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ABSTRACT: The influence of adding ortho-phenylenedi-
amine (OPDA) during the polymerization of aniline on the
characteristics of the resulting polymer film was examined.
When using a platinum electrode, the deposits were
obtained from solutions containing 0.1 mol dm�3 aniline
and 1, 5, or 10 mmol dm�3 OPDA. The deposits were also
prepared from solutions containing 0.5 mol dm�3 aniline
and 5, 10, or 50 mmol dm�3 OPDA. In both cases, 3 mol
dm�3 phosphoric acid solution was used as a supporting
electrolyte. The characteristics of the obtained layers were
investigated through the catalytic effect of different poly-
mer layers on hydroquinone/quinone (H2Q/Q) test redox
system. The results obtained confirm the earlier estab-
lished catalytic effect on the potential of the redox reaction
by shifting it to more reversible values. However, as the
concentration of OPDA was increased, the resulting limit-
ing current decreased, thus indicating in the presence of

OPDA a lower population of the available active centers
necessary for the catalytic reaction to proceed. The influ-
ence of OPDA on polymer characteristics was also studied
by using scanning electron microscopy as well as electro-
chemical impedance spectroscopy. The polymer was syn-
thesized on a stainless steel electrode (13% Cr) from a
solution containing 0.5 mol dm�3 aniline and 5, 10, or 50
mmol dm�3 OPDA. The layers were tested in chloride-
containing solutions by monitoring the open circuit poten-
tial. The results obtained suggest that, by increasing the
concentration of OPDA, the time of OCP in the passive
region of stainless steel is prolonged. VVC 2009 Wiley Periodi-
cals, Inc. J Appl Polym Sci 113: 427–436, 2009
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INTRODUCTION

Polyaniline (PANI) is one of the most investigated con-
ducting polymers. It is a material interesting not only
from the theoretical point of view in understanding
and tailoring its conductive/nonconductive states but
also from the practical point of view, because PANI is
used in batteries as an active cathode material,1 for cor-
rosion protection,2–4 as a catalytic substrate for certain
redox reactions,5,6 as a sensor electrode,7–9 etc.

This work also illustrates that the properties, as
well as the morphology of PANI, could be tailored
by polymerizing aniline from a mixture of aniline
and certain aniline derivatives such as ortho-phenyl-
enediamine (OPDA), ortho-methoxyaniline, ortho-
ethoxyaniline, etc.10–14 Polymerization of aniline
with the addition of OPDA revealed that, depending
on the concentration of OPDA in the solution, the

sponge-like morphology in the case of pure PANI
changes to a more compact layer as the concentra-
tion of OPDA increases.10,14 This change deserves to
be studied, because it might result in the quality of
PANI coating suitable for specific applications (e.g.,
in corrosion protection). Therefore, the aim of this
work was to examine how the addition of OPDA in
the aniline polymerization process changes the mor-
phology of the PANI coating by making it more
compact, which results in diminished catalytic cur-
rents of the chosen redox system, but on the other
hand, increases the corrosion protection time of
stainless steel (SS). Two different anilines, as well as
different OPDA concentrations, were tested. The
supporting electrolyte solution was 3 mol dm�3

H3PO4 because it was found especially suitable for
polymer formation on the steel sample.4

MATERIALS AND METHODS

Two different substrates were used for working elec-
trodes: (a) Pt-disc (A ¼ 0.07 cm2), and (b) SS disc
(A ¼ 0.95 cm2). Voltammetric experiments were car-
ried out by using a potentiostat (Wenking, LB75L;
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Bank Elektronik-Intelligent Controls GmbH, Pohl-
heim, Germany), a function generator (Wenking,
VSG 83), and a PC for storing and evaluating the
results.

The monomers were used as received: aniline
(Kemika, Zagreb, Croatia) and OPDA (Sigma,
Aldrich). The synthesis was always performed from
3 mol dm�3 H3PO4 supporting electrolyte solution in
a standard one-compartment cell (Methrom) in an
open-air atmosphere.

In Case (a), the counterelectrode was Pt-foil (A ¼ 1.5
cm2) and all the potentials were given against a satu-
rated calomel electrode (SCE). The solutions used for
the synthesis were as follows: (i) 0.1 mol dm�3 aniline
(PANI1, PANI2) and 1 mmol dm�3 (OPDA1), 5 mmol
dm�3 (OPDA5), or 10 mmol dm�3 (OPDA10) of
OPDA; and (ii) 0.5 mol dm�3 aniline (PANI3, PANI4),
and 5 mmol dm�3 (OPDA5), 10 mmol dm�3

(OPDA10), or 50 mmol dm�3 (OPDA50) of OPDA con-
centration. The method of synthesis was cyclic voltam-
metry (CV), employing the potential window between
�200 and 800 mV (PANI1, PANI3) and between
�200 and 1000 mV (PANI2, PANI4) at the scan rate of
t ¼ 50 mV s�1.

The polymer layer growth was monitored by tak-
ing repetitive voltammograms, and the synthesis
was monitored until the predetermined current of
the first voltammetric current peak (current peak A,
Fig. 1) reached the value of 1.4 mA.

The thicknesses of all polymer layers amount to
� 0.85 lm. It was calculated from the amount of
charge under the current peak A, necessary to
switch from leucoemeraldine, the reduced form of
PANI, to emeraldine, the oxidized form of PANI.
The details describing the calculations and electro-
chemical reaction are given elsewhere.4 The thick-
ness was calculated considering the PANI redox
reaction only, because the charge representing the

redox reaction of poly-OPDA (current peak F) is
negligible compared to PANI charge (Figs. 1 and 3).
The catalytic property of the resulting PANI-

OPDA layer was tested for the quasi-reversible hy-
droquinone/quinone (H2Q/Q) redox system, using
voltammetry at rotating disc electrode (RDE). From
a previous work,10 carried out in a chloride solution,
it was known that the addition of OPDA into aniline
solution for PANI synthesis resulted in the growth
of layers with a decreased catalytic current com-
pared to pure PANI layer. In this work, therefore,
the study of the catalytic reaction serves only as a
test of the influence of OPDA additions on the
manipulation of active PANI sites available for the
catalytic reaction. The concentration of H2Q was 0.01
mol dm�3/3 mol dm�3 H3PO4, the potential window
from 300 to 700 mV, scan rate t ¼ 2 mV s�1, and the
rotation speed x ¼ 3000 min�1.
The electrochemical impedance spectroscopy (EIS)

spectra of the layers were taken in 3 mol dm�3 H3PO4

using potentiostat (EG&G PAR Model 283; Oak Ridge,
TN) and frequency response detector (EG&G PAR
Model 1025). The superimposed sinusoidal voltage sig-
nal of 5 mV amplitude was applied. Data were col-
lected within the frequency range of 105 – 10�2 Hz,
taking five points per decade. The impedance data
were analyzed by ZSimpWin fitting program.
In Case (b), the investigations using SS (13% Cr) as

substrate were carried out using an SS disc mounted
on a Teflon holder, a Pt-sheet as the counterelectrode
(A ¼ 3 cm2), and Ag/AgCl (3 mol dm�3 KCl) as the
reference electrode. The SS electrode was polished
using 600-grit emery paper, washed with bi-distilled
water and subsequently with ethanol. The synthesis
of the polymer layer on SS was done by using CV by
applying the potential scan within the potential win-
dow �400 to 1000 mV for a 0.5 mol dm�3 aniline so-
lution (PANI) and with different concentrations of
OPDA monomer (5, 10, or 50 mmol dm�3) (PANI-
OPDA5, PANI-OPDA10, and PANI-OPDA50).
The characteristics of the obtained polymer layers

were tested through monitoring the open circuit
potential (OCP) vs. time, using different test solutions
(i.e., 0.1 mol dm�3 NaCl/3 mol dm�3 H3PO4, and 0.1
mol dm�3 HCl). Prior to each OCP monitoring
experiment, the electrode was polarized 1 min at 500
mV in the solution of pure supporting electrolyte (3
mol dm�3 H3PO4) to ensure the complete conversion
of PANI into its conductive emeraldine (EM) form.

RESULTS AND DISCUSSION

Pt-electrode substrate

The results obtained by the CV method confirmed
earlier voltammograms obtained when studying the
same aniline/OPDA mixtures, but in HCl solutions

Figure 1 Cyclic voltammograms of PANI1 and PANI1-
OPDA layer synthesis; Ek ¼ 800 mV, c(An) ¼ 0.1 mol
dm�3. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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(Fig. 1).10 The shape of the voltammogram in Figure
1 indicates that, due to the addition of OPDA mono-
mer, new current peaks (D/D0 and E) develop
besides those corresponding to PANI redox proc-
esses (A/A0 and C/C0), representing leucoemeral-
dine/emeraldine (LE/EM) and emeraldine/
pernigraniline (EM/PG), respectively. The B/B0

pair of peaks describes the redox process of para-
aminodiphenylamine, a side product of PANI
polymerization.15

An additional current peak E appears at the
potential corresponding to the OPDA-monomer oxi-
dation. While aniline monomer oxidation starts at
ca. 750 mV,16 the oxidation potential of OPDA
monomer starts at ca. 600 mV, because of the addi-
tional group in ortho-position.

A pair of D/D0 peaks, not shown during polymer-
ization of pure aniline solution, most probably repre-
sents a redox process of a new species originating
from OPDA. As the polymer layer is transferred into
the pure supporting electrolyte solution, the D/D0

pair diminishes during the potential cycling. This
implies that the species corresponding to the pair of
D/D0 peaks are of a low molecular weight, which
has been occluded within the polymer layer. During
the synthesis, a reddish-brown cloud, visible by the
naked eye, appears around the working electrode.
This might be due to the presence of radical species
that are often colored or as side product in polymer-

ization of the OPDA monomer. Because the cloud
expands within the solution and lasts even after the
polymerization terminates, it appears to be a low
molecular weight side product.
The polymer growing rate can be obtained from

current value changes vs. number of synthesis
cycles. In all the experiments, the growing rate slows
down as the content of OPDA increases [Fig. 2(a–
d)]. However, the influence of the switching poten-
tial, Ek, and of aniline concentration, is also very
pronounced. As expected,16,17 the rate of polymer
layer growth increases as Ek increases and as the
concentration of aniline (An) monomer increases.
Figure 3 shows that, during polymerization from

the mixture of aniline and OPDA, a current peak
characteristic of poly-OPDA11,18,19 (Ep � �100 mV,
current peak F) is obtained at the very beginning of
the synthesis (2nd cycle), while PANI peaks were
not yet registered. That proves that poly-OPDA is
the first layer formed, which is clearly visible as a
new current peak in the inset of Figure 3. Such
behavior may be attributed to the OPDA lower oxi-
dation potential. However, it can also be the conse-
quence of the prevailing OPDA monomers in the
coverage of the electrode due to the preferred com-
petitive adsorption. Therefore, phenazine-like prod-
ucts14 (OPDA products) will prevail around the
electrode at the beginning of synthesis. According to
the literature,20 the products of different molecular

Figure 2 Current peak A (IA) vs. number of cycles (N) for (a) PANI1 and PANI1-OPDA layers; Ek ¼ 800 mV, c(An) ¼ 0.1
mol dm�3, (b) PANI2 and PANI2-OPDA layers; Ek ¼ 1000 mV, c(An) ¼ 0.1 mol dm�3, (c) PANI3 and PANI3-OPDA layers;
Ek ¼ 800 mV, c(An) ¼ 0.5 mol dm�3, (d) PANI4 and PANI4-OPDA layers; Ek ¼ 1000 mV, c(An) ¼ 0.5 mol dm�3. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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mass surround the electrode during the polymeriza-
tion process, and as they reach a critical mass, they
precipitate on the electrode surface. Therefore, it is
reasonable to assume that poly-OPDA is obtained as
the first layer on the electrode surface. However, as
the synthesis progresses, the OPDA concentration
around the electrode decreases, and current peaks of
the PANI redox process continue to increase and
overlap the poly-OPDA current peak (74th cycle,
Fig. 3).

Because the oxidation of aniline, as a prerequisite
for polymerization, starts at ca. 750 mV, higher
switching potential (Ek ¼ 1000 mV) ensures a much
broader potential region available for aniline oxida-
tion, favoring the polymerization of PANI over poly-
OPDA, and the ratio of poly-OPDA to PANI is
shifted toward PANI (i.e., the predetermined current
value of peak A is achieved within a shorter time
[Fig. 2(a–d)]). Considering different aniline concen-
trations, it follows that the influence of OPDA in a
slowdown of the polymerization process is, as
expected, much better pronounced in case of a lower
concentration of aniline [Fig. 2(a–d)]. The influence
of OPDA at different Ek, and at different aniline con-

centration, is well illustrated in Table I, which gives
a relative number of cycles necessary to reach the
value of 1.2 mA for current peak A. Some data in
Table I are omitted because the influence of OPDA
is negligible ((NPANI-OPDA/NPANI) � 1) or the syn-
thesis of poly-OPDA lasts very long (*).
EIS measurements were done for PANI1 and

PANI1-OPDA5 layers, because the influence of
OPDA in this case was significant in slowing down
the growth rate [Fig. 2(a)]. Both layers exhibit a pure
capacitive behavior and show the same pseudo-ca-
pacitance value of 0.10 F cm�2 in the potential range
of emeraldine [Fig. 4(a)]. The pseudo-capacitance
reflects bulk properties of the polymer but not the
interface properties. Because emeraldine prevails
within the layers (i.e., within a bulk), similar capaci-
tance values are obtained for both layers. It was not
possible to determine the polymer resistance to char-
acterize neither the metal/polymer nor the poly-
mer/solution interface.21,22

However, the measurements performed in the
potential range of leucoemeraldine show the differ-
ence between these two layers as illustrated in Bode
diagram [Fig. 4(b)]. A more detailed study is
required to describe each of the elements of the
applied electrochemical equivalent circuit (Table II).
However, the obtained high resistances of R1 and R2

are characteristic of a nonconductive polymer layer.
In the literature, it usually includes resistance of
polymer layer, and resistance of pores within the
polymer that are filled with electrolyte.23,24 Because
PANI1-OPDA5 shows higher resistance values com-
pared to PANI1, the size of pores and the amount of
the solution within the pores should therefore be
smaller in the case of PANI1-OPDA5 (i.e., the layer
is more compact). The pseudo-capacitive values, Q3,
at the potential of leucoemeraldine, for both of these
layers, are different and significantly lower com-
pared to the values of emeraldine state. However, a
higher Q3 value is obtained for PANI1 compared to
PANI1-OPDA5. Finally, considering EIS measure-
ments, it is clear that structurally different polymer
material is obtained depending on the feed solution
mixture.

TABLE I
Influence of OPDA Additions on the Polymer Layer Growth Presented as a Relative
Number of Cycles (NPANI-OPDA/NPANI) Necessary to Reach the Current Value of 1.2

mA for Peak A in the Case of PANI and PANI-OPDA

OPDA
concentration
(mmol dm�3)

NPANI1-OPDA/
NPANI1 800 mV

NPANI2-OPDA/
NPANI2 1000 mV

NPANI3-OPDA/
NPANI3 800 mV

NPANI4-OPDA/
NPANI4 1000 mV

1 2.1 1.2 �1 �1
5 6.3 3.5 1.4 1.0

10 * 10.2 2.6 1.5
50 * * 4.8 15.0

Figure 3 Current peak of poly-OPDA registered at the
beginning of the polymerization process. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Journal of Applied Polymer Science DOI 10.1002/app



It was expected that different structures, as shown
by EIS, should also result in a different number of
‘‘active’’ bipolaron centers on the polymer, necessary
for the catalysis of H2Q/Q quasi-reversible redox
reaction. As shown by Matveeva,5 the catalytic effect
of PANI depends on the sites available for the
adsorption of H2Q species on the protonated active
centers of EM. Figure 5(a) illustrates RDE voltammo-
grams of PANI1 and PANI1-OPDA layers and the
bare Pt electrode. However, comparison with the

reaction at the bare Pt-electrode shows for all the
polymer layers that there is a catalytic shift of H2Q
oxidation reaction to lower potentials. The transients
obtained exhibit a similar behavior as those obtained
earlier,10 but the limiting current values are lower
than in the case of HCl supporting electrolyte. This
indicates that the layers synthesized in a phosphoric
acid solution result in a denser state, which offers a
lower number of active sites for the catalytic reac-
tion. As expected, the highest limiting current value
is obtained in the case of pure PANI layer and as
the OPDA additions increase, a decrease in the limit-
ing current is registered. It is fair to assume that the
current decrease is associated with the change of the
layer morphology caused by the presence of OPDA
(i.e., a more compact layer is produced, which leaves
a lower number of active centers available for the
H2Q/Q reaction to take place). Such results are in
agreement with the results obtained by EIS
measurements.
Figure 5(b) illustrates RDE voltammograms for

PANI3 and PANI4 layers. The concentration of 50

Figure 4 Bode diagrams for PANI1 and PANI1-OPDA5
layers polarized at (a) 400 mV and (b) �100 mV.

TABLE II
Results of Fitting the Impedance Data in Figure 7(b) to
the Electrical Equivalent Circuit: Rsol(Q1(R1(Q2(R2Q3))))

PANI1 PANI1-OPDA5

Rsol (X) 12.24 12.18
Q1 � 104 (X�1 sn cm�2) 4.09 5.70
n1 0.91 0.88
R1 � 10�4 (X cm2) 0.96 0.99
Q2 � 104 (X�1 sn cm�2) 9.21 13.14
n2 0.91 0.88
R2 � 10�3 (X cm2) 1.04 1.85
Q3 � 103 (X�1 sn cm�2) 7.42 1.38
n3 0.78 0.72

n1, n2, and n3 indicate the capacitor-like behavior of the
constant phase elements Q1, Q2, and Q3. The impedance of
the constant phase element is ZQ ¼ A(jx)�n, where 0 < n > 1,
when n ¼ 1 Q is considered to be a pure capacitor, A is the
frequency independent constant, x is the angular frequency, j
is an imaginary unit, and Rsol is a solution resistance.

Figure 5 RDE voltammograms of H2Q oxidation on electrodes coated with (a) different PANI1 layers synthesized from
c(An) ¼ 0.1 mol dm�3 solutions, x ¼ 3000 min�1, (b) different PANI3 and PANI4 layers synthesized from c(An) ¼ 0.5 mol
dm�3 solutions, x ¼ 3000 min�1. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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mmol dm�3 OPDA influences the decrease of the
limiting current. Nevertheless, in the case of the
higher concentration of aniline, a more compact
layer is formed,15 thus affecting the catalyses in the
same manner as OPDA addition (i.e., by lowering
the limiting currents [Fig. 5(a,b)]). Hence, the effect
of OPDA addition is less pronounced in the case of
PANI3 and PANI4 layers compared to PANI1 and
PANI2 layers. The obtained higher density of PANI
layer in the case of higher aniline concentration is
the result of generated radical cations at the higher
rate. Because radical cations initiate polymeriza-
tion,20,25,26 a higher number of nucleation sites are
expected in the solution surrounding the electrode
surface. Because of the increased aniline concentra-
tion, a denser layer is obtained. Therefore, as Figure
5(b) shows, the increase in switching potential, Ek

(from 800 to 1000 mV), has practically no effect on
the limiting current in the case of 0.5 mol dm�3

aniline.
The SEM micrographs taken for PANI1 show a

sponge-like morphology with evident branching of
polymer [Fig. 6(a)]. As illustrated in Figure 6(b), the
concentration of 5 mmol dm�3 of OPDA in the feed
solution results in a more compact PANI1-OPDA5
layer with less discernible fibers. The more compact
structure of pure PANI2 over PANI1 layer because
of higher Ek is confirmed by Figure 7(a). Additional
layer compactness is obtained with the concentration
of 10 mmol dm�3 of OPDA (PANI2-OPDA10) [Fig.

7(b)]. The influence of aniline concentration on poly-
mer morphology is evident from the comparison of
Figure 7(a) and 7(c).
The increase of layer density due to the OPDA

addition is shown by SEM micrographs, which sup-
ports the conclusion of RDE voltammetry. The EIS
measurements also support the differences between
these two layers. This method of tailoring the poly-
mer layer density may be applied in corrosion pro-
tection of steel in an aggressive (e.g., chloride)
medium, assuming reasonably that the increase of
the layer density is instrumental in suppressing the
ingress of aggressive Cl� species through the protec-
tive polymer layer.

Stainless steel substrate

Considering the results obtained on the increase of
polymer layer density, the effect of OPDA addition
was also tested in the case of the polymer layer
grown on an SS electrode. It was shown earlier4 that
a PANI layer synthesized from 3 mol dm�3 H3PO4

solution protects SS from corrosion in an acidic me-
dium, but the corrosion protection in the presence of
Cl� failed. It was also shown that a PANI layer syn-
thesized from 1.5 mol dm�3 H2SO4 medium offers a
short-time corrosion protection, which is improved
by adding OPDA into the feed solution.27 Assuming
that the addition of OPDA into the feed solution for
PANI synthesis in a phosphoric acid solution would

Figure 6 SEM micrographs of different layers synthesized from solutions of c(An) ¼ 0.1 mol dm�3 at Ek ¼ 800 mV: (a)
PANI1 layer and (b) PANI1-OPDA5 layer.
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also contribute to increased layer density, it was
applied on a SS substrate.

The electrochemical mechanism of steel corrosion
protection by PANI is explained through the forma-
tion of an oxide film on SS, followed by the simulta-

neous reduction of EM to LE.28,29 It is suggested that
under open-air conditions, LE instantly converts
back to EM according to the following reactions:

2Feþ 3EM2þ þ 3H2O ! Fe2O3 þ 3LEþ 6Hþ (1)

Figure 7 SEM micrographs of different layers synthesized from solutions of c(An) ¼ 0.1 mol dm�3 at Ek ¼ 1000 mV: (a)
PANI2 layer, (b) PANI2-OPDA10 layer, (c) from solutions of c(An) ¼ 0.5 mol dm�3 at Ek ¼ 1000 mV, PANI4 layer.
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1=2O2 þ LEþH2O ! EM2þ þ 2OH� (2)

Since SS, coated with a PANI layer, exhibits OCP
in the potential region of EM, which overlaps with
SS passive region, PANI corrosion protection prop-
erty is explained through the ‘‘chemical potentio-
stat’’30 behavior (reactions 1 and 2). However, that
protection mechanism does not operate in the pres-
ence of aggressive chloride ions.

Thus, monitoring of OCP vs. time enables the
determination of the effect of PANI structure modi-
fied with OPDA on corrosion protection of SS. Fig-
ure 8(a,b) illustrates OCP vs. time dependence for SS
coated with PANI layers containing different OPDA
additions. The PANI-coated SS electrode, while

immersed in pure 3 mol dm�3 H3PO4 supporting
electrolyte, maintains the OCP in the potential range
of EM, which is within the passive range of SS.4 In
the case of Cl� presence in the solution, the time of
maintaining OCP, before falling into the active cor-
rosion region, depends on the concentration of
OPDA in the solution of synthesis (i.e., the protec-
tion time increases with the increase of OPDA con-
centration). These results confirm that OPDA
addition changes polymer layer structure to a denser
one compared to pure PANI. Therefore, the PANI-
modified layer, apart from exhibiting the electro-
chemical mechanism of protection through reactions
1 and 2, has mainly the role of a physical barrier to
the ingress of Cl� ions toward the steel electrode

Figure 8 The OCP-time dependence for the bare stainless steel and stainless steel coated with different modified PANI
layers (c(OPDA) ¼ 0, 5, 10, and 50 mmol dm�3) in (a) 3 mol dm�3 H3PO4 þ 0.1 mol dm�3 NaCl, (b) 0.1 mol dm�3 HCl.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 9 SEM micrographs for different layers synthesized on SS from solutions of c(An) ¼ 0.5 mol dm�3 at Ek ¼ 1000 mV:
(a) PANI layer, (b) PANI-OPDA50 layer.
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substrate. SEM micrographs [Fig. 9(a,b)] illustrate
the effect of OPDA additions on the morphology of
the obtained polymer layers on the SS substrate.
Because the protection time is increased, it follows
that the increased density of the polymer layer
makes the ingress of Cl� ions more difficult.

It is worth noting that the protection lasts longer if
Cl� ions are added into the H3PO4 supporting elec-
trolyte solution, compared to the protection time in
pure 0.1 mol dm�3 HCl solution. One of the reasons
for the better protection obtained in the presence of
phosphate ions is the fact that phosphate ions sup-
port the repassivation of steel31 and thus help the
oxide stability in the aggressive chloride environ-
ment. The reason for shorter protection times in
pure HCl solution might be that the exchange of
phosphate ions (and phosphate counter-ions) within
the polymer layer with Cl� ions is facilitated due to
the absence of phosphate ions in the supporting
electrolyte solution.

Therefore, the protection against corrosion caused
by Cl� ions is not of an electrochemical nature, but
rather the result of the changed polymer layer den-
sity, which thus exhibits a physical barrier to Cl�

ions ingress through the polymer. Similar results
were obtained by achieving dense morphology of
the layer through the deprotonation of PANI.32

CONCLUSIONS

The results of these investigations confirm that the
addition of OPDA monomer to aniline polymeriza-
tion solution slows down the polymerization rate
and results in a more compact polymer layer com-
pared to pure aniline solution, meaning that by
administering a predetermined concentration of
OPDA, the morphology of the resulting polymer
may be tailored. The influence of OPDA addition is
more pronounced at lower switching potentials and
at lower aniline concentrations, due to the favored
polymerization of OPDA, which takes place at lower
potentials than aniline.

The different densities between layers are shown
by SEM micrographs, by the decrease of the limi-
ting current for H2Q/Q reaction, and by EIS
measurements.

EIS measurements, at the potential range of leu-
coemeraldine, indicate differences in resistance
between PANI1 and PANI1-OPDA5 layers as a
result of a more compact PANI1-OPDA5 layer.

It is shown that it is possible to synthesize PANI
layer and PANI modified with OPDA on SS elec-
trode. In chloride solutions, a deceleration of chlo-
ride ions ingress through the PANI-OPDA polymer
layer is established. This is attributed to the compact
morphology of the layer, which acts as a physical

barrier to the ingress of Cl� ions into the polymer
layer, improving the corrosion protection of steel.
Thus, the modified PANI layer acts not only as a
‘‘chemical potentiostat’’ but also as a physical barrier
to the ingress of chloride ions.

NOMENCLATURE

An Aniline
x Rotation speed, min�1

U Phase angle, deg
t Scan rate, V s�1

E Potential, V
EIS Electrochemical impedance spectroscopy
EM Emeraldine form of polyaniline
f Frequency, Hz
I Current, A
LE Leucoemeraldine form of polyaniline
N Number of cycles
OCP Open circuit potential
OPDA ortho-phenylenediamine
PADPA para-aminodiphenylamine
PANI Polyaniline
PG Pernigraniline
Q Constant phase element, X�1 sn cm�2

R Resistance, X
RDE Rotating disc electrode
t Time, s
Z Impedance, X cm2
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