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Abstract

The electropolymerization of EDOT/PyBA/BRIJ by cyclic voltammetry on stainless steel and glassy carbon
was studied in aqueous solution. The protective properties of the resulting coatings on stainless steel were
investigated in the aggressive medium of 0.25 mol dm= K2SO4 + 0.5 mol dm-3 KCI with pH = 2. Diagnostic
experiments included measurements of potentiodynamic polarization.
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1. INTRODUCTION

The use of conducting polymers (CP) is systematically growing with respect to protecting metals against
corrosion [1,2] and also for more advanced applications such as in microelectronics and chemical sensing [1].
In such applications, CP are used as coatings for metals or serve as a substrate to metallic layers. In both
cases, metal/polymer interface affects the global material properties. During the last few years, effort has been
devoted to the electrodeposition of CP on oxidisable metals and good results have been obtained mainly in
organic solvents. Two types of approaches are currently followed. The first one concerns the modification of
the polymerization conditions such as solvents, pH, and monomer concentration [3-6] while the second one
proceeds with chemical modification of the surface, for instance by coupling agents, before
electropolymerization process [7-10]. Combining the two approaches could also be an attractive way to
investigate. Following these first approach, Sakmeche et al. [11], proposed recently the use of an aqueous
anionic micellar medium containing sodium dodecylsulfate (SDDS) for electropolymerization. Under such
conditions they showed a decrease of 3,4-ethylenedioxythiophene (EDOT) oxidation potential on platinum
compared with the approach using organic solvents. The lower the monomer oxidation potential, the better it
is for the polymerization especially when the substrate is an oxidisable metal (e.g. zinc, iron, titanium,
aluminium). An important limitation on the use of PEDOT coatings is their unsatisfactory adhesion to the metal
(steel) substrate and, consequently, limited protection capability. This arouses the need for seeking methods
for improving the adhesion of the polymer to the substrate. Another obstacle to the common use of EDOT is a
poor solubility of its monomer in water (a mere 2.1 g dm= 20 °C), which restricts the effectiveness of the
polymerization process and increases the coating build-up time. The introduction of surface-active compounds
to the modifying solution was aimed at increasing the degree of dispersion of the monomer (EDOT) in this
solution, which favourably influenced the deposition process effectiveness. To increase the monomer
concentration in the water solution, polyoxyethylene glycol monolaurate ether (BRJI) was used as a surfactant.
A surfactant-containing solution is micellar in character with a considerably increased effective EDOT content
lowers the monomer oxidation potential and has a favourable effect on the number of active polymerization
sites [12,13]. LiCIO4 was additionally introduced to the modifying solution. Perchlorate ions are inhibitors of the
corrosion of iron and its alloys.
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It has been observed in earlier studies [14-16] that a compound that exhibits good adhesion to the steel
substrate and, at the same time, has not been used so far in PEDOT compounds is benzopyrrolic acid.
Coatings obtained using this compound are characterized by strong adhesion to the substrate and a uniform,
stable form. In addition, due to the presence of the readily dissociating carboxyl group, the PyBA coatings
undergo modification by attaching the positive ions from the oxidized PEDOT. The study has investigated the
effect of PEDOT, BRIJ concentration in the modifying solution and the influence of PEDOT/PyBA/BRIJ
coatings depositing time and potential polarization rate on the protective properties of the obtained coatings.
The protective properties of PEDOT/PyBA/BRIJ were examined in solutions containing sulphate and chloride
ions, acidified to pH = 2. Chloride ions were selected in order to determine their effect on the local corrosion
of passivating metallic materials.

2. MATERIALS AND METHODS

All chemicals were of analytical grade purity. The electropolymerization of the best coating PEDOT/PyBA/BRIJ
was performed in an aqueous microemulsion consisting of 0.1 mol dm-? 3,4-ethylenedioxythiophene/EDOT
(Aldrich), 10 mg of 4-pyrrole-1-yl) benzoic acid/PyBA in 1 dm-3 water (Aldrich), 0.04 mol dm- polyoxyethylene-
10-laurylether/BRIJ surfactant (Aldrich) and 0.1 mol dm-3 LiClO4 (Aldrich). In order to select optimal conditions
for coating deposition, the electropolymerization process was also carried out with solutions: a) 0.04 mol dm-?
BRIJ + 0.1 mol dm- LiClO4 + 10 mg w 1 dm3 PyBA + EDOT (with concentrations: 2, 10, 30, 68, 100 mmol dm-
3); b) 10 mg w 1 dm? PyBA + 0.1 mol dm LiClO4+ 0.1 mol dm-3 EDOT + BRIJ (with concentrations: 5, 10, 40,
100 mmol dm=3). They were recrystallized before use. Deionized water was used as a solvent to prepare
solutions for modification and electrolytes. Experiments were carried out at room temperature (20 + 2 °C). Due
to the low solubility of EDOT and PyBA monomers in water, surfactant BRIJ was used to increase the
concentration of both components in the medium. The use of monomer alone will limit the effectiveness of the
polymerization process and extend the coating build-up time. The surfactant introduced to the solution lowers
the monomer oxidation potential [16]. The composite coatings of PEDOT/BRIJ/PyBA with LiCIO4 and were
grown on glassy carbon and stainless steel electrode substrates by potential cycling (at 50 mVs"). Typically,
16 full potential cycles, starting from -0.40 and ending at 1.20 V, were applied.

Electroctrochemical measurements were performed using CH Instruments (model CHI 660) workstation
(Austin, USA). A glassy carbon disk (geometric area, 0.2 cm?) from Mineral (Warsaw, Poland) or X20Cr13
stainless steel (C-0.17%; Cr-12.6%; Si-0.34%; Ni-0.25%; Mn-0.30%; V-0.04%; P-0.024%, S<0.005%) disk
(geometric area, 0.2 cm?, embedded in epoxy resin) acted as a working electrode. Before modification, a
glassy carbon electrode was activated by polishing with fine grade aqueous alumina slurries (grain size, 5 £0.5
pm) on a polishing cloth. Experiments were done in conventional three- electrode system, where a platinum
wire served as a counter electrode and a saturated (KCI) Ag/AgCI electrode as a reference electrode.
Potentiodynamic logarithm (current density) - potential curves were recorded at a fairly low, 10 mV s scan
rate, in 0.25 mol dm= K2S0O4 + 0.5 mol dm- KCI with pH = 2 and 0.25 mol dm K2SOa with pH = 2 electrolyte.

3. RESULTS AND DISCUSSION

PEDOT/PyBA/BRIJ coatings were deposited for a duration of 1000 s, making 16 deposition cycles during that
period of time. Figures 1A and 1B show voltammetric curves for depositing a coating on glassy carbon and
stainless steel X20Cr13 from the PEDOT/PyBA/BRIJ solution. In the first cycles, a gradual coating build-up is
observed, which manifests itself in an increase in oxidation and reduction currents. In the next potential sweep
cycles, the coating build-up is much slower, the shape of the peaks changes, and the current density
magnitudes decrease. It is hard to unambiguously explain the observed decline in electroactivity. It is likely
that for thicker coatings the electropolymerization leads to stable polymeric structures with PEDOT, while the
decrease in electroactivity for longer deposition duration might be due to a limited stability of external PEDOT
structures (incomplete polymerization). In the first cycle of depositing the PEDOT/PyBA/BRIJ composite
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coating of steel X20Cr13 (Figure 1B), the oxidation of the steel surface takes place. The steel becomes
passivated from the moment of starting the measurement, that is from the potential -0.2 V. The increase in
current density above the potential 0.8V may indicate both the start of the polymer oxidation process, as well
as the process of steel transpassivation (involving the chromium oxidation Cr(ll1)—Cr(IV)). The microstructures
of the polymer and benzopyrrolic acid interact electrostatically between one another, because the oxidized
PEDOT is charged positively and PyBA has a readily dissociating carboxyl group. The latter characteristic
leads to an enhanced stability of the composite coating. Adding the surfactant to the modifying solution reduced
the monomer oxidation potential and had a favourable effect on the number of active polymerization sites [16].
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Figure 1 Voltammetric generation illustrating electrodeposition of PEDOT/PyBA/BRIJ on glass carbon (A),
PEDOT/PyBA/BRIJ coating on stainless steel (B) and SEM image of PEDOT/PyBA/BRIJ coating on
stainless steel (C) from the solutions for modification. Scan rate 50 mV s-'. Electrode geometric area 0.2 cm?2.

Immediately after depositing polymeric coatings on a glassy carbon electrode (Figure 1A) from modifying
solutions with varying PEDOT concentrations, cyclic voltammetric curves were recorded in a 0.5 mol dm
H2S04 solution using a polarization rate of 50 mV s (Figure 2). In voltammetric response measurements, the
course of the first cycle was always represented. Figure 2 shows curves recorded in the potential interval from
-0.2 V to 1.2 V. No significant changes in recorded current magnitudes during potential sweeping was noted
in this interval. Neither anodic nor cathodic peaks (i.e. oxidation and reduction peaks) for PEDOT/PyBA/BRJI
were observed. Such a behaviour suggests a capacitive characteristic of the coatings. Literature reports
describing PEDOT show that in non-aqueous solutions oxidation and reduction peaks lie within the potential
interval from -0.2 V to 0.9 V [9], while for PyBA no characteristic peaks have been found. The voltammetric
curves in Figure 2 show a very good symmetry, the charges of the cathodic part are equal to the charges of
the anodic part, which indicates a reversibility of the oxidation and reduction reactions in the potential interval
from -0.2 to 1.2 V. The highest current densities in the voltammetric responses can be observed for the coating
deposited from the solution: 0.1 mol dm= EDOT, 10 mg w 1 dm-3 PyBA, 0.04 mol dm-3 BRIJ and 0.1 mol dm-3
H2SOg; this is indicative of an increase in coating mass.

Figure 3 illustrates voltammetry responses recorded on glassy carbon after the immediate deposition of
coatings from a solution of varying BRIJ concentration. Metallographic observations and the examination of
coating adhesion to the substrate have shown that the best properties are exhibited by a coating with a BRIJ
concentration of 0.4 mol dm in the modifying solution. At a higher BRIJ content in the modifying solution,
dense colloid forms, from which it is very difficult to deposit a coating, while at lower BRIJ concentrations no
decrease in EDOT monomer oxidation potential is observed.
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Figure 2 Response voltammetry of the
PEDOT/PyBA/BRIJ coatings on the glassy carbon
in solutions: 10 mg w 1 dm?® PyBA+ 0.04 mol dm-
BRIJ + 0.1 mol dm LiClO4 and (a) 2, (b) 10, (c)

30, (d) 68 and (e) 100 mmol dm-3 EDOT. Ele-
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Figure 3 Response voltammetry of the
PEDOT/PyBA/BRIJ coatings on the glassy carbon
in solutions: 10 mg w 1 dm=3 PyBA + 100 mmol dm?

EDOT + 0.1 mol dm- LiClO4 and (a) 5, (b) 10, (c)
40 and (d) 100 mmol dm- BRIJ. Elecrolyte: 0.5 mol

crolyte: 0.5 mol dm= H2SO4 . Scan rate: 50 mV s'. dm-3 H2S04. Scan rate: 50 mV s™'.
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Figure 4 Response voltammetry of the PEDOT/PyBA/BRIJ coatings on the glassy carbon (a) and stainless
steel (b). Electrolyte: 0.5 mol dm-® H2SOa. Scan rate: 50 mV s-'.

Figure 4 shows cyclic voltammetry curves recorded in the potential interval from -0.2 V to 0.8 V. No significant
changes in recorded current magnitude was noted in this interval during potential sweeping. No clear anodic
or cathodic peaks (i.e. oxidation and reduction peaks) for PEDOT and PyBA were observed. As can be noticed,
the anode and cathode current densities depend on the electrode substrate. The voltammetric curves recorded
for coatings produced on glassy carbon show smaller cathode and anode current densities, compared to the
curves recorded for coatings deposited on steel X20Cr13.

The corrosion potentials for steel X20Cr13 coated with a PEDOT/PyBA/BRIJ are shifted by approx. 0.2 V
towards positive values (Figures 5, 6), as against the corrosion potential value recorded for the uncoated steel
(Ecor = -0.63 V). For the steel protected with a coating (Figure 3), the current densities in the passive range
are slightly lower than those for the uncoated steel. In the presence of a composite coating, a lowering in
transpassive dissolution current density is observed (E>0.09V). Above E = 0.0 V, however, pitting of the
passive coating is observed for both the uncoated and coated steel, although the Ep; value is slightly more
positive in the presence of a coating (Figure 6). Moreover, in the presence of the PEDOT/PyBA/BRIJ coating,
the pitting development is much less intensive, as evidenced by a clearly smaller steepness of the curve above
E,it for a specimen coated with the coating. In the presence of chloride ions, an inhibition of active dissolution
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by the PEDOT/PyBA/BRIJ coating is visible. The above-mentioned observations allow one to believe that
composite coatings containing an organic polymer and benzopyrrolic acid of ion-exchange properties make
the access by chloride ions to the substrate difficult and improve the effectiveness of protection against
atmospheric and local corrosion. Introducing an anion with a negative charge to the positively charged matrix
of a conducting polymer results in a neutralization of the anion-exchange (membrane) properties of the coating.
An added advantage of such coatings is their very good adhesion to the coating substrate.
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Figure 5 Potentiodynamic polarization curves Figure 6 Potentiodynamic polarization curves
recorded in an acidified (pH = 2) solution of 0.25 mol recorded in an acidified (pH=2) solution of 0.25 mol
dm-3 K2S04 for uncoated X20Cr13 stainless steel dm-3 K2S04 + 0.5 mol dm-3 KCI for uncoated
(a), and coated with composite PEDOT/PyBA /BRIJ X20Cr13 stainless steel (a), and coated with
(b). Scan rate 10 mV s-1. composite PEDOT/PyBA/BRIJ coatings. Scan rate

10 mV s-1.

4, CONCLUSIONS

We have demonstrated the possibility of modification of a stainless steel substrate with a PEDOT/PyBA/BRIJ
based coatings. Such coatings exhibit promising properties toward the protection of stainless steel against
general and pitting corrosion in the chloride-containing medium. The results are consistent with the view that
the PEDOT/PyBA/BRIJ composite coatings is not only characterized by good physicochemical stability
(understood in terms of resistance to degradation during repetitive potential cycling) and compact (dense)
morphology but it is also capable of effective propagation of charge (that could be useful in mediation of various
redox reactions). Regardless the nature of interactions between PEDOT and PyBA components, the composite
PEDOT/PyBA/BRIJ system cannot be considered as a simple mixture of these components. Our results
indicate the usefulness of PEDOT/PyBA/BRIJ coatings for the protection against general and pitting corrosion
of stainless steels in moderately acidic (pH = 2) sulfate media.
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