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a  b  s  t r  a  c  t

The  electropolymerization  of  pyrrole  in  aqueous  solutions  of  salicylate  leads  to  the  formation  of  hol-
low  rectangular-sectioned  microtubes.  With  the  aim  to  develop  a coating  with  this  morphology  but
with  better  anticorrosive  properties  we synthesized  a bilayer  system  by  depositing  a polypyrrole  under-
layer  electropolymerized  in the presence  of  molybdate  and  nitrate  and a polypyrrole  film  formed  by
the  microtubes  as  a  top  layer.  The  corrosion  performance  of  the  coatings  was  monitored  by  follow-
ing  the  open  circuit  potentials,  polarization  curves  and  electrochemical  impedance  spectroscopy  in acid
oatings
lectrochemical techniques
orrosion

and  neutral  chloride  solutions.  The  bilayers  have the  capacity  to protect  the  steel  against  uniform  as
well  as  against  pitting  corrosion  during  long  exposure  times.  The  system  with  the  inner  layer  formed
in  alkaline  solution  was  the  most  protective  coating  in  this  study.  The  results  are  discussed  in terms
of  the  galvanic  interaction  between  the  polymer  and  the substrate  and  the role  played  by  the  dopant
anions.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

There has been a great interest in the synthesis of micro- and
anostructures of polypyrrole (PPy) due to their applications in
any fields such as sensors [1], supercapacitors [2], biomedicine

3], and smart coatings [4]. In particular, the chemical synthesis
f hollow microtubes with a rectangular cross-section has been
eported [5]. This interesting morphology presents unique prop-
rties principally associated with its high exposed surface area. As
as shown in our earlier works, the electrosynthesis of hollow rect-

ngular microtubes of PPy can be performed in neutral or alkaline
olutions of salicylate (Sa) [6]. It was postulated that as a result of
he local pH decrease during electropolymerization, salicylic acid
HSa) crystallizes on the electrode surface and then the polymer
s deposited on the external surface of these crystals [6,7]. The
ectangular structures are constituted by both HSa and oxidized

Py doped with Sa anions. As an application, the PPy coating con-
tituted by rectangular microtubes can be used for drug storage.
ctive agents can be entrapped during the electropolymerization

nto the conducting polymer matrix or can be immobilized in a later

∗ Corresponding author. Tel.: +54 291 4595182; fax: +54 291 4595182.
E-mail address: ssaidman@criba.edu.ar (S.B. Saidman).

ttp://dx.doi.org/10.1016/j.porgcoat.2014.10.012
300-9440/© 2014 Elsevier B.V. All rights reserved.
step [8–10]. In our previous work, Ag species were successfully
immobilized in the PPy coating electrosynthesized in Sa solution
and the modified electrode presented a very good performance
toward inhibition of bacteria activity [11].

On the other hand, conducting polymers are intensively inves-
tigated for their use in corrosion protection applications [12–14]. A
previous study proved that a PPy film formed in alkaline or neutral
media containing MoO4

2− and NO3
− exhibits very good corrosion

protection properties [15]. Both anions, which are efficient corro-
sion inhibitors for iron-based materials, are incorporated in the PPy
matrix as dopants. The best performance corresponds to the film
synthesized at pH 12.

Films should be uniform and pore-free. In spite of the passiv-
ation ability of conducting polymers, the presence of defects and
pores may  allow the electrolyte to reach the metallic substrate,
triggering the corrosion process [16,17]. The corrosion resistance
of the film constituted by hollow rectangular microtubes coating is
not very high enough due to the opened structure [18]. This fact is
a limiting factor for the applications of this coating. An attractive
alternative to improve the corrosion protection of the substrate is
the synthesis of PPy in the presence of MoO4

2− and NO3
− followed

by the electropolymerization of PPy in Sa solutions. Results of this
electropolymerization process and the evaluation of the steel pro-

tection against corrosion using the electrodeposited coatings are
presented in this work.

dx.doi.org/10.1016/j.porgcoat.2014.10.012
http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.porgcoat.2014.10.012&domain=pdf
mailto:ssaidman@criba.edu.ar
dx.doi.org/10.1016/j.porgcoat.2014.10.012
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Fig. 1. Chronoaperometric curves corresponding to the electrosynthesis of an outer
layer  (PPy/Sa) obtained at 0.8 V vs. Ag/AgCl during 600 s in 0.5 M Sa containing
0.25 M Py. The inner layers were electrosynthesized at 0.8 V vs. Ag/AgCl in 0.12 M
Na2MoO4 + 0.35 M NaNO3 containing 0.25 M Py at pH 8 (A) and at pH 12 (B) during:
2 M.B. González, S.B. Saidman / Progr

. Experimental

The working electrode was a disk of stainless steel 316 L (316 L
S) mounted in a Teflon holder with an exposed area of 0.070 cm2.
ts chemical composition (wt.%) is: 17.47 Cr, 10.32 Ni, 1.88 Mn,  1.90

o,  0.39 Si, 0.025 C and Fe balance. The 316 L SS electrodes were
olished with 1200 using SiC, then degreased with acetone and
ashed with triply distilled water. Immediately after, the electrode
as transferred to the electrochemical cell.

A conventional three electrode system was used for the elec-
rochemical experiences, with a platinum sheet as the counter
lectrode and a Ag/AgCl (3 M)  as a reference electrode. All the mea-
urements were carried out in a cell with 20 cm3 (Metrohm) and in

 nitrogen gas saturated atmosphere at 25 ◦C. The electropolymer-
zation solutions contain 0.25 M pyrrole and (a) 0.12 M Na2MoO4
J.T. Baker) + 0.35 M NaNO3 (Biopack) or (b) 0.5 M NaSa (Sigma). Pyr-
ole (Sigma–Aldrich) was freshly distilled under reduced pressure
efore use.

Electrosynthesis of PPy films on steel electrodes was carried out
y a potentiostatic technique. After the first electrosynthesis the
lm was rinsed carefully with distilled water.

The corrosion protection of the bilayer coatings was  determined
y open circuit potential (OCP)–time curves, potentiostatic and
otentiodynamic measurements and electrochemical impedance
pectroscopy (EIS) in 0.15 M NaCl (Merck) and 0.15 M HCl (J.T.
aker). The solutions were not deaerated during corrosion test
easurements.
Electrochemical experiments were performed with a

otentiostat–galvanostat Autolab/PGSTAT128N. EIS measure-
ents were performed using a VoltaLab 40 Potentiostat PGZ301.

he frequency used for the impedance measurements was changed
rom 100 kHz to 10 mHz, and the signal amplitude was 10 mV.
SI DS 130 SEM was used to examine the electrode surface
haracteristics.

Adhesion of bilayered PPy synthesized onto 316 L SS was tested
sing Scotch® MagicTM Tape 810 (3M). A piece of adhesive tape was
ressed to the PPy film and pulled off. It was checked if the film was
ot removed at all, removed in patches or completely removed.

The concentrations of Fe and Mo  in solution were determined
sing inductively coupled plasma atomic emission spectrometer
ICP-AES) Shimadzu 9000.

. Results and discussion

The first layer was electrodeposited at 0.8 V in 0.12 M
a2MoO4 + 0.35 M NaNO3 at pH 8. The film was also prepared at
H 12 with all other parameters remained fixed including the elec-
ropolymerization charge. A gradual increase in current density was
bserved during the electropolymerization process at pH 8 or at pH
2 [15]. Molybdate and nitrate are incorporated as counter-ions

nto the synthesized film (PPy/MoO4
2−–NO3

−). After this, the sec-
nd layer was electropolymerized at 0.8 V in 0.5 M Sa and 0.25 M Py
PPy/Sa) during 600 s, which are the experimental conditions that
llow the formation of the hollow rectangular microtubes [7].

The inner layer was prepared with different electropolymeriza-
ion times at pH 8 and at pH 12. The i vs. t transients obtained
uring the subsequent formation of the outer layer in Sa solution
re presented in Fig. 1. First, current increases due to the growth of
Py with granular morphology and then decreases when HSa crys-
allizes on the electrode surface. Finally a current rise is observed
hich is associated with an increase in the number of growing

icrotubes as well as their height [7].
When the electropolymerization time for the

Py/MoO4
2−–NO3

− was 600 s, as we done in our previous
ork [15], the second layer formed in Sa solution only presents
(a)  180, (b) 300, (c) 480 and (d) 600 s.

patches of deposits with rectangular morphology. This result is
related with the high resistance of the first coating considering
its high thickness. In order to find the optimum thickness of the
inner layer, these films were electrodeposited at different times
prior to PPy electrosynthesis in Sa solution. Then the electrodes
covered by the bilayers were polarized in 0.15 M NaCl solution. The
potentiodynamic runs are shown in Fig. 2 and for comparison, the
curve of bare steel is also presented. The current rises in the case
of the uncovered electrode at 0.35 V, denoting the onset of pitting
corrosion. In the case of the covered samples, peaks associated
with reversible and irreversible oxidation of the polymer were
observed followed by current oscillations which appear at very
positive potentials. After reversing the potential direction the
characteristic loop of localized corrosion was observed (not shown
in the figures). Thus, the covered electrodes can be polarized to
high potentials without any sign of substrate dissolution. However
for the thicker inner layers the shape of the potentiodynamic
polarization curves is almost the same as that for the thinner one.
So, we  decided to use the coating formed during the shorter time of
polymerization. That is, the electropolymerization times selected

were 180 s and 600 s for the inner and outer layers, respectively.
Both bilayers with the inner layer, PPy/MoO4

2−–NO3
−, formed
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Fig. 2. Polarization curves registered in 0.15 M NaCl solution at 0.001 V s−1 for a steel electrode covered with an inner layer, PPy/MoO4
2−–NO3

− , formed at pH 8 (curves a and
c)  or at pH 12 (curves b and d), and with an outer layer, PPy/Sa. The inner and the outer layers were electrosythetized at 0.8 V vs. Ag/AgCl. The electropolymerization time
of  PPy/Sa was  600 s and those corresponding to PPy/MoO4

2−–NO3
− are indicated in the figure. The polarization curves corresponding to the steel electrode covered with a

single layer of PPy/Sa (curve e) and for the uncoated steel (curve f) are also presented.

Fig. 3. Polarization curve registered in 0.15 M HCl solution at 0.001 V s−1 for a steel
electrode covered with an inner layer, PPy/MoO4

2−–NO3
− , formed at pH 12, and

with an outer layer, PPy/Sa. The inner and the outer layers were electrosythetized
at 0.8 V vs. Ag/AgCl during 180 and 600 s respectively.

Fig. 4. Time dependence of the OCP in 0.15 M NaCl for a steel electrode covered with
an  inner layer, PPy/MoO4

2−–NO3
− , formed at pH 8 (a) or at pH 12 (b), and with an

outer layer, PPy/Sa. The inner and the outer layer were electrosyntethized at 0.8 V
vs. Ag/AgCl during 180 and 600 s respectively. The variation for the bare steel is also
included.
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Fig. 5. Time dependence of the OCP in 0.15 M HCl for a steel electrode covered with
an  inner layer, PPy/MoO4

2−–NO3
− , formed at pH 12, and with an outer layer, PPy/Sa
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a).  The inner and the outer layer were electrosyntethized at 0.8 V vs. Ag/AgCl during
80  and 600 s respectively. The variation for a bare steel electrode is also included
b).

t pH 8 or at pH 12 were adherent and the films could only be
emoved by mechanical polishing.

For comparative purposes the curve corresponding to the steel
overed only with the polymer synthesized in Sa solution is also
resented (Fig. 2). The current rises approximately at 0.5 V denot-

ng the onset of pitting corrosion. Thus, it can be concluded that
his coating offers a lower corrosion protection compared with that
btained with the bilayers.

The shape of the curves obtained for the bilayers indicates
hat when the inner film was formed at pH 12 the pitting process
nitiates at more positive potentials (Fig. 2, curves b and d). Then,
he protection imparted by this coating was also checked in 0.15 M
Cl solution (Fig. 3). The current remained stable in the potential
ange analyzed and during the reverse scan no loop was  formed.
hus, there are no signs of pitting corrosion even when very
ositive potentials were applied. On the other hand, the amount

ig. 6. Chronoamperometric curves obtained at 0.6 V vs. Ag/AgCl in 0.15 M NaCl solution 

 (curve a) or at pH 12 (curve b), and with an outer layer, PPy/Sa. The inner and the outer
hows the response corresponding to the uncoated steel.

Fig. 7. SEM images obtained after 8 h of polarization at 0.6 V vs. Ag/AgCl in 0.15 M
NaCl for a steel electrode covered with an inner layer, PPy/MoO4

2−–NO3
− , formed

at  pH 8 (A) or at pH 12 (B), and with an outer layer, PPy/Sa. The inner and the outer
layer were electrosyntethized at 0.8 V during 180 and 600 s respectively.
for a steel electrode covered with an inner layer, PPy/MoO4
2−–NO3

− , formed at pH
 layer were electrosyntethized at 0.8 V during 180 and 600 s respectively. The inset
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ig. 8. Nyquist plots registered at OCP in 0.15 M NaCl solution for a steel electrode c
Py/Sa  after: (a) 1, (b) 10 and (c) 20 immersion days. The inner and the outer layer 

f integrated charge associated with the polymer redox process is
ower than that obtained in neutral media.

The OCP variation with time for the steel covered with the
ilayers in 0.15 M NaCl solution is presented in Fig. 4. The mea-
ured potentials are nobler than the potential of the uncoated steel
−0.14 V) even after 20 days of exposure. The quantity of Fe released
fter this period was 0.003 mg/L and less than 0.002 mg/L when the
nner layer was synthesized at pH 8 and at pH 12, respectively. The
are electrode produced a Fe concentration of 1.200 mg/L. It can be
oncluded that there was no evidence of corrosion of the substrate.

Fig. 5 presents the evolution of the OCP as a function of time
or the coating with the inner layer prepared at pH 12, but in this
ase in 0.15 M HCl solution. For comparative purposes the response
f the uncoated electrode is also included. The OCP of the coated
lectrode remains at a value of approximately 0.12 V. Thus, the cor-
osion potential of the coated electrode is approximately 0.20 V
igher than that of the uncoated electrode even after 20 days of

mmersion.
The protection imparted by the coatings was  evaluated under

ore drastic conditions. At 0.60 V the pitting potential of the steel
as been exceeded. The current measured for the samples coated

ith bilayers polarized at this potential indicates no occurrence

f pitting corrosion even after 8 h of polarization (Fig. 6). After
his period, the electrodes were examined using SEM (Fig. 7). The
bsence of any detectable change in the polymer surface indicates
d with an inner layer, PPy/MoO4
2−–NO3

− , formed at pH 8, and with an outer layer,
lectrosyntethized at 0.8 V during 180 and 600 s respectively.

no occurrence of pitting corrosion. The results demonstrate that the
coatings are an effective barrier to the diffusion of Cl− ions and/or
that the oxide film is repaired. The potentiostatic polarization in
0.15 M HCl solution of the coating with the inner layer prepared at
pH 12 also indicates that a very good protection was  achieved in
acid media (not shown).

The corrosion resistance of the electrodes covered by the bilay-
ers, whose inner layers were prepared at pH 12 or at pH 8, was
evaluated by EIS. The Nyquist plots were recorded at various expo-
sure times in neutral chloride solution under OCP conditions (Fig. 8
and Fig. 9). The diagrams are composed by a capacitive loop at
high frequencies and a linear part at low frequencies. According
to the model proposed by Koene et al. [19], which assumes that
the reduction of the coating promotes the oxidation of the sub-
strate, the experimental data can be fitted with the equivalent
circuit depicted in Fig. 10. The results of the fitting are presented
in Table 1. The errors of fitting are lower than 3% for all the param-
eters. In the circuit, RS is the electrolyte solution resistance, RCT is
interpreted as the charge transfer resistance of the redox reaction
of the polymer and CPE is the non-ideal double layer capacitance
of the PPy/solution interface and it is defined as:
ZCPE = 1
Y0(jω)n (1)



26 M.B. González, S.B. Saidman / Progress in Organic Coatings 78 (2015) 21–27

Table 1
Values for the parameters of the equivalent circuit obtained from the best fit to the impedance data in 0.15 M NaCl solution for PPy bilayers with an inner layer,
PPy/MoO4

2−–NO3
− , electrosynthesized at pH 8 or at pH 12, and with an outer layer, PPy/Sa.

t/days Rs/� cm2 Y0/�F cm−2 n RCT/� cm2 RW/� cm2 s/� cm2 ˛

PPy/MoO4
−2–NO3

−/pH 8 1 4.532 0.005 0.394 4.708 3.645 0.8 0.399
10  6.636 1.6 E−4 0.65 47.26 0.68 0.265 0.452
20  15.45 9.2E−5 0.711 907.8 0.007 1.1E−5 0.33

PPy/MoO4
−2–NO3

−/pH 12 1 3.986 0.0008 

10  5.82 0.0002 

20  7.56 0.0001 

Fig. 9. Nyquist plots registered at OCP in 0.15 M NaCl solution for a steel electrode
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in chloride solution. This result can be explained considering that
the oxide formed at pH 12 is more effective in protecting the steel
and then the polymer will be reduced more slowly. The results also
indicated a very good performance of this coating in acid media.
overed with an inner layer, PPy/MoO4
2−–NO3

− , formed at pH 12, and with an outer
ayer, PPy/Sa after: (a) 1, (b) 10 and (c) 20 immersion days. The inner and the outer
ayer were electrosyntethized at 0.8 V during 180 and 600 s respectively.

where j is the imaginary unit, n has the meaning of a phase shift
ith values between 0 and 1 and Y0 is a constant with the dimension

 cm−2 sn−1.
Finally, W0 is the finite-length Warburg impedance which

ccounts for diffusion of mobile charges in the polymer backbone
nd mobile anions throughout the PPy coating. It can be expressed
s following:

0 = RW
coth (jωs)˛

(jωs)˛ (2)

RW represents the diffusion resistance and s = �2/D, where � is
he effective diffusion thickness and D is the effective diffusion coef-
cient of involved species. A transition from finite-length Warburg
o semi-infinite Warburg behavior indicates that corrosive species
an diffuse toward the substrate [19].

When the inner film was formed at pH 8 the RCT significantly
ncreases and the linear part tends to disappear as the immersion
ime goes on. Thus, the diffusional impedance has progressively
 lower influence and the total impedance is controlled by the
eaction rate of the redox process of the polymer. According to
he model, the increase in RCT was considered to be caused by a
ecrease in the reaction rate of the redox process of the polymer

ig. 10. Equivalent circuit proposed to simulate EIS results of coated samples. The
ignificance of the parameters is given in the text.
0.596 5.53 2.567 0.825 0.399
0.765 21.26 1.3 0.73 0.46
0.746 54.34 0.27 0.1 0.44

due to a loss of film conductivity. Differing from this behavior, the
impedance diagram when the inner film was synthesized at pH 12
shows a less pronounced increase in the RCT values. It can be also
observed the diffusional process throughout the coating even after
20 days of immersion. Thus, this coating protects the steel more
effectively than that with the inner layer formed at pH 8.

The same type of impedance response was  obtained during
immersion in acid solution (Fig. 11). The values of the impedance
parameters obtained from the fitting of the experimental data using
the equivalent circuit shown in Fig. 10 are presented in Table 2.
The data indicate that diffusional impedance controls the total
impedance of the coating in the initial days of immersion. The
changes in the impedance response during immersion show the
same tendency as that observed in the neutral solution. That is, the
charge transfer resistance of the redox reaction of the polymer (RCT)
increases, although the lineal behavior corresponding to the diffus-
ional impedance is still appreciated after 20 days of immersion. EIS
results demonstrated that the protective mechanism described for
neutral solutions also operates for acid solutions.

Conducting polymer coatings have been reported to provide
anodic protection to iron-based materials [20]. The polymer
through a galvanic interaction is able to passivate a defect area
where the bare substrate is directly in contact with the electrolyte.
Reduction of the polymer as a result of this galvanic coupling with
the substrate increases the resistance of the coating. EIS data indi-
cate that the bilayer coating with the inner layer synthesized at
pH 12 remains more electronically conducting during immersion
Fig. 11. Nyquist plots registered at OCP in 0.15 M HCl solution for a steel electrode
covered with an inner layer, PPy/MoO4

2−–NO3
− , formed at pH 12, and with an outer

layer, PPy/Sa, after: (a) 1, (b) 10 and (c) 20 immersion days. The inner and the outer
layer were electrosyntethized at 0.8 V during 180 and 600 s respectively.
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Table  2
Values for the parameters of the equivalent circuit obtained from the best fit to the impedance data in 0.15 M HCl solution for PPy bilayers with an inner layer,
PPy/MoO4

2−–NO3
− , electrosynthesized at pH 12, and with an outer layer, PPy/Sa.

t/days Rs/� cm2 Y0/� F cm−2 n RCT/� cm2 RW/� cm2 s/� cm2 ˛
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PPy/MoO4 –NO3 /pH 12 1 1.97 9.05E−5 

10  2.92 5.35E−5 

20  3.2 2.9 E−4 

On the other hand, the ion transport through the bilayers of
onducting polymers is conditioned by the characteristics of the
opant anions in both layers. The inner and the outer layer of a PPy
ilayer can be doped with anions of good and limited mobility into
he polymer matrix such as chloride and dodecylsulfate, respec-
ively [21]. In this case, the oxidation process of the inner layer will
e restricted because this process requires the diffusion of anions
hrough the outer layer which is hindered due the size of its dopant
nion. In our case, the transport of ions through the coating is not
nhibited because cation and anion transport takes place during the
harge and discharge of both polymer layers.

The corrosion protection performance of the bilayer coatings
uring a long immersion time in an aggressive medium can be
xplained by the following facts: (i) there are no big cracks or big
ores in the coating; (ii) the penetration of Cl− ions through the
olymer layers is hindered because both salicylate and molybdate
re relatively fixed in the PPy matrix; (iii) the transport through the
ilayer is not blocked and the coating can act as an efficient oxidizer
o maintain the steel in the passive state; (iv) the release of molyb-
ate or nitrate from the polymer layer will help in protecting the
teel.

. Conclusions

In order to enhance the corrosion protection of 316 L SS coated
y a PPy film with rectangular morphology, an inner layer of PPy
as first grown by electrochemical deposition in a solution contain-

ng molybdate and nitrate. The experimental results indicated that
he steel remained protected during a long exposure time in acid
nd neutral chloride solution. The bilayered coating presented also
he ability to protect the substrate against localized corrosion. The
apability of the films to provide an effective corrosion inhibition is
xplained by considering that the galvanic interaction between the
olymer and the substrate together with the presence of molybdate
ear the electrode surface promote the maintenance of a passive
xide film. In addition, the penetration of chloride into the coating
s hindered by the presence of molybdate and salicylate because
f their low mobility. The coating with the inner layer formed in
lkaline solution reduces the corrosion of the substrate more effec-
ively than that formed in neutral solution, which is related to the

ore protective nature of the oxide formed at high pH values.
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