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Abstract—The properties of poly(3,4-ethylenedioxythiophene) (PEDOT) films were studied electrochemi-
cally at high positive potentials (from —0.3 to 1.5 V relative to the Ag/AgCl electrode). A cyclic voltammetry
(CV) study revealed the range of potentials (up to 1.3—1.5 V) where the cycling leads to significant changes in
the electrochemical, structural, and morphological properties of the polymer film due to overoxidation.
When the upper cycling potential £, exceeded 1.4V, the anodic current significantly increased during the
first cycle and then decreased, which suggests a loss of the electroactivity of the polymer and degradation of
its properties. In the high-frequency region of the impedance spectra of the PEDOT films, a semicircle
appears after overoxidation, which indicates a notable increase of the charge transfer resistance in the system,
in contrast to the films subjected to potentiodymanic processing in a limited range of potentials from —0.3 to
1.3 V. The effect of overoxidation on the polymer morphology was studied by scanning electron microscopy.
The chemical state of elements in the structure of the polymer film was determined by X-ray photoelectron
spectroscopy. The obtained data indicate that —S=O groups formed at the thiophene sulfur in the polymer.
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INTRODUCTION

The conductive organic polymers with conjugated
bonds and composite materials based on them remain
the subject of active fundamental and applied electro-
chemical research [1—8]. One of the problems dis-
cussed in studies on the electrochemical properties of
conducting organic polymer films is the degradation
of film properties, i.e., the gradual reduction of their
electroactivity under certain conditions (for example,
polymer synthesis conditions, varying the nature of
electrolyte, the use of high positive potentials and
definite pH values of aqueous electrolytes, etc.). The
determination of the conditions of stable electrochem-
ical activity of polymers is extremely important for
their practical use in various electrochemical devices,
in particular, for determining the range of potentials in
which the electrochemical behavior of the polymer is
stable.

Poly-3,4-ethylenedioxythiophene (PEDOT),
which is a representative of conducting organic poly-
mers with conjugated bonds, has attracted the atten-
tion of researchers because of its high chemical stabil-
ity and electroactivity in organic and aqueous solu-
tions of electrolytes [9]. In recent years, various
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composite functional materials were obtained based
on PEDOT, which have found application in energy
storage devices (batteries and supercapacitors), in
electrocatalysis and electrical analysis, solar cells, and
many other applications [10—28]. The wide use of
PEDOT in various electrochemical devices necessi-
tates studies on the ranges of potentials for its stable
electroactive behavior to reveal the factors that deter-
mine the degradation of its electrochemical properties
under definite conditions. These studies will make it
possible to further develop the materials and select
conditions for their optimum use.

The electrochemical properties of the PEDOT
polymer in neutral and acidic aqueous electrolytes are
usually quite stable in the potential range from —0.3 to
+0.8 V relative to the silver chloride reference elec-
trode (SCE). In this range of potentials, reversible p
doping of PEDOT occurs with the formation of posi-
tively charged fragments in the polymer structure with
appreciable charge delocalization within a fragment of
the polymer chain (polarons and bipolarons).

When a certain critical value (denoted as E,, for
simplicity) of the positive potential of the electrode is
exceeded, so-called “overoxidation” of the polymer
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occurs, leading to a significant deterioration of its con-
ductivity and electrochemical activity, i.e., to the elec-
trochemical degradation of the properties of the mate-
rial in general. Although many researchers encoun-
tered the problem of overoxidation of polymers, in
particular, of PEDOT [29—32], the number of papers
that reported on systematic studies of these processes
for conducting polymers is very limited.

Previously, G. Lang and coauthors [30, 31, 33, 34]
studied PEDOT films synthesized under galvanostatic
conditions from aqueous solutions (7200 s, current
0.2 A/cm?) on gold and platinum substrates. The elec-
trochemical properties of PEDOT and their degrada-
tion in the range of overoxidation potentials were stud-
ied in aqueous 0.1 M H,SO, solutions. It was shown
that overoxidation in 0.1 M H,SO, starts at potentials
above 0.8 V relative to the saturated calomel electrode,
but the effect of degradation of the properties of the
PEDOT film is small up to the potential of 1.2 V.
When the electrode potential reaches 1.5 V, the elec-
trochemical and morphological properties of the films
change noticeably. As a result of overoxidation, the
porous polymer film partially cracks, regions of the
crystallinity appear in the structure, and the redox
currents markedly decrease, which was attributed in
[33] to the possible partial or complete peeling of the
polymer surface from the substrate. The impedance
spectra of the overoxidized film show that the charge
transfer resistance considerably increased.

In general, it is expected that the critical value of
the positive potential £, during oxidation, which
causes an appreciable degradation of the electrochem-
ical properties of the polymer, may depend on the syn-
thesis conditions of the polymer film, the nature and
concentration of the electrolyte under study, the
nature of the substrate, and other factors. Therefore, it
is important to perform a comparative study of the sta-
ble electrochemical behavior of PEDOT on different
substrates.

We performed an electrochemical study of the
properties of poly-3,4-ethylenedioxythiophene films
synthesized on glassy carbon (GC) from acetonitrile
solutions. Glassy carbon is a representative of carbon
materials that are widely used to create energy storage
devices. In addition to the practical importance of
these studies, it was of interest to compare the film
degradation on different substrates, taking into
account the results of previous studies on platinum
and gold [31]. The studies were performed by cyclic
voltammetry (CV) in the range of high positive poten-
tials (from —0.3 to 1.5 V) and electrochemical imped-
ance spectroscopy. The literature analysis did not
reveal any data on overoxidation (electrochemical
degradation) of PEDOT films synthesized from aceto-
nitrile monomer solutions on glassy carbon substrates
in a dilute (0.1 M) sulfuric acid solution. The choice of
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electrolyte for the study was dictated by the use of
PEDOT in composite materials with transition metal
oxides for electrochemical capacitors [28, 35] and
electrocatalysts with inclusions of noble metal
nanoparticles in the polymer matrix [27, 36].

Along with the electrochemical studies, the film
morphology at different potentials was monitored by
scanning electron microscopy (SEM). The chemical
state of the main elements of the polymer film struc-
ture was identified by X-ray photoelectron spectros-
copy (XPS).

EXPERIMENTAL

The PEDOT films were synthesized by electro-
chemical deposition on a glassy carbon electrode (S =
0.07 cm?) in a galvanostatic mode from an acetonitrile
solution of 0.05 M 3,4-ethylenedioxythiophene
(EDOT) and 0.1 M LiClO,. The synthesis was per-

formed for 200 s at a current density of i = 1 mA/cm?.
After the synthesis, the films were washed with deion-
ized water. The resulting film was subjected to poten-
tiodynamic processing in a 0.1 M H,SO, aqueous
solution in different potential ranges from —0.3 to
+0.8 V with the upper limit of the potential increased
to +1.5 V at a scan rate of 50 mV/s. After the recording
of three current-voltage curves for each potential
range, the electrochemical impedance spectra of the
PEDOT film were recorded at potentials in the range
of stable properties of the film (—0.3 to 0.8 V). All the
spectra presented below were recorded at a potential of
E = —0.1 V. The recording conditions of the imped-
ance spectra: frequency range 100 kHz—0.1 Hz, stor-
age time 300 s, amplitude 5 mV.

The solutions for the synthesis were prepared from
3,4-ethylenedioxythiophene (Aldrich), anhydrous
lithium perchlorate (reagent grade) calcinated in a
desiccator to constant weight, and acetonitrile ((extra-
pure), Cryochrome, 0.008% water). Sulfuric acid
(reagent grade), density 1.84 g/mL) and deionized
water Millipore Direct-Q UV (Millipore, United
States) were used in the electrochemical studies.

The electrochemical studies were performed in
0.1 M H,SO, in a three-electrode cell. The reference
electrode was a silver chloride electrode in a saturated
sodium chloride solution. All the potentials are given
relative to SCE, whose potential is 0.222 V relative to
the standard hydrogen electrode. The measurements
were performed at room temperature (22 £ 2°C).

For the electrochemical synthesis of the PEDOT
film on electrodes and electrochemical measure-
ments, an Autolab 30 potentiostat-galvanostat (Eco-
Chemi, The Netherlands) was used. The films were
studied by scanning electron microscopy using a Zeiss
SUPRA 40VP scanning electron microscope (Carl
Zeiss, Germany). The images of the surface morphol-
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Fig. 1. Cyclic voltammograms of PEDOT in 0.1 M H,SOy: (a) to E,;;, = 0.8 V depending on the cycle number; (b) depending on
the upper limit of cycling (£,,;,), third cycle, for one film in sequence; (c) before and after overoxidation in the range from —0.3

to +0.8 V, third cycle; and (d) to 1.5V, first cycle in comparison with background currents of GC when cycling to 0.8 and 1.5 V.

ogy of the PEDOT films were obtained before and
after cycling in different potential ranges.

RESULTS AND DISCUSSION

Figure la shows the cyclic voltammograms of a
PEDOT film in 0.1 M H,SO, depending on the cycle
number in the potential range from —0.3 to +0.8 V at
a scan rate of 50 mV/s. The CV curve of PEDOT
shows a typical pseudo-capacitive response of quasi-
rectangular form. The film exhibited stable behavior
during repeated cycling in the potential range from —
0.3t0 0.8 V.

Figure 1b presents the CV curves of PEDOT films,
which show an increase in the upper limit of the
applied potential (£,,). The anodic currents increase
with the positive limit of potential scan to 1.1 Vin the
first cycles of CV. The decrease in the total electro-
chemical activity of the film from cycle to cycle evalu-
ated as a decrease in the charge under the anode
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branch of the curve occurs slowly in this range of
potentials. An increase in the anodic limit of potential
scan to +1.3 V and higher leads to a more dramatic
decrease in the electrochemical activity of the film,
and the electrochemical degradation progresses. The
rapid decrease in the anodic currents at the highest
positive potentials £, and the absence of the corre-
sponding cathodic peak suggests that irreversible film
oxidation takes place.

Figure 1c shows the CV curves of PEDOT
recorded before and after overoxidation in the range of
potentials from —0.3 to +0.8 V. The shape of the CV
curve of PEDOT after overoxidation resembles that of
the original curve. According to the values of currents,
however, it is close to the shape of the background cur-
rents of glassy carbon, suggesting a decrease in the cur-
rents on the CV of PEDOT after its overoxidation.
This suggests a decrease in the total number of electro-
active fragments in the film. Figure 1d presents the
background CV curves for the GC electrode and the
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bound of potential of 1.4 V depending on the cycle number.
Insert: current-voltage curves on an enlarged scale.

CV curves of the PEDOT film at the positive potential
limit increased to E,, = 1.5 V (first cycle). The anode
current drastically increases during the oxidation of
the polymer at potentials above 1.0 V, while on the
background curve of GC a noticeable rise in the anode
current occurs around £ = 1.5 V. This indicates that
the anode currents in the potential range 1—1.5 V are
mainly associated with the oxidation involving the
polymer film itself, but not with the oxidation of water
and oxygen release on the electrode.

According to Fig. 2, which shows the CV curve of
PEDOT in the range of potentials from —0.3to +1.4 V
depending on the cycle number, the anode currents
increase significantly at a potential of 1.2 V during the
first cycle and markedly decrease within the whole
range of cycling during the third and subsequent cycles
(insert, Fig. 2). The currents gradually decrease in all
the ranges of potentials under study during repeated
cycling.

Figure 3 shows the ratio of the total charge under
the CV curve to the charge of the first cycle depending
on the cycle number during the constant film cycling
in the potential range (for different positive limits of
the potential E,,). Evaluation of the capacity of the
polymer film depending on the cycling range of the
electrode potential showed that after 70 cycles, the
decrease in capacity (in %) was 2 (cycling limit 0.6 V),
10 (0.8 V), 62 (1.1 V), 85(1.2and 1.3 V), and 93% after
1.4 and 1.5 V. This is indirect indication that raising
the upper limit of £,, to 1.2—1.5 Vis not reasonable for
practical purposes.
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Fig. 3. Stability of PEDOT during 70 cycles of CV depend-
ing on the potential range.

After the recording of the CV curves in each poten-
tial range, the electrochemical impedance spectra of
PEDOT were obtained at a potential of —0.1 V. Fig-
ures 4a and 4b show the electrochemical impedance
spectra of PEDOT at E = —0.1 V. After the cycling of
the potential of the modified electrode to E,, values
shown in Fig. 4 (to 1.2 V) in the Nyquist coordinates
—Z" (Z"), the impedance spectra were similar. The
spectra are dominated by the vertical curve, which
suggests the pseudocapacitive response of the film.
The observed form of the impedance response sug-
gests that the electron and ion transfer at the interface
between the film and solution and substrate occurs
rapidly, under reversible conditions.

After the CV recording to E,, = 1.4 V, noticeable
changes are observed in the impedance spectra of
PEDOT. In the high-frequency region (up to
9.102 Hz), some part of a semicircle appears, which
indicates that the resistance to charge transfer at one of
the film/solution or electrode/film interfaces in the
electrode/film/electrolyte system increased. The
assignment of the observed semicircle to a particular
interface for polythiophene films today provokes
debate and diverse interpretations. Based on their
studies of the effect of the concentration and nature of
electrolyte, the authors of [37, 38] concluded that the
charge transfer at the film/solution interface is slow. In
[31, 33, 34], the substrate effect on the semicircle
diameter was shown, and the corresponding resistance
was attributed to the film/electrode interface. The lat-
ter assignment seems reasonable in view of the fact
that the initial film overoxidation should occur exactly
at this interface. The diameter of the semicircle on the
impedance spectrum recorded after removing the CV
of PEDOT increases for the film subjected to poten-
tiodynamic processing at high positive potentials (up
to 1.5 V).
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Fig. 4. (a) Electrochemical impedance spectra of a PEDOT film in 0.1 M H,SO, at a potential of —0.1 V after the recording of
three CV cycles to the different Eup values indicated in the legend, (b) increased high-frequency part of the spectra, and
(c) impedance spectra of PEDOT after cycling to 0.8 V (before and after overoxidation) and impedance spectrum of GC without

a PEDOT film.

Figure 4c shows the impedance spectra of PEDOT
recorded after the cycling to 0.8 V (before and after
overoxidation). Regarding the latter circumstance,
note that after the CV recording for PEDOT to differ-
ent E,, values, the recording was again performed in
the range from —0.3 to +0.8 V and after that the
impedance spectra of the PEDOT film were recorded
after overoxidation without prolonged storage. The
spectra do not coincide in shape and resistance. This
indicates that the electrochemical properties of
PEDOT changed after overoxidation, which is also
consistent with the CV data (Fig. 1c).

Figure 5 shows the dependences of —Z"(Z")
recorded after CV to E,, = 1.4 V. After the first cycle,
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the impedance spectrum coincides in its shape with
the spectra recorded at lower potentials, and after a
few consecutive cycles, there were noticeable
changes in the spectrum shape and resistance values
(Fig. 5b). This agrees with the previously observed
changes in the spectra of the PEDOT film synthe-
sized from aqueous solutions for 7200 s on a gold
electrode [31].

Thus, when cycling the potential of a PEDOT film
in the range of high potentials (1.2—1.5 V), the electro-
chemical properties of the film change, as can be seen
from the drop in the currents on the current-voltage
curves and the appearance of a semicircle in the elec-
trochemical impedance spectra.

No. 11 2018
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Fig. 5. (a) Electrochemical impedance spectra of a PEDOT film in 0.1 M H,SOy4 at a potential of —0.1 V recorded after the cycling
the electrode potential from —0.3 to 1.4 V (v = 50 mV s) depending on the cycle number and (b) part of the spectra in the high-

frequency region.

The SEM images of the PEDOT films were
obtained. Figure 6 clearly shows the porous structure
of the PEDOT polymer film before CV recording in
the range of high positive potentials. It was found that
the same typical morphology of the polymer surface
persists after the recording of several CV curves in the
potential range from —0.3 to +0.8 V. After the cycling
to the upper limit (1.4 and 1.5 V), appreciable changes
in the structure of PEDOT were observed (Fig. 6).
After the cycling to 1.4 V (Fig. 6b) and 1.5 V (Fig. 6¢),
the degree of porosity of the structure decreased. After
the cycling to 1.5 V (Fig. 6¢), the pores disappeared
completely, some crystallite-like formations appeared,
and the polymer did not cover the entire surface any
more. Visualization also showed that the film on the
electrode surface diminished relative to its size before
overoxidation. A semicrystalline and crystalline struc-
ture was observed for the overoxidized PEDOT film
on the gold electrode in [32, 33]. In contrast to the
PEDOT films on the platinum and gold substrates
[33], in the present study there were no cracks or dis-
ruptions of the PEDOT film on GC. One possible rea-
son for the difference in the behavior of the films is the
difference in the oxidation processes on the substrate.
In the case of platinum and gold, the surface oxide lay-
ers form in the range of positive potentials, and molec-
ular oxygen can appear at the highest potentials. The
electrochemical side processes occurring on the metal
substrates and not directly related to polymer film oxi-
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dation may be the reason for film disruptions and
peeling from the substrate.

The electronic structure of the surface groups of
poly-3,4-ethylenedioxythiophene was investigated by
X-ray photoelectron spectroscopy. The XP spectra in
Fig. 7 show that the spin doublet S2p,, and S2p;,
from thiophene sulfur in the doped form of PEDOT
appears at binding energies of ~164.0 and 165.2 eV at
an intensity ratio of spin-orbital splitting of peaks close
to theoretical 1 : 2, which agrees with the data of [39].
After the cycling of the PEDOT film at high positive
potentials (1.4 and 1.5V, curves 2 and 3), an additional
peak appeared at ~169.0 eV, which may be indicative
of sulfur oxidation in the thiophene ring of PEDOT
[40]. During the overoxidation of thiophene sulfur,
S=0 groups can form. Note that on passing to the
upper limit of potential on cycling from 1.4 to 1.5V,
the signal intensity in the energy region of 169.0 eV
decreases, although deeper oxidation of sulfur at
increased potentials might be expected. One possible
reason for this change in the signal may be a decrease
in the porosity and specific surface area per geometric
unit observed from the SEM data of the film surface
(Fig. 6). Accordingly, the signal intensity probably
decreases when photoelectron emission from the
region of the surface at the focus of X-radiation
decreases. The peak intensity ratio at 169.0 and
164.0 eV is preserved, which is evidence in favor of the
proposed explanation.
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Fig. 6. SEM image of the PEDOT film on the GC elec-
trode: (a) after the synthesis, not subjected to potentiody-
namic processing; (b) and (c) after the cycling in the
range of high potentials: (b) 3 cycles of CV to 1.4 V and
(c) 10 cycles to 1.5 V.

CONCLUSIONS

The overoxidation of a PEDOT film on a glassy
carbon electrode in a 0.1 M sulfuric acid solution was
studied. The range of positive potentials was found
(1.2—1.5V) in which the cycling markedly changes the
electrochemical properties of the film. The CV and
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Fig. 7. XPS of the PEDOT film on a GC electrode:
(1) after the synthesis, not subjected to potentiodynamic
processing; (2) and (3) after the cycling in the range of high
potentials: (2) 3 cycles of CV to 1.4 V and (3) 10 cycles to
1.5V

electrochemical impedance spectroscopy studies
revealed a change in the shape and quantitative
parameters of electrochemical response of the
PEDOT film during the cycling in the range of high
positive potentials. The effect of the value of the posi-
tive potential during the specific potentiodynamic
processing of a film on its morphology was studied. It
was shown that the degree of porosity of the polymer
film structure appreciably decreased. The state of the
main elements on the surface of the PEDOT film
before and after the CV recording at high positive
potentials was studied by photoelectron spectroscopy.
It was found that after the cycling of the PEDOT film
at high positive potentials (1.4 and 1.5 V), an addi-
tional peak with an energy of ~169.0 eV appeared in
the region of the sulfur doublet (S2p, , and S2p;),) in
the X-ray photoelectron spectra, which was attributed
to the appearance of S=0 groups during the oxidation
of thiophene sulfur.
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