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Poly(3,4-ethylenedioxythiophene) (PEDOT) films have been formed by electropolymerization for the first
time on top of poly(methylene blue) (PMB) modified GCE (PMB/GCE), in order to improve PMB modified
electrode stability. Experimental conditions, such as electrolyte and fixed potential or potential cycling
electrosynthesis have been optimized for PEDOT polymerization on bare GCE. Characterization of PMB
modified together with PEDOT/PMB modified and bare GCE was done by cyclic voltammetry and elec-

trochemical impedance spectroscopy (EIS). The operational and storage stability of PEDOT/PMB/GCE was
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tested. Its good stability and the lack of influence of dissolved oxygen on its electrochemical properties,
make it promising for sensor and biosensor applications.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Organic conducting polymers are described as polymers with
spatially extended o-bonding systems, with broad valence and con-
duction bands which can be obtained by electropolymerization or
chemical oxidation. Over the last 25 years, they have been exten-
sively studied for various technological applications [1-5], such as
protective coatings for corrosion control [6,7], chemical sensors
[8,9], batteries [10], and electrochromic display devices [11].

Among many applications of conductive polymers, their use
in the electrochemical sensor and biosensor area seems to be
very promising, and for this purpose phenazine-dye electroactive
polymers were introduced in the mid-1990s. The most success-
ful until now were poly(neutral red), poly(methylene blue), poly
(methylene green), poly(brilliant cresyl blue) and poly(Nile blue),
as recently reviewed in [12].

Methylene blue (MB), or 3,7-bis(dimethylamino)phenothiazine,
is an organic dye in the phenothiazine family, which has had
widespread application as a redox marker in electrochemical
biosensors to detect the DNA hybridization event [13-15], as a sen-
sor for analytes such as ascorbate, epinephrine, dopamine [16], and
vitamin Bg [17], and as an electron transfer mediator in biosensor
assembly [18,19] due to its high electron transfer efficiency and
low cost [20]. The stability of poly(methylene blue) films formed
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by electropolymerization on solid substrates is not satisfactory due
to polymer hydrophilicity and it has been observed that PMB films
can dissolve into electrolyte solution [21]. The aim of this study was
to increase the PMB-modified electrode stability, by protecting the
PMB polymer with an inert conductive polymer. In this way the
operational stability of PMB based sensors and biosensors could
be substantially extended and the potential applications of PMB
exploited.

Among inert conductive polymers, poly(3,4-
ethylenedioxythiophene) (PEDOT) is attractive because of its
high conductivity and good stability under ambient conditions
[22,23]. On the basis of these properties, PEDOT derivatives are
used in a wide range of electronic devices for the fabrication
of supercapacitors [24], and have electrochemical and optical
applications as electrochromic devices, due to its low-energy band
gap (ca. 1.6-1.7eV) [25-30].

Generally, the electrosynthesis of PEDOT is performed by
oxidation of the corresponding monomer, either chemically or elec-
trochemically, films with different morphologies and consequently
slightly different physical and chemical properties being obtained
[31-33].

EDOT is only slightly soluble in water [34] and water molecules
inhibit EDOT polymerization due to their reaction with thienyl
cation radicals, which are the initiating species during polymer-
ization [35]. Despite these inconveniences, water is preferred as
solvent rather than organic media, which have also been employed
for EDOT polymerization [28,36], for economic and environmental
reasons. The solubility problem of the monomer can be resolved by
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adding chosen surfactants, which can be anionic, such as sodium
dodecyl sulfate (SDS) [37,38] or sodium poly(styrene sulphonate)
(NaPSS) [39,40], cationic [41] or non-ionic [42,43].

When PEDOT is synthesized electrochemically, the electropoly-
merization conditions, such as the solvent, the electrode substrate,
polymerization potential and technique (either by cycling the
potential or applying a fixed potential) play an important role in
the properties of the PEDOT films.

In this work, PEDOT was synthesized at fixed potential and
by cyclic voltammetry at bare glassy carbon electrodes (GC) and
PMB-modified GCE. The influence of the electropolymerization
technique and experimental conditions on EDOT polymerization
was investigated. The electrochemical properties of the PEDOT
modified electrodes were characterized by cyclic voltammetry
and electrochemical impedance spectroscopy (EIS). The opera-
tional and storage stability of PEDOT/PMB/GCE electrodes were also
tested.

2. Experimental
2.1. Reagents and solutions

All chemicals were analytical reagent grade and used
as received. The monomers 2,3-dihydrothieno[3,4-b]-1,4-dioxin
(EDOT) and methylene blue (MB) were from Aldrich, Germany.

The electrolytes used for the polymerization of EDOT were
0.1M sodium chloride (NaCl, Riedel-de Haen, Germany) and
0.1 M 4-styrenesulfonic acid sodium salt hydrate (NaPSS, Aldrich,
Germany), containing 0.01 M of monomer.

The solution used for the electropolymerization of MB contained
1 mM of monomer dissolved in 0.025M borate buffer (Na;B407)
with the addition of 0.1 M Na,SO4 (both from Merck, Germany)
pH 9.25. The electrolyte used for the electrochemical character-
ization of the modified electrodes was 0.1 M KCl, from Panreac,
Spain.

Millipore Milli-Q nanopure water (resistivity > 18 M2 cm) and
analytical reagents were used for the preparation of all solutions.
Experiments were performed at room temperature, 25+ 1°C.

2.2. Instrumentation

All experiments were carried out in a three-electrode cell using
a bare or modified glassy carbon electrode as working electrode, a
platinum foil as counter electrode and the reference electrode was
a saturated calomel electrode (SCE).

Electrochemical measurements were done using a potentio-
stat/galvanostat Autolab PGSTAT30 connected to a computer with
general purpose electrochemical system software (GPES v4.9).
Electrochemical impedance spectroscopy (EIS) experiments were
carried out by using a PC-controlled Solartron 1250 Frequency
Response Analyzer, coupled to a Solartron 1286 Electrochemical
Interface (Solartron Analytical, UK), using ZPlot 2.4 software (Scrib-
ner Associates Inc., USA) with an rms perturbation of 10 mV applied
over the frequency range 65.5 kHz-0.1 Hz, and 10 frequency values
per frequency decade. The spectra were recorded at —0.6, —0.3, 0.0
and 0.3 V vs. SCE and were fitted using electrical equivalent circuits
with ZView 3.2 software (Scribner Associates Inc., USA).

The pH-measurements were done with a CRISON 2001 micro
pH-meter.

2.3. Electrode preparation

The GC electrode was successively polished to a mirror finish
using Diamond Spray of particle size 6 pm (Kemet International,
UK) followed by thoroughly rinsing with Millipore Milli-Q nanop-
ure water. The electrode was pretreated by cycling the potential

between —1.0 to +1.0V vs. SCE at 100mVs~! in the electrolyte
solution used for the polymerization of MB or EDOT, until a stable
voltammogram was recorded.

MB was polymerized using the procedure reported in [44]
by cycling the potential between —0.65 and +1.0V vs. SCE at
50mV s~ for 30 cycles in a solution containing 1 mM MB in 0.25 M
borate +0.1 M Na,SO4 pH 9.25. The PMB modified electrodes were
allowed to dry in air for 24 h, at room temperature, kept away from
light.

For the electropolymerization of EDOT, a 0.01 M monomer
solution was prepared by dissolving the appropriate amount of
monomer in a chosen electrolyte solution, either 0.1 M NaCl or
0.1M NaPSS. Vigorous magnetic stirring and heating for about
30 min, followed by 10s in an ultrasonic bath, ensured complete
monomer dissolution.

The electrochemical procedures used for EDOT polymerization
were (a) potential cycling from —0.6 up to 1.0, 1.1 or 1.2V vs. SCE
for 10 cycles at a scan rate of 50mVs~1! or (b) fixed potentials of
1.0, 1.1 and 1.2V vs. SCE during 100 or 200s.

After PEDOT deposition, the modified electrodes were left in air
at ambient temperature, for at least 24 h, before use.

3. Results and discussion

3.1. Optimization of experimental condition for EDOT
polymerization

3.1.1. Choosing the electrolyte solution

Electropolymerization of EDOT from solutions containing
0.01 M monomer was carried out in two electrolyte solutions: 0.1 M
NaCl and 0.1 M NaPSS. These electrolyte solutions were chosen,
since the monomer dissolves differently in each and they also play
an important role in both electron transfer rate and in diffusion
processes, the anion having a significant effect on the electropoly-
merization process and on the properties of the polymer films
obtained [33]. It was found that the size of the dopant ion affects
the oxidation kinetics and the electrical conductivity of the films
[45].

As observed in Fig. 1, during the electropolymerization process
of EDOT in NaCl solution, there is no significant increase in the oxi-
dation current at 1.0V, at which potential radical cation species
are expected to be formed. On the contrary, in NaPSS solution, the
increase in oxidation current at positive potentials demonstrates
the formation of cation radicals which initiate the polymerization
process. The process begins with the generation of EDOT* radi-
cal cation species, which then polymerize and then the oligomers
formed also are being oxidized so that oligomer radical cation
species are produced, that interact with other EDOT"*, forming the
polymer. The deposition of PEDOT polymer at the electrode surface
is indicated by the increase in the capacitive current from 1.6 to
24 mFcm~2 for the 10th cycle, calculated from the CV-s recorded
during polymerization in the capacitive region of the voltammo-
grams (see Fig. 1a).

The monomer is much more soluble in NaPSS solution due to
its surfactant and emulsifier properties that facilitate EDOT disso-
lution [46]. It was also reported in the literature that surfactant
molecules, like SDS, exhibit an electrocatalytic effect, character-
ized by a decrease of the EDOT oxidation potential, which may
result from strong electrostatic interactions between the EDOT
cation radical (EDOT"*) and SDS anions. [37]. In particular, when
the polymer is electrosynthesized in the presence of the polyelec-
trolyte poly(styrene-4-sulfonate) ((PSS)"*~), a kind of composite can
be formed, in which (PSS)"~ polyanion is incorporated into the
polymer to compensate the positive charge of PEDOT. Such films
have high ionic conductivities, good electrochemical stability and
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Fig. 1. Cyclic voltammograms recorded during the electropolymerization of EDOT at GCE from a solution containing 0.01 M EDOT monomer in (a) 0.1 M NaCl and (b) 0.1 M

NaPSS; v=50mVs~1, 10 scans between —0.6 and +1.0V vs. SCE.

a capacitance suitable for practical use in electrochemical superca-
pacitors [47-49]. Due to all the above-mentioned reasons, NaPSS
was chosen as electrolyte for further PEDOT synthesis.

3.1.2. Optimization of the electrochemical techniques for EDOT
electropolymerization

3.1.2.1. Potentiostatic polymerization of EDOT. The currents
recorded during EDOT polymerization at GCE, at the fixed applied
potentials of 1.0, 1.2 and 1.5V vs. SCE, in the potentiostatic mode,
are shown in Fig. 2. As observed by comparing the curves, the
plateau region is reached fastest using 1.5V and takes a longer time
to stabilize when the applied potential is 1.2V vs. SCE. After 505,
the constant currents reached for both these applied potentials are
the same, with a value of 0.25 mA cm~2. An increase in the plateau
current, up to 1.35mAcm~2, is recorded when 1.0V potential is
applied. It has been reported that if EDOT is polymerized at poten-
tials lower than 1.1V (at Pt electrodes), overoxidation of PEDOT is
negligible, and a higher applied potential leads to an increase in
the plateau current values. On the contrary, at potentials higher
than 1.1V, e.g. 1.2 and 1.5V vs. SCE, as in the present case, both
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Fig. 2. Electropolymerization of EDOT at GCE from a solution containing 0.01 M
EDOT monomer in 0.1 M NaPSS in potentiostatic mode at +1.0, +1.2 and +1.5V vs.
SCE for 200s.

polymerization of EDOT and overoxidation of PEDOT occur, which
decreases the plateau current [50].

The capacitive currents recorded at all three PEDOT modified
electrodes in 0.1 M KCI at 50mVs~! were a factor of two higher
for PEDOT deposited at 1.2V than at 1.0V, 5 mF cm~2, even though
the plateau current is lower. This was in agreement with what was
observed by visual inspection of the electrodes, the blackest color,
characteristic of the PEDOT polymer, corresponding to this mod-
ified electrode. It has been concluded that a potential of 1.2V is
necessary to generate a sufficient amount of cation radicals, in order
to synthesize a uniform, intact layer of polymer.

3.1.2.2. Electropolymerization of EDOT by potential cycling. Fig. 3aq,
a, and a3 shows cyclic voltammograms recorded during the poly-
merization of EDOT, recorded in different potential ranges: from
—0.6V up to 1.0, 1.2 and 1.5V vs. SCE. As observed, all three CV
plots are characterized by oxidation currents at positive poten-
tials higher than 0.8 V, corresponding to oxidation of the monomer
and formation of radical cation species, EDOT'*, and an increase in
the capacitive current values during the polymerization process, a
characteristic of conductive polymers.

When the positive limit is 1.0V, there is an increase of a factor
of two in the oxidation current corresponding to the cation radical
formation, from the first up to the last cycle, but the maximum
charge was only 0.8 compared with 4 mC cm~2, when the potential
was cycled up to 1.2V vs. SCE, demonstrating that more polymer
was deposited in the latter case. This is due to the formation of
more radical cation species at 1.2V, which can subsequently form
a thicker PEDOT film, demonstrated by the values of the oxidation
current being double those obtained for a positive potential limit
of 1.0V vs. SCE.

When the potential is cycled up to 1.5V vs. SCE, the first cycle
shows a crossover of the reverse negative scan over the positive one,
also called “nucleation loop”. This can be due to both the polymer
nucleation effect [35,51] and homogeneous reaction between the
oligomeric species and the monomer [52]. Since in this case the
loop occurs only in the first cycle, it is probably related to the latter
phenomenon.

The oxidation current at 1.5V increases during the second cycle
and then drastically decreases, disappearing by the last polymer-
ization cycles. This can indicate that radical cations are generated
only at the beginning of the polymerization process. During the first
3 cycles, two oxidation peaks can be observed, the first at around
1.2V, attributed to EDOT oxidation, and the second, at ~1.4V vs.
SCE, correlated with the oxidation of PEDOT. After this, only one
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Fig. 3. Cyclic voltammograms recorded during the electropolymerization of EDOT at GCE from a solution containing 0.01 M EDOT monomer in 0.1 M NaPSS; v=50mVs~!, 10
scans between —0.6 and (a;) +1.0V, (a2) +1.2V and (a3) +1.5V vs. SCE and (b) variation of the cathodic charge corresponding to the undoping process of the formed polymer

with each cycle during polymerization.

peak appears at an intermediate potential around 1.3 V, with a con-
tinuous decrease in height, until it disappears after a further 3-4
cycles. This can indicate that the electroactivity of PEDOT is first
lowered, and then lost, due to its overoxidation at potentials higher
than 1.2V vs. SCE [50].

Fig. 3b shows the variation of cathodic charge corresponding to
the undoping process of the deposited polymer with each polymer-
ization cycle, carried out in the three potential ranges investigated.
As observed in all cases, there is an increase in the cathodic
charge during polymerization, indicating that PEDOT polymer is
formed at GCE electrodes. Nevertheless, when polymerization is
performed between —0.6 and 1.2V vs. SCE, significantly higher
cathodic charges are recorded, indicating that this is the optimal
potential range. It was thus chosen for further EDOT polymerization
studies. Moreover, polymerization by potential cycling leads to the
deposition of thicker PEDOT films, compared with those obtained
at fixed potential, demonstrated by the significantly higher
capacitive currents of PEDOT modified electrodes obtained by
cycling.

3.2. Preparation of PEDOT modified PMB/GCE

3.2.1. Polymerization of MB at GCE

The electropolymerization of MB was carried out by
cycling the potential between —0.65V and +1.0V vs. SCE at
50mVs~! in a solution containing 1mM monomer in 0.025M
Nay;B407+0.1M NaySO4, pH 9.25. Cyclic voltammograms
recorded during electropolymerization are presented in Fig. 4.

1.5 1

1.0 1

-2

Jj/ mAcm

0.0 1

-0.5 0.0 0.5 1.0
Evs.SCE/V

Fig. 4. Electropolymerization of MB from a solution containing 1 mM MB monomer
in 0.025 M Na borate +0.1 M Na,S04 pH 9.25; v=50mV s~!, 30 scans between —0.65
and +1.0V vs. SCE at GCE.

The electropolymerization process begins with the adsorption
of monomer at the electrode surface and formation of the
cation-radical species at high positive potentials, around 1.0V vs.
SCE. MB monomer contains two tertiary amino groups and the
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Fig. 5. (a) Cyclic voltammograms recorded during the electropolymerization of
EDOT at PMB/GCE from a solution containing 0.01 M EDOT monomer in 0.1 M NaPSS;
v=50mVs~', 10 scans between —0.6 and +1.2V vs. SCE; (b) the variation of the
capacitance values and oxidation currents corresponding to the radical cation for-
mation with each cycle during polymerization.

cation-radical species are formed at positive potentials near the
potential corresponding to oxygen evolution [44].

During the polymerization process, the oxidation currents of
~1.7mA cm~2, due to the redox activity of the monomer, decrease
and, while polymer is formed, the oxidation currents shift towards
more positive potentials, and increase up to the final, 30th cycle,
reaching a value of 1.3 mAcm2.

3.2.2. Polymerization of EDOT at PMB/GCE

Fig. 5a shows cyclic voltammograms recorded during the poly-
merization of EDOT at a PMB-modified GCE from a solution
containing 0.01 M EDOT monomerin 0.1 M NaPSS. The CVsrecorded
during polymerization are very similar to those observed during
polymerization of EDOT, under the same experimental conditions,
at bare GCE, with the difference that, at the bare electrode the cur-
rent at 1.2V remains constant at ~8 mA cm~2, whereas there is a
constant increase in the oxidation current at PMB-modified elec-
trodes, from 1.2 up to 10 mA cm~2. This indicates that an increasing
amount of radical cation species are generated in each polymeriza-
tion cycle.

The peaks of PMB are not visible since the currents are 10 times
lower than those due to the PEDOT polymer.

As occurs for the polymerization of EDOT at bare electrodes,
there is an increase in the capacitive current with each cycle, see
Fig. 5b, which indicates the deposition of PEDOT. The capacitive
current calculated for the last cycle of EDOT polymerization was
~25mFcm—2.

3.3. Characterization of PMB/GCE, PEDOT/PMB/GCE and
PEDOT/GCE electrodes

3.3.1. Cyclic voltammetry

PMB/GCE, PEDOT/PMB/GCE and PEDOT/GCE electrodes were
characterized by cyclic voltammetry in 0.1 M KCl. Cyclic voltammo-
grams at different scan rates, from 10 to 200 mV s~!, were recorded
and are shown in Fig. 6. Both PMB/GCE and PEDOT/PMB/GCE
showed a linear dependence of peak current on square root of scan
rate (Fig. 6a, and b,), indicating that the overall electrochemical
process is diffusion-controlled. A typical PMB redox response is
observed in Fig. 6a;, with an anodic peak at —0.1V and a cathodic
one at —0.36 Vvs. SCE. At PEDOT/PMB/GCE, the currents are approx-
imately 10 times greater, as expected due to the capacitive currents
exhibited by PEDOT, and the higher slopes of peak current vs. square
root of the scan rate also indicate higher diffusion rates. When both
PMB and PEDOT are immobilized at GCE, two oxidation and reduc-
tion processes can be observed, for oxidation one less apparent at
—0.1V, at the same potential where PMB oxidation occurs, and a
second, more evident at +0.3V vs. SCE, that can also be observed
during the last 5 cycles of EDOT polymerization at PMB/GCE, and
which is slightly visible in CV-s recorded at PEDOT/GCE (Fig. 6¢), so
that this process is probably correlated with the electroactivity of
PEDOT polymer.

The reduction reactions at PEDOT/PMB/GCE are located at sig-
nificantly more positive potentials, at 0.0 and 0.4V vs. SCE, in
comparison with —0.36 V for PMB/GCE and ~—0.4V at PEDOT/GCE.
The electroactivity of PEDOT/PMB/GCE at potentials very close to
0.0V vs. SCE, indicates that they can mediate electron transfers in
this potential region, which is excellent for biosensor applications,
due to the fact that the responses of possible interfering compounds
are significantly smaller around this potential.

3.3.2. Stability of the PEDOT/PMB/GCE

The stability of a chemically modified electrode is very
important for practical applications, so the stability of the
PEDOT/PMB/GCE was tested by cyclic voltammetry in two ways.
The operational stability was examined by recording 100 succes-
sive CV-s at PEDOT/PMB/GCE in 0.1 M KCI solution and a decrease
to ~50% of the initial anodic and cathodic peak currents character-
istic to PEDOT/PMB|/GCE (see Fig. 6b, ) was observed after 60 cycles,
afterwards remaining constant. Additionally, a PEDOT/PMB/GCE
was tested during 30 days, recording 10 successive CV-s in 0.1 M
KCl once every 5 days. When not in use, the modified electrode
was stored at room temperature, away from direct contact with UV
light. Results are shown in Fig. 7, where both anodic and cathodic
peak currents of PEDOT/PMB/GCE modified electrodes are plotted
versus time, and it can be seen that there is a sharp decrease of
both currents after 15 days, but then they reach a plateau, remain-
ing almost constant. Thus, the stability of PEDOT/PMB/GCE is very
good, taking into account that PMB, which usually dissolves rela-
tively easily in aqueous media, is made much more stable by the
deposition of PEDOT on top, due to the insolubility of the PEDOT
film in aqueous media.

3.33. EIS

Electrochemical impedance spectroscopy (EIS) was used to
characterize the physical and interfacial properties of the PMB/GCE,
PEDOT/PMB/GCE and PEDOT/GCE modified electrodes. Spectra
were recorded in 0.1 M KCl, at applied potentials of —0.3, 0.0 and
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Fig. 6. Cyclic voltammograms recorded at (a) PMB/GCE and (b) PEDOT/PMB/GCE and (c) PEDOT/GCE in 0.1 M KCl solution at different scan rates, from 10 to 200mVs~' and

the corresponding plots of peak vs. square root of scan rate.

+0.3V vs. SCE, chosen inside and outside of the region where oxi-
dation and reduction of PMB occurs, and are shown in the complex
plane plots of Fig. 8. Experiments were done in the presence and
absence of oxygen, to evaluate if it has an influence on film prop-
erties.

In the case of PMB/GCE, Fig. 83, the spectra recorded at all poten-
tials have a semicircle profile, with the highest impedance values
observed at +0.3V vs. SCE, as expected, since this potential is the
most distant from the midpoint potential of the PMB redox process
(see Fig. 4a).

It can be observed in Fig. 8b and c, that spectra recorded
at PEDOT/PMB/GCE are very similar to those corresponding
to PEDOT/GCE, which indicates that PEDOT has a greater

influence on the electrochemical properties of PEDOT/PMB/GCE.
The imaginary part of the impedance is ~20 times lower at these
electrodes compared with that of PMB/GCE, which clearly indicates
higher capacitance values of PEDOT-modified electrodes, in agree-
ment with cyclic voltammetry. The capacitive lines, with angles
very close to 90°, extending down to 0.1Hz, are characteristic
of PEDOT [47,53,54]. In the higher frequency region the spectra
present a semicircle with a very small diameter, which means that
charge transfer at the electrode/polymer film/solution interface
and charge transport through the polymers are both very fast.

The impedance spectra were fitted by using the equivalent cir-
cuits presented in Fig. 9. In the case of PMB/GCE, a Randles circuit
(Fig. 9a) was used, comprising the cell resistance, R, of around
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Resistance (R), constant phase element (CPE), o and capacitance (C) values obtained by fitting the EIS spectra with the equivalent circuits shown in Fig. 8, corresponding to
(a) PMB/GCE, (b) PEDOT/PMB/GCE and (c) PEDOT/GCE electrodes in the presence and absence of oxygen in solution.

Eap (V) vs. SCE

R (k2 cm?)

CPE; (mFcm 25 1)

(@)

No 02

-0.3
0.0
+0.3

-0.3
0.0
+0.3

Eap (V) vs. SCE

R; (k2 cm?)

4.6
3.5
234

24.5
21.6
29.2

CPE; (mFcm2s%1)

o1

R, (k2 cm?)

CPE, (mFcm2s*1)

0.75
0.74
0.83

0.73
0.81
0.84

(b)

No 02

-0.3

0.0
+0.3
-0.3

+0.3

Eap (V) vs. SCE

0.12
0.01
0.001

0.13
0.01
0.009

1.1
0.9
0.6

1.0
1.1
1.4

Ry (R2cm?)

0.70
0.71
0.72

0.71
0.68
0.58

C; (mFecm~2)

0.92

8.7
9.7
8.7

8.8
10.2
9.2

CPE, (mFcm—2s*-1)

0.98
0.93
0.95

0.97
0.93
0.96

(c)

No 02

-0.3
0.0
+0.3

-03
0.0
+0.3

8.8
10.2
9.8

9.2
9.7
9.7

0.88
0.95
0.97

0.92
0.96
0.98

15 ©Q cm?, in series with the charge transfer resistance Ry, in parallel
with a constant phase element, CPE;, where CPE = {(Ciw)®}~!, rep-
resenting the interfacial charge separation, modelled as a non-ideal
capacitor, owing to the porosity of the polymer film, the « exponent
having values between 0.73 and 0.84. The calculated values of both
Ry and CPE parameters are given in Table 1a. As mentioned above,
the charge transfer resistance values are higher at +0.3 V, which is
the most distant from the midpoint potential of PMB. Removing
oxygen from solution leads to an increase of charge transfer resis-
tance at the PMB modified electrodes, so that they are better for
use in oxygenated media, also reported in [44], To fit the spectra at
PEDOT/PMB/GCE, two equivalent circuits were used, see Fig. 9b. The

pa
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Fig. 7. Storage stability of PEDOT/PMB/GCE electrodes: variation of anodic and
cathodic peak currents of PPEDOT/PMB/GCE electrodes, observed in Fig. 6b;.

spectrum at —0.3 V is different from the others, with a larger diam-
eter semicircle, which indicates that at this potential the modified
film is more resistive. In this case, the equivalent circuit contained,
beside the solution resistance, two resistance-capacitance combi-
nations, Ry plus CPE; and R, plus CPE, corresponding to PMB and
PEDOT layers respectively. Constant phase elements were needed,
due to polymer porosity and surface non-homogeneity. As observed
in Table 1b, which contains the resistance and CPE values, R; is
smaller than R, indicating that charge transfer at PEDOT is lower
than at PMB, at this potential. Nevertheless, R; has lower values
than those corresponding to PMB/GCE, which indicates that PEDOT
modification of PMB/GCE improves the charge transfer at PMB
interfaces.

For applied potentials of 0.0 and +0.3 V, the value of R; decreases
dramatically, down to 1 £ cm?, and R, is removed from the equiv-
alent circuit (Fig. 9b). As expected, CPE; values, which correspond
to PEDOT, are 8-10 times higher than CPE, which have similar val-
ues to those recorded at PMB/GCE. The o values are higher than
o1, being very close to 1.0, showing that PEDOT has an almost pure
capacitor-like behaviour and also, more importantly, indicates that
the PEDOT surface is smoother and more uniform than that of PMB.

Oxygen has little influence on the PEDOT/PMB/GCE proper-
ties, only a small increase in both CPE; and CPE, values being
observed (see Table 1b), an advantage for applications of these
PEDOT/PMB/GCE compared to PMB/GCE, since they can be equally
used in both oxygenated and deoxygenated media.

The equivalent circuits for PEDOT/GCE are shown in Fig. 9c.
All circuits have the cell resistance, Rg, in series with a CPE, with
o values very close to 1.0, indicating that PEDOT-modified GCE
acts similarly to a pure capacitor. At —0.3V vs. SCE, it was nec-
essary to use a charge transfer resistance, Ry, in parallel with a
pure capacitance, Cq, to model the high frequency region. The very
small charge transfer resistance, of 3 Q cm?, underlines the high
ionic and electronic conductivity of PEDOT. CPE; values are around
10mFcm—2s®-1, and are very similar to CPE, corresponding to the
PEDOT/PMB/GCE electrode, attributed to PEDOT polymer on top of
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Fig. 8. Complex plane impedance plots recorded in 0.1 M KCl at —0.3, 0.0 and +0.3V vs. SCE at PMB/GCE, PEDOT/PMB/GCE and PEDOT/GCE in the presence and absence of
oxygen in solution. The lines show equivalent circuit fittings.
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Fig. 9. Equivalent circuits used to fit the impedance spectra recorded at (a) PMB/GCE, (b) PEDOT/PMB/GCE and (c) PEDOT/GCE in the presence and absence of oxygen in
solution.
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PMB. This, together with the similarities in « values, implies that
the substrate on top of which EDOT is polymerized does not affect
the properties of the deposited film.

4. Conclusions

PEDOT has been successfully polymerized at GCE, thicker films
being deposited by potential cycling. The positive potential limit
is important in the polymerization mechanism, since it dictates
the generation of EDOT " radical cations, which initiate polymer
formation. A value of +1.2V vs. SCE was optimal for EDOT poly-
merization, at which the highest capacitance values were recorded,
with a continuous increase during the polymerization process.
EDOT polymerizes better on PMB-modified GCE electrodes, more
cation radicals being formed and a thicker film of PEDOT being
deposited, reflected in higher capacitance currents. Cyclic voltam-
metry and EIS results indicate that PEDOT is the film component
that dominates the electrochemical properties of PEDOT/PMB/GCE,
exhibiting a very similar behaviour to that of PEDOT/GCE. The
charge transfer resistance at PMB interface is lowered when PEDOT
is deposited on top of PMB/GCE and CPE values of PEDOT are
8-10 times higher than of PMB, with « values very close to 1.0,
underlining PEDOT'’s capacitor character and the smoothness and
uniformity of the PEDOT surface. The lack of influence of oxygen
on the PEDOT/PMB/GCE properties, and their good storage and
operational stability demonstrate the improvement of PMB modi-
fied electrode characteristics, which make them more suitable for
application in sensor or biosensor construction.
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