraction in the polymer layer. In the present work,
we tried to check this assumption. In order to gain a deeper insight into these issues X-ray
diffraction along with electron microscopy were used for monitoring the structure evolution of

the films during the overoxidation process.

2. Experimental
2.1 Solutions and film preparation

The gold/poly(3,4-ethylenedioxythiophene) films were prepared by electro-
polymerization from 0.01 mol-dm= ethylenedioxythiophene (EDOT)/0.1 mol-dm= Na;SO4
solution under galvanostatic conditions. The PEDOT films were formed on gold plates or on
gold layers deposited by vacuum evaporation onto glass substrates. A constant current density
of 0.2 mA-cm was applied for 7200 s. Analytical grade 3,4-ethylenedioxythiophene (Aldrich),
p.a. Na2SO4 (Fluka), and ultra-pure water (specific resistance 18.3 MQ-cm) were used for
solution preparation. The 0.1 M H>SOs solutions used for voltammetric experiments were
prepared with ultra-pure water, and p.a. H.SO4 (Merck). All solutions were purged with
oxygen-free argon (Linde 5.0) before use and an inert gas blanket was maintained throughout
the experiments.

An Autolab PGSTAT 20 potentiostat was used to control the electrochemical cell
operations and data acquisition. The film thickness (d ~ 2.9 um) was estimated from the amount
of charge passed in the deposition of the PEDOT film, and by using the charge/film volume
ratio determined earlier by direct thickness measurements [39,40]. The thickness of the films
investigated in the present work was about two times larger than that reported in [21] and [22]
since thicker films were required to obtain reliable X-ray diffraction data.

2.2 Voltammetry



The conventional three-electrode cell configuration was used. A high surface area gold-
foil was arranged cylindrically around the working electrode to maintain a uniform electric field

(counter electrode). A NaCl saturated calomel electrode (SSCE) was used as the reference.
2.3 Scanning Electron Microscopy (SEM)

The oxidation of the polymer film has been followed with scanning electron
microscopy. A Quanta™ 3D FEG high-resolution, low-vacuum SEM/FIB instrument was used

for SEM analysis.
2.4 X-ray diffraction (XRD)

The phase composition of PEDOT was studied by X-ray diffraction using a Philips
Xpert powder diffractometer with CuKa radiation (wavelength: 0.15418 nm) and Bragg-
Brentano geometry [41].

3. Results and discussion
3.1 Cyclic voltammetry

In the potential interval -0.3V - 0.8V vs. SSCE the PEDOT films are remarkably
stable, retaining their properties even after several consecutive cyclic voltammetric scans. The
cyclic voltammograms in Fig.1 have been selected from a series of 40 scans which were
recorded in 0.1 M aqueous sulfuric acid solution (scan rate: v =50 mV-s™) immediately after
the first XRD measurement performed on the freshly made film (see curve 1 in Fig.6, geometric
surface area of the film: 4.0 cm?). As it can be seen from the figure, the oxidation-reduction
process is reversible, if the positive electrode potential limit is kept below 0.8 V vs. SSCE.
Except for the first scan, the capacitances at the corresponding electrode potentials remained
almost unchanged with the increasing number of potential cycles. A similar conclusion is true
for the X-ray powder diffractograms taken before and after the potential cycling treatment:
patterns characteristic for an amorphous state have been identified in the sample in both cases
(see Fig.6, curves 1 and 2).

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.2b. The potential program applied to the electrode is given in Fig.2a. Three time intervals
in Fig.2a are marked by “A”, “B”, and “C”. According to the results, irreversible oxidation of
the PEDOT film starts at or above 0.8 V vs. SSCE. The shapes of the cyclic voltammograms
change considerably if the electrode potential exceeds this value (“overoxidation cycles”: see
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e.g. curves 2,4,6 in Fig.2b), an oxidation peak with no corresponding reduction peak can be
observed at potentials above 0.8 V. By comparing e.g. curve 1 and curve 3 in Fig.2b, it can be
seen that there are only small differences between the voltammograms recorded in the -
0.3V —-0.8V potential range before and after three “overoxidation cycles” taken between -
0.3V and 1.2 V. However, if the positive limit of the electrode potential is extended to 1.5 V
vs. SSCE, the intensity of the redox response (i.e. the capacitance of the film) gradually
decreased (see curves 3, 5 and 7 in Fig.2b). Nevertheless, curve 7 still shows the presence of a

significant amount of polymer in direct (electrical) contact with the gold surface.
3.2 SEM micrographs of the PEDOT layers on Au

The SEM images of the PEDOT film prepared freshly on gold are presented in Fig.3a.
One can see in the image detected by secondary electrons (SE), that well-separated globules (or
cauliflower-like particles) are present 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.3b).

Figs.4a and 4b show SEM images of the PEDOT film prepared on gold after the
application of 40 potential cycles (CV-s) at 50 mVs in the range from -0.3 V t0 0.8 V vs. SCE.
The most striking difference between the micrograph shown in Fig.4a and that of the freshly
prepared sample in Fig.3a is the appearance of some narrow cracks or crevices in the SEM
image of the oxidized film. The cracks results in bright spots (“islands®) in the backscattered
SEM images (Fig.4b). The formation of the cracks can be well explained as the result of internal
stress changes in the thick polymer film [21-23].

Figs.5a and 5b show SE and BSE SEM images, respectively, for the PEDOT film after
the time interval “C” in Fig.2a. The most striking difference between the micrograph shown in
Fig.5a and that of the freshly prepared sample in Fig.3a is the appearance of a network of
grooves (narrow trench-like structures). The width of the crevices shown in Figs.5a is about 2-
3 um. According to the backscattered SEM micrographs (Fig.5b) the crevices are
interconnected and form a widespread network. EDX analysis proved, that only Au is present

at the bottom of the grooves.
3.3 X-ray diffraction

The powder diffractograms obtained for the initial state (curve 1), after 40 consecutive

cyclic voltammetric scans in the potential interval -0.3 V — 0.8 V vs. SSCE (curve 2), and after



the time intervals “A”, “B” and “C” specified in Fig.2a are shown in Fig.6 (curves A,B and C).
Partial crystallinity with well-separated X-ray diffraction peaks is observed in the overoxidized
PEDOT film (curves A, B and C) while a pattern characteristic for an amorphous state is
identified in the samples without overoxidation (curves 1 and 2). This proves directly that the
crystallization is the result of overoxidation and not of the potential cycling alone.

The diffraction peaks of crystalline PEDOT were indexed according to previous studies
[42,43]. These works identified this phase as orthorhombic structure. 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 [43]. However, it should be noted that the values of the
lattice parameters of PEDOT are very sensitive on the type of counter ion as revealed in Table
2.1 of Ref. [43]. Fig.6 shows that the diffraction peaks of PEDOT became sharper and more
intensive due to electrochemical treatment (curves A,B and C). This indicates that besides the
degradation of the PEDOT film its crystallinity was gradually improved with increasing the

number of oxidation cycles.

4. Conclusions

According to the above experimental results the originally compact and strongly
adherent PEDOT films undergo structural changes during over oxidation. The porosity of the
film increases progressively during the degradation process. X-ray diffraction results showed
that besides degradation, the crystallinity of the PEDOT film was also gradually improved with
increasing number of overoxidation cycles. These changes may result in the generation of sites

with novel catalytic and binding properties that may be advantageous for specific applications.
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Fig. 1

The cyclic voltammograms recorded in 0.1 M aqueous solution of H.SO4 (scan rate: v = 50 mV
s1). The curves have been selected from a series of 40 repeated scans recorded immediately
after the preparation of the PEDOT film.

1: 1st scan; 2: 10" scan; 3: 20" scan; 4: 30" scan; 5: 40" scan.
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Fig. 2

a: Potential program applied to the Au | PEDOT | 0.1 M sulphuric acid electrode. Sweep rates:
v =50 mV-st “A”, “B” and ,,C” are time intervals, after which XRD patterns presented in
Fig.6 were recorded.

b: Cyclic voltammograms corresponding to the cycles marked with 1-7 in “a”.

Fig. 3

SEM images of the freshly prepared PEDOT film.

a: SEM image using secondary electrons.

b: the corresponding backscattered SEM image taken from the same area.

The length of the horizontal white bar below the images corresponds to 50 um.

Fig. 4

SEM images of the PEDOT film prepared on gold after the application of 40 potential cycles
(v=50 mV-s?) in the range from -0.3 V to 0.8 V vs. SSCE (see Fig.1).

a: SEM image using secondary electrons.

b: the corresponding backscattered SEM images taken from the same area.

The length of the horizontal white bar below the images corresponds to 10 um.



Fig. 5

SEM images of the PEDOT film recorded after time interval “C” in Fig.2a (overoxidized film).
a: SEM image using secondary electrons.

b: the corresponding backscattered SEM images taken from the same area.

The length of the horizontal white bar below the images corresponds to 50 pm.
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Fig. 6
X-ray diffractograms. 1: freshly prepared PEDOT film; 2: PEDOT film after the application of
40 potential cycles (v = 50 mV-s?) in the range from -0.3 V to 0.8 V vs. SSCE (see Fig.1);

A,B,C: obtained after time intervals “A”,”B” and “C” in Fig.2a, respectively.
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