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a  b  s  t  r  a  c  t

Polypyrrole  (PPy)  films  modified  with  zinc  were  electrosynthesized  onto  SAE  4140  steel  in  presence  of
bis(2-ethylhexyl)  sulfosuccinate  (AOT).  The  Zn  and  PPy  electrodeposition  was  realized  by  using  cyclic
voltammetry  at  different  temperatures.  The  corrosion  protection  properties  of  the  films  were  examined
in chloride  solution  by open  circuit  measurements,  linear  polarization  and  electrochemical  impedance
spectroscopy  (EIS).  The  obtained  results  indicate  that  the  presence  of  Zn  in the  polymer  matrix  improves
the anticorrosive  performance  of  PPy films.  The  best  anticorrosion  efficiency  was  obtained  for  the  coatings
modified  at 20 ◦C  which  provided  anodic  protection  to  the  steel  substrate  for  a  long  period  of  immersion
in chloride  solution.  Cathodic  protection  was  observed  when  the  electrodeposition  temperature  was
increased.  Adherence  and anticorrosive  properties  declined  sharply  for the  coatings  electrosynthesized
at  5 ◦C.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Conducting polymers have been studied during the last decades
due to their diverse applications such as corrosion protection
coatings [1,2]. These polymers have emerged as a good alterna-
tive to coatings that contain heavy metals or other environmentally
problematic materials such as hexavalent chromium. The most
studied conducting polymers are polypyrrole (PPy) and polyaniline
(PANI) deposited on oxidizable substrates [3]. Both, structural and
electronic properties of conducting polymers, which depend on the
synthesis conditions, determine the degree of corrosion protection
of the coatings [4].

The practical applications of conducting polymers coatings are
complicated because the protection time and the anticorrosive effi-
ciency of the films are limited. In this aspect, one of the main
problems is the presence of porosity in the coating. Water up
taking process occurs along these pores and, accordingly the for-
mation of ionically conducting paths takes place between the
corrosive environment and the substrate surface. As the immer-
sion time elapses, this process produces a decrease in the degree
of corrosion protection. The modification of polymer coatings by
application of metallic electrodeposits or some top coatings is a
possibility to improve the anticorrosive performance [3]. In this
regard, the modification of conducting polymers films with noble
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E-mail address: ssaidman@criba.edu.ar (S.B. Saidman).

metals increases the anticorrosive properties due to stabilization
of the metal potential within the passive region for more pro-
longed time. Another alternative is the incorporation of active
metals in the conducting polymer matrix. Among them Zn is one
of the most investigated. This metal is widely used to protect
steel surfaces because Zn coatings have excellent adhesion and
resistance for abrasion and corrosion. Zn is preferentially oxi-
dized, covering the substrate with a passive hydroxide–oxide film.
Several works have reported an increment of the anticorrosive
properties of conducting polymers films by Zn incorporation in the
polymeric matrix [5–10]. Tüken et al. [10,11] reported an improve-
ment in the anticorrosive properties by the electrodeposition of Zn
onto PPy and PANI coatings, which are previously electroformed
onto mild steel. The presence of Zn and its corrosion products
reduces the permeability of films and provides cathodic protec-
tion to mild steel. In other report, Herrasti et al. [12] informed that
the electrodeposition of Zn microparticles on previously deposited
polymer layers promotes a decrease in the corrosion current in
highly aggressive solutions and that Zn acts as an anodic corrosion
inhibitor.

On the other hand, the presence of surfactants in the electrode-
position solution improves the efficiency of the process and also
modifies the deposits morphology. Previous works have shown
that the electrosynthesis of PPy in AOT-containing solutions onto Al
[13], Fe [14] and Ti [15] allows obtaining films with good anticorro-
sive properties. In all these cases, the AOT molecule plays the dual
role of dopant and surfactant. On the other hand, we have reported
that the Zn nucleation-growth process and consequently the

0300-9440/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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Fig. 1. Triangular potential sweep for SAE 4140 steel electrode at 0.05 V s−1 in 0.05 M AOT + 0.05 M ZnSO4 + 0.1 M Py at (A) 5 ◦C, (B) 20 ◦C and (C) 40 ◦C. Initial potential:
0.0  V. Starting in an anodic direction until reaching a value of 1.0 V (timeout of 90 s). The cathodic limit was set in −1.30 V. Scans 1 (full line) and 10 (discontinuous line) are
displayed.

morphology of the electrodeposits were modified in the presence
of AOT inducing the formation of a porous coating [16].

In this paper, we present results on the electrodeposition of PPy
coating modified with Zn onto SAE 4140 steel in solutions contain-
ing AOT. The objective was to analyze the behavior of Zn in the
anticorrosive performance of PPy films. The effects of electrosyn-
thesis parameters such as the electrochemical technique employed
and electrodeposition temperature on the morphology and anti-
corrosive properties were studied. The characterization of the films
was done using electrochemical techniques and SEM/EDX. For com-
parative purposes, the anticorrosive behavior was  also checked for
unmodified PPy films and uncoated SAE 4140 steel.

2. Experimental

2.1. Chemicals and materials

All chemicals were reagent grade and solutions were made with
twice distilled water. Pyrrole was purchased from Across Organics
and it was freshly distilled under reduced pressure before use. In
order to avoid the slow hydrolysis of AOT all the measurements
were done with freshly prepared samples.

SAE 4140 steel rods embedded in a Teflon holder with an
exposed area of 0.070 cm2 were used as working electrodes. The
auxiliary electrode was  a large Pt sheet and a saturated calomel
electrode (SCE) was used as a reference electrode.

2.2. Instrumentation

The cell was a 20 cm3 Metrohm measuring cell. Electrochemi-
cal measurements were done using a potentiostat–galvanostat PAR
273A and VoltaLab40 Potentiostat PGZ301. The frequency used

for the impedance measurements was  changed from 100 kHz to
10 mHz  and the signal amplitude was 10 mV.

A dual stage ISI DS 130 SEM and an EDAX 9600 quantitative
energy dispersive X-ray analyzer were used to examine the elec-
trode surface characteristics.

Electrical conductivity was  measured by two-probe method
using a homemade device and film adhesion was tested using 3 M
scotch tape.

The elemental analysis was carried out with an atomic emission
spectrometer with inductively coupled plasma (ICP-AES), Shi-
madzu’s simultaneous ECPE-9000, according to EPA 200.7 method.

2.3. Electrosynthesis and characterization of coatings

Electropolymerization was  performed in solutions containing
0.05 M AOT, 0.05 M ZnSO4 and 0.1 M pyrrole (Py) in a purified
nitrogen gas saturated atmosphere. Before each experiment, the
exposed surfaces were polished to a 1000 grit finish using SiC, then
degreased with acetone and washed with triply distilled water.

The corrosion performance was  investigated in 0.5 M NaCl solu-
tion by a potentiodynamic method, the variation of the open
circuit potential (OCP) as a function of time and electrochemical
impedance spectroscopy. The variation of the open circuit poten-
tial (OCP) as a function of time can be used to evaluate the degree
of corrosion protection attained after covering the substrate with
the conducting polymer.

The Tafel tests were carried out by polarizing from cathodic
to anodic potentials with respect to the open circuit potential at
0.001 V s−1 in aerated 0.5 M NaCl solution. Estimation of corrosion
parameters were realized by the Tafel extrapolation method. The
extrapolation of anodic and/or cathodic lines for charge transfer
controlled reactions gives the corrosion current density (icorr) at the
corrosion potential (Ecorr). All experiments were conducted after
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Fig. 2. SEM micrograph of SAE/PPy-Zn(20 ◦C).

the steady-state Ecorr was attained, which normally took 1 h after
immersion in the solution.

The electrodes were allowed to equilibrate at the fixed voltage
before the ac measurements.

3. Results and discussion

3.1. Electrochemical synthesis

The coatings were electrodeposited in a solution containing
0.05 M AOT, 0.05 M ZnSO4 and 0.1 M Py. After preliminary exper-
imentations, a repetitive triangular potential sweep at 0.050 V s−1

with potential holding at the anodic switching potential was found
to be the optimum method for obtaining adherent and homoge-
neous coatings. Fig. 1 shows the resultant voltammograms obtained
starting in an anodic direction from 0.0 V to 1.0 V (timeout of 90 s)
and then the cathodic limit was set in −1.30 V at three different
temperatures. When the potential is scanned from 0.0 V to the
anodic region the current increases at 0.6 V due to pyrrole oxidation
and subsequent polymerization. When the potential is reversed,
after the polymerization step the current remains low until a new
increase in current is seen at −0.5 V which is principally associated
with Zn electrodeposition. It was found that 10 cycles produced the
best condition for coating growth.

Strongly adherent films were formed at 20 ◦C (PPy-Zn(20 ◦C))
and 40 ◦C (PPy-Zn(40 ◦C)), while poor adhesion was  observed for
the polymer grown at 5 ◦C (PPy-Zn(5 ◦C)).

The coatings were also synthesized under potentiostatic polar-
ization. The electrode was first polarized to 1.0 V after which a
polarization at −1.3 V was applied. The obtained films were easily
removed from the substrate, independently of the electrosynthesis
temperature and polarization times.

PPy films were also electrosynthesized in the absence of AOT.
A solution containing 0.05 M Na2SO4, 0.05 M ZnSO4 and 0.1 M Py
was used for the electropolymerization. The total charge involved
in the electroformation of the coating (voltammogram not pre-
sented here) is lower than for the polymer electrosynthesized in
the presence of the surfactant, indicating that the process is more
difficult.

3.2. Morphology of PPy films

The SEM images of the sample PPy-Zn(20 ◦C) are shown in Fig. 2.
The coating presents the typical granular morphology. Labyrinthine

Fig. 3. EDX spectrum of SAE/PPy-Zn(20 ◦C).

structures can be also observed which are identical to those cor-
responding to Zn electrodeposits prepared from AOT  [16] and also
from an ethylene glycol solution of zinc acetate [17]. Some zones are
covered with a smooth material probably constituted by Zn(AOT)2.
The EDX spectrum in square 2 presents the signal of Zn (Fig. 3). The
images from EDX mapping of sample SAE/PPy-Zn(20 ◦C) electrode-
posited after 5 potential scans are shown in Fig. 4. The S image is
approximately the inverse to the Zn image.

EDX was also utilized to check the semi-quantitative chemical
composition of the coating shown in Fig. 4. The average compo-
sition (atomic percentages) determined by SEM/EDX for this film
(PPy-Zn5) is presented in Table 1. The results obtained for the coat-
ing synthesized after 10 potentiodynamic cycles (PPy-Zn10) are also
included in the same table. The elements C, O, Zn, S and Fe were ana-
lyzed. The S signal is obviously associated with the AOT which is the
polymer dopant. The Zn:S atomic ratio increases significantly with
the number of potential scans, being 0.528 for 5 cycles and 2.259 for
10 cycles. The relative amount of zinc in the coating increases with
the number of cycles while the relative amount of polymer dimin-
ishes. Moreover, the Fe signal decreases with increasing thickness
of the coating, as expected.

When the experimental temperature for deposition was ele-
vated to 40 ◦C only the deposition of the usual granular structure
occurred (Fig. 5). There is no signal of Zn in the EDX spectrum. How-
ever, the analysis of a cross-sectional area of the coating obtained
after a transverse cut surface near the steel shows a content of Zn.
Thus, the distribution of Zn in the polymer is not uniform.

When the electropolymerization was done in the absence of
Zn ions (PPy(20 ◦C)) a coating with a very porous structure was
obtained instead of a continuous film (Fig. 6). On the other hand,
the polymer obtained in the absence of AOT shows a labyrinthine
structure of Zn and less amount of the polymer (image not pre-
sented here) compared to the coating electrodeposited in presence
of the surfactant.

Table 1
Average composition (atomic percentages) determined by EDX for PPy films modi-
fied with Zn at 20 ◦C obtained after 5 (PPy-Zn5) and 10 cycles (PPy-Zn10).

Sample (at%) C O Zn S Fe Sum

PPy-Zn5 22.632 54.471 4.411 8.412 8.074 100
PPy-Zn10 21.663 60.625 10.935 4.84 1.937 100
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Fig. 4. EDX mapping of SAE/PPy-Zn(20 ◦C). The coating was  obtained after five potential scans in the electrodeposition solution.

3.3. Anticorrosion behavior

The variation of corrosion potential (Ecorr) with time was
recorded in 0.5 M NaCl for the steel covered by the films. The OCP of
the bare sample was −0.57 V and did not change significantly with
increasing exposure time. The potential of the film formed in a solu-
tion without the presence of Zn shifts toward less negative values
in the first stage of immersion and then shows a constant value
of −0.11 V (Fig. 7A). Since this potential is higher than that of the
uncoated steel it can be considered that the substrate is protected

Fig. 5. SEM micrograph of SAE/PPy-Zn(40 ◦C).

during this period. But after 3 h the potential drops to the Ecorr of
the bare steel. For the coating electrosynthesized in the absence de
AOT, the initial potential was −0.29 V and then decreased markedly
until it reached the corrosion potential value for uncoated SAE 4140
steel after two  hours of immersion (Fig. 7B). A different behavior
was  registered for the PPy-Zn(20 ◦C). In spite of the fact that the OCP
moves smoothly in the negative direction, it is maintained in the
range of the redox potential of PPy even after 30 days of immersion
(Fig. 7C).

The initial OCP values measured for the steel electrode covered
by PPy-Zn(40 ◦C) are very negative indicating that a cathodic pro-
tection operates. A shift toward more positive potentials begins

Fig. 6. SEM micrograph of PPy(20 ◦C).
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Fig. 7. Time dependence of the OCP in 0.5 M NaCl for (A) SAE/PPy(20 ◦C), (B) SAE/PPy-Zn obtained in the absence of AOT, (C) SAE/PPy-Zn(20 ◦C), (D) SAE/PPy-Zn(40 ◦C) and
(E)  SAE/PPy-Zn(5 ◦C).

almost immediately upon immersion in chloride solution, and the
potential practically reaches the OCP of the bare substrate after 30
days of exposure (Fig. 7D). The initial OCP value for PPy-Zn(5 ◦C)
was −0.35 V, where it remained for 2 h (Fig. 7E). After this period,
the OCP drops to a value corresponding to the corrosion potential
for the uncoated steel. Thus, the degree of protection attained is
low.

It can be concluded from the OCP measurements that the best
protection for the steel was achieved with PPy-Zn(20 ◦C). Moreover
this coated electrode was examined after 30 days of exposure to the
corrosive medium (Fig. 8). The absence of any detectable change in
the polymer surface indicates no occurrence of substrate corrosion.

The corrosion performance of the samples was also analyzed
by comparing the Fe quantity released under OCP conditions in
0.5 M NaCl solution during 30 days of immersion (Table 2). In the
case of the bare substrate the immersion time was shorter (96 h).

Table 2
Elemental analysis corresponding to a 0.5 M NaCl solution after a sample was
immersed: uncoated SAE 4140 steel after 4 days of immersion; PPy-Zn(20 ◦C) coated
SAE 4140 steel and PPy-Zn(40 ◦C) coated SAE 4140 steel, both after 30 days of
immersion.

Sample/immersion time Fe (mg/L) Zn (mg/L) S (mg/L)

SAE/PPy-Zn(40 ◦C)/30 days 0.74 ± 0.02 2.11 ± 0.06 1.78 ± 0.07
SAE/PPy-Zn(20 ◦C)/30 days 0.011 ± 0.002 10.4 ± 0.2 12.8 ± 0.3
Uncoated SAE 4140 steel/4 days 4.6 ± 0.2 – –

The quantity released of Fe is low when the coating was formed at
40 ◦C but this quantity was  reduced significantly for the film syn-
thesized at 20 ◦C, confirming its excellent performance even after
a long exposure time. On the other hand, the concentrations of Zn
and S in solution were also analyzed. The obtained results corrobo-

Fig. 8. SEM micrograph at different magnifications of SAE/PPy-Zn(20 ◦C) after 30
days of immersion in 0.5 M NaCl.
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Fig. 9. Nyquist plots of the impedance spectra for the samples at the open circuit potential in 0.5 M NaCl after different immersion times: (A) uncoated SAE 4140 steel: (a)
5  min  and (b) 90 min; (B) PPy(20 ◦C): (a) 5 min, (b) 180 min and (c) 360 min; (C) PPy-Zn(20 ◦C): (a) 5 min, (b) 15 days and (c) 30 days and (D) PPy-Zn(40 ◦C): (a) 5 min, (b) 15
days  and (c) 30 days.

rate that Zn and AOT are incorporated in the polymer matrix during
the electrosynthesis.

The Nyquist plot of the bare steel obtained at the open circuit
potential exhibits a depressed semicircle according to what it was
reported in the literature [18] (Fig. 9A). The response changes sig-
nificantly when the steel is covered by the coatings. The diagrams
obtained for PPy(20 ◦C) and PPy-Zn(20 ◦C) show a rather com-
plex response with three time constants (Fig. 9B and C). Although
detailed analysis of the spectra is not attempted here, it can be
observed that the magnitude of the total impedance increases with
immersion time for PPy-Zn(20 ◦C) while this magnitude decreases
in the case of the steel covered with PPy. At the end of the EIS mea-
surements the potential of the steel covered with PPy-Zn(20 ◦C)
remains more positive than that corresponding to the uncoated
substrate while the potential of the steel covered with PPy(20 ◦C) is
close to that of the bare electrode. The differences can be attributed
to the less porous structure of PPy-Zn(20 ◦C) (Fig. 2). In addition,
it was reported that zinc corrosion products plug the pores of
the coating contributing to the corrosion protection of the steel
[10].

The impedance spectrum of PPy-Zn(40 ◦C) at the beginning of
the immersion shows a linear response with a slope angle greater
than 45◦ indicating a diffusion controlled process (Fig. 9D). As expo-
sure time increases the diagram is characterized by a semicircle
whose diameter increases with time.

Tafel plots are shown in Fig. 10. The Ecorr, cathodic (Bc) and
anodic (Ba) Tafel slopes and the estimated corrosion current (icorr)
are tabulated in Table 3. The icorr values measured for the steel
covered with PPy and with PPy-Zn(40 ◦C) are an order of magni-
tude lower than that of the bare steel while the one covered with
PPy-Zn(20 ◦C) exhibited a very low corrosion rate, two  orders of
magnitude lower.

The potentiodynamic curve of the steel in 0.5 M NaCl obtained
at 0.001 V s−1 shows a current increase at −0.57 V related to pitting

Fig. 10. Tafel curves obtained in 0.5 M NaCl for (a) uncoated SAE 4140 steel, (b)
PPy(20 ◦C), (c) PPy-Zn(40 ◦C) and (d) PPy-Zn(20 ◦C).

Fig. 11. The polarization behavior in 0.5 M NaCl at 0.001 V s−1 of (a) uncoated SAE
4140 steel, (b) PPy(20 ◦C), (c) PPy-Zn(20 ◦C) and (d) PPy-Zn(40 ◦C).
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Table  3
Corrosion parameters calculated from Tafel polarization plots for uncoated steel, PPy-coated steel, PPy-Zn(20 ◦C) coated steel and PPy-Zn(40 ◦C) coated steel.

Sample Ecorr (V) vs. SCE icorr (�A/cm2) Bc (mV  dec−1) Ba (mV  dec−1)

Uncoated SAE 4140 steel −0.531 74.9 −188 109
SAE/PPy(20 ◦C) −0.385 6.3 −210.7 268.8
SAE/PPy-Zn(20 ◦C) 0.068 0.56 −469.9 268.3
SAE/PPy-Zn(40 ◦C) −0.831 3.54 −242.2 202

corrosion (Fig. 11). In the case of the coated samples oxidation
and overoxidation of the polymer take place at the more negative
potentials. A significant increase in the anodic current occurs
only at very positive potentials, being the higher potential for the
coating formed at 20 ◦C. Furthermore, the current increases slowly
for the substrate covered with this coating.

The present data show that unmodified PPy electrosynthesized
at 20 ◦C offers some degree of corrosion protection during the early
stages, but with continued immersion in chloride solution this
protection is lost. It is generally accepted that as a result of the
redox process between the polymer and the substrate, the forma-
tion of a passive oxide takes place. Furthermore, AOT is a bulky
molecule that remains entrapped in the polymer matrix, hinder-
ing the ingress of chloride from the electrolyte. The main reason
that explains the lost of protection is the open structure of the
film that finally allows the electrolyte access (Fig. 6). The corrosion
protection properties are significantly improved when Zn is incor-
porated in the coating because the pores become filled or blocked
by its corrosion products [10]. The steel covered with this type of
coating formed at 20 ◦C exhibits a shift to higher OCP and lower cor-
rosion rate during prolonged exposure times in chloride solution.
EIS results also confirm that this coating is effective in inhibiting
corrosion.

Decreasing the electropolymerization temperature to 5 ◦C leads
to the formation of non-adherent coatings and consequently it
provides substantially less protection against corrosion. When the
temperature was  raised to 40 ◦C the corrosion protection mecha-
nism is a galvanic coupling process between the deposited Zn and
the substrate. In this case Zn is preferentially located near the steel
surface.

One of the reasons for the differences between the characteris-
tics of the coatings formed at 20 ◦C and 40 ◦C would be a change in
the surfactant aggregation state. According to the phase diagram
of the binary system AOT/water when the temperature increases,
a lamellar phase changes to an isotropic liquid, which has to be
interpreted as a solution of spherical micelles with a volume frac-
tion corresponding to the given proportion of AOT in the system
[19]. The formation of bilayers or multilayers at the interface of
the electrode takes place at concentrations near the critical micelle
concentration (cmc) [20]. The working concentration used in this
work is above the cmc  because the cmc  of AOT in water is 2.2 mM
and this value is generally reduced with the addition of electrolytes.
It was postulated that the monomer is preferentially dissolved in
the micellar assembly due to its hydrophobic nature. Then it is pos-
sible that the aggregation state of AOT plays an important role in
controlling the electrodeposition process of the polymer. The fact
that zinc electrodeposition is favored with respect to PPy formation
in the absence of AOT confirms that the presence of the surfactant
facilitates the electropolymerization process.

On the other hand, the electrodeposition temperature affects
the kinetics of polymerization as well as the redox properties and
conductivity of PPy films [21,22]. It has been proposed that at
higher temperatures the formation of more structural defects due
to side reactions such as solvent discharge and nucleophilic attack
on polymeric radicals produces lower conductivities of films. Both,
PPy films and Zn-modified PPy coatings showed a decrease in the

Table 4
Electrical conductivity values obtained for SAE/PPy(20 ◦C), SAE/PPy(40 ◦C), SAE/PPy-
Zn(20 ◦C) and SAE/PPy-Zn(40 ◦C).

Sample Conductivity (�−1 cm−1)

SAE/PPy-Zn(20 ◦C) 8.9 × 10−2

SAE/PPy-Zn(40 ◦C) 1.25 × 10−4

SAE/PPy(20 ◦C) 7.5 × 10−4

SAE/PPy(40 ◦C) 2.34 × 10−5

conductivity when the electrodeposition temperature was
increased from 20 ◦C to 40 ◦C (Table 4). Considering the influence
of the temperature on Zn electrodeposition, the charge involved in
this process increased with increasing temperature.

Several studies show that the structure and electrical conduc-
tivity of conducting polymers strongly affect their anticorrosive
properties [23,24]. It has been demonstrated that an open struc-
ture provided less corrosion protection and that these films showed
low conductivity values. Moreover, it has been reported that the
presence of an anionic surfactant has positive effect on the con-
ductivity of PPy [25,26]. In this work, it was  demonstrated that the
higher conductivity corresponds to PPy modified at 20 ◦C which
also shows a more compact structure. This result is consistent with
the anticorrosive performance of the coatings.

4. Conclusions

A simple one-step method for the electrodeposition of PPy films
modified with Zn onto SAE 4140 steel was employed. The coatings
were obtained by a potentiodynamic technique in a neutral AOT
solution containing ZnSO4 and Py. Zn incorporation improves the
anticorrosive performance of PPy films. Zn particles and its cor-
rosion products plug up the polymer pores increasing the barrier
properties of the films. The coating with optimum characteristics
in terms of anticorrosion properties was obtained at 20 ◦C.

The combination of PPy and Zn electrodeposited at 40 ◦C pro-
vides a cathodic protection to the substrate. The adherence and
anticorrosion properties decrease for the coatings electrosynthe-
sized at 5 ◦C.
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