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n this work, it was demonstrated that the anti-corrosion performance of
[ the polypyrrole (PPy) coatings on mild steel can be affected by

electrodeposition method, electrosynthesis solvent composition and ZnO
nanoparticles concentration. Three different electrodeposition methods, namely,
cyclic voltammetry, galvanostatic and potentiostatic techniques were empolyed.
The anti-corrosion performance of the PPy coatings was investigated by
electrochemical impedance spectroscopy. The PPy prepared by potentiostatic
method exhibited the best performance against corrosion of mild steel in 3.5%
NaCl solution. Then, different mixtures of H,O/ethanol were investigated as
electrosynthesis solvents for the preparation of PPy coatings on mild steel via
optimized electrodeposition mode (i.e. potentiostatic). Evaluation of the
prepared coatings introduced the pure water as the optimum solvent for the PPy
electrodeposition. Lastly, the investigation of different concentrations of ZnO
nanoparticles proved that the PPy coating containing 0.025% ZnO
nanoparticles was the best coating against the corrosion of mild steel in the
NaCl solution. Prog. Color Colorants Coat. 13 (2020), 131-141© Institute for

Color Science and Technology.

1. Introduction

concentration.
The electropolymerization is generally achieved by

Conducting polymers have unique properties which
make them suitable for many applications in both
industrial and academic fields such as anti-corrosion
coatings, sensors, supercapacitors and batteries [1-7].
Polypyrrole (PPy) as one of the most used conducting
polymers has great advantages such as environmental
and thermal stability, low cost and relatively easy
polymerization [8-13].

A survey of literature indicates that little attention
was paid to the optimum experimental conditions for
preparing the optimum PPy coating for corrosion
protection of mild steel including electrosynthesis
method, solvent composition, and ZnO nanoparticle

potentiostatic (constant potential) or galvanostatic
(constant current) methods [8]. These techniques are
easier to describe quantitatively and have been
therefore commonly utilized to investigate the
nucleation mechanism and the macroscopic growth.
Although potentiodynamic techniques such as cyclic
voltammetry have been mainly used to examine the
electrochemical behavior of the polymer film after
electrodeposition, CV method was employed in this
work for comparison.

The properties of PPy coatings for corrosion
protection of alloy surface strongly depend on the
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synthesis parameters such as electrodeposition method,
solvent composition and nano-size additives. Cyclic
voltammetry  (CV),  galvanostatic  (GS), and
potentiostatic (PS) methods are some of the most
important techniques for electrosynthesis of PPy
coatings reported in the literature [8, 14]. The side
reactions cannot occur at the alloy surface in the PS
mode due to the application of a constant potential. The
GS mode applies a constant current that is the preferred
mode for preparing the PPy coatings on the large size
electrodes [14]. The CV technique employs a triangular
potential waveform to record the resulting current.
However, the different modes of electrodeposition lead
to manipulating the corrosion protection performance of
PPy coatings.

As mentioned in the literature, CV-PPy and GS-
PPy samples exhibit more organized microstructure
together with typical layer by layer growth while PS-
PPy shows relatively uniform 3D growth [14]. The
composition of the solvent required for electrosynthesis
of PPy coatings can affect the corrosion protection
performance of the coatings. However, this field has
been rarely reported in published papers [15, 16]. The
performance of the coatings can be improved by
doping the nanoparticles [17]. The concentration of the
nanoparticles is a critical parameter influencing the
corrosion protection of PPy coating [18].

The present work investigates the effects of various
synthesis  parameters including electrosynthesis
method, solvent composition and nanoparticle
concentration on the corrosion protection of PPy-
coated mild steel. At first, the PPy films were deposited
on the mild steel samples using CV, GS, and PS
modes. Then, both the influence of different mixed
solvent systems and various concentrations of ZnO
nanoparticles have been investigated on the corrosion
protection performance of the coatings. The corrosion
protection performance of the resulting PPy samples
was characterized after immersion in 3.5% NaCl
solution by electrochemical impedance spectroscopy
(EIS) and potentiodynamic polarization techniques.

2. Experimental
2.1. Materials

All chemicals and solvents were procured from Merck.
Purification of pyrrole was performed by distillation
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under vacuum and then it was stored in the dark below
5 °C. Solutions were prepared by using distilled water.

2.2. Methods
2.2.1. Preparation of ZnO nanoparticles

ZnO nanoparticles were synthesized on the basis of the
procedure which has been reported earlier [19]. The
solutions of 0.45 M Zn(NOs),.4H,0 and 0.9 M NaOH
were prepared in distilled water. Then, the sodium
hydroxide solution was heated up to 55 °C. The heated
NaOH solution under high-speed stirring was mixed
with the zinc nitrate solution by drop-wise addition of
the zinc nitrate solution (for about 40 min). After
sealing the beaker at this condition for 2 h, the
precipitates of ZnO nanoparticles were washed with
both distilled water and ethanol and then dried in the
air at about 60 °C. The final product was a white
powder. X-ray diffraction (XRD) patterns were
obtained by a Rigaku D-max C 1II, X-ray
diffractometer using Ni-filtered Cu Ko radiation.
Scanning electron microscopy (SEM) images were
recorded by LEO-1455VP equipped with an energy
dispersive X-ray spectroscopy.

Figure 1 shows the SEM images of ZnO
nanoparticles. Figure 2 presents the XRD pattern of
ZnO nanoparticles. All the peaks correspond to the
reflections of ZnO nanoparticles (Peak List) which are
in good accordance with the standard diffraction data
of ZnO (JCPDS card no. 80-0075).

KYKY-EM3200 26 KV
Figure 1: SEM images of ZnO nanoparticles.
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Figure 2: XRD pattern of ZnO nanoparticles.

2.2.2. Synthesis modes of PPy coated samples

The polypyrrole was synthesized by
electropolymerization. Briefly, a solution obtained from
mixing 0.1 M of pyrrole and 0.3 M oxalic acid in
deionized water was used for the synthesis of
polypyrrole. The electrosynthesis of PPy was performed
by the following techniques: cyclic voltammetry method
by potential scanning between +0.3 and +0.9 V at 100
mV/s for 20 cycles, galvanostatic technique at 5 mA/cm’
for 5 min, and potentiostatic mode at 0.8 V for 3 min. A
cell containing three electrodes was used for the
electrosynthesis of PPy which consists of a disk of mild
steel (100 mm?) as working electrode, Ag/AgCl as the
reference electrode, and a platinum rod as the counter
electrode. Before the coating process, the mild steel
surface was polished with abrasive papers (600-2500
grades) and washed with ethanol. After rinsing with
distilled water, the PPy-coated mild steel electrodes were
exposed to 3.5% NaCl solution.

The electropolymerization of PPy thin film is
schematically illustrated in Figure 3. Briefly, in the
first step, oxidation of pyrrole monomer forms pyrrole
radicals at the electrode surface. With highest charge
density at the a-position, the coupling between two
radicals occurs, resulting in the formation of o,a'-
dimers and the loss of two protons driving

rearomatization. These aromatic dimers can further
react with new radicals until the completion of the
polymerization reaction. The aromatic dimer has an
unpaired electron delocalized over two pyrrole rings
which results in a lower oxidation potential compared
to the monomer [8].

2.2.3. Synthesis media of PPy coated samples

Four volume ratios of water to ethanol were employed
(1:3, 1:1, 3:1 and 1:0) for electrosynthesis of the PPy
on the working electrodes. These PPy electrodes were
denoted as PPy-1:3, PPy-1:1, PPy-3:1 and PPy-1:0
which were prepared from 1:3, 1:1, 3:1 and 1:0 volume
ratios, respectively.

2.2.4. Effect of nanoparticle concentration

For preparation of coatings containing various
concentrations of ZnO nanoparticles, different amounts
of ZnO nanoparticle powder (0, 0.0125, 0.025, 0.05
and 0.1 g) was introduced to 100 mL solution of 0.1 M
pyrrole and 0.3 M oxalic acid and then the
electropolymerization of PPy was carried out by
potentiostatic mode at 0.8 V for 3 min. Various PPy
coatings containing 0, 0.0125, 0.025, 0.05 and 0.1 wt%
of ZnO nanoparticles were prepared. The coating
without ZnO nanoparticles (0%) was used as the blank.
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Figure 3: Mechanism of the pyrrole polymerization [8].

The current decreased with increasing the
concentration of ZnO nanoparticles in the electrolyte
solution. Therefore, addition of ZnO nanoparticles
reduced the current of the monomer oxidation process
at the same applied potentials. In addition, ZnO
nanoparticles might act as a barrier and decrease direct
interaction between pyrrole monomers and the surface
of the mild steel.

2.2.5. Corrosion tests

For the EIS measurements, a sinusoidal potential signal
of 10 mV amplitude at open circuit potential (OCP) was
employed in the frequency range of 100 kHz-10 mHz.
The EIS data were recorded by a potentiostat/galvanostat
(Autolab Model PGSTAT-302N). A conventional three-
electrode cell containing a Pt rod as the counter
electrode, a saturated Ag/AgCl electrode as the reference
electrode and the coated mild steel as the working
electrode was used to measure the EIS data. The
software of Nova 1.9 was employed for fitting the
experimental EIS plots to the equivalent circuit.

Tafel plots were recorded for coated samples using
a conventional three-electrode electrochemical cell
with platinum rod as counter electrode and an Ag/AgCl
as reference electrode. The working electrode was the
coated mild steel sample. The NaCl (3.5%, w/w)
solution was used as the corrosive environment.

3. Results and Discussion

3.1. Effect of electropolymerization mode

The deposition curves for electrosynthesis of PPy
coatings on mild steel through potentiostatic,
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galvanostatic and cyclic voltammetry modes are shown
in Figure 4. According to the shape of the deposition
curves, it is possible to explain the mechanisms of the
nucleation and growth. Figure 4a presents the
electrodeposition plot of PPy coatings on mild steel
obtained by the potentiostatic method at the constant
potential of 0.8 V (vs Ag/AgCl). The initial increase in
the current density is due to the formation of the double
layer at the alloy/electrolyte interface. Afterward, the
current decreases with decreasing the concentration of
pyrrole due to the deposition of PPy on the mild steel
electrode.

In the galvanostatic technique, a constant current is
applied to the working electrode and the potential
change is recorded. The electrodeposition plot of PPy
coating at the constant current density of 5 mA/cm’ is
shown in Figure 4b. For oxidation of monomers to
oligomers, not only a high potential is required at
initial times, but also the constant potential should be
high enough to complete the polymerization of the
pyrrole [8, 14].

In the cyclic voltammetry, the resulting current
during the application of potential sweep is recorded.
The formation of PPy layer on the mild steel electrode
through the oxidation of monomers into the radical
cations corresponds to an increase in the current at +0.7
V (vs Ag/AgCl) (Figure 4c). As a characteristic feature
of cyclic voltammetry, the break in the process of
deposition between each cycle leads to a discontinuous
growth, while the potential scan of the growing PPy
layer produces uniform PPy microstructures [14, 20].
From the cyclic voltammetry data, it is possible to
determine the optimum current density (5 mA/cm?) and
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electrodeposition potential (0.8 V vs Ag/AgCl) for PPy corrosion protection performance of coated samples
electrosynthesis through galvanostatic and [21-23]. Figure 5 presents the impedance plots of
potentiostatic methods, respectively. different coated samples obtained after 4 h immersion
EIS measurements are usually used to evaluate the in 3.5% NaCl solution.
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Figure 4: Electrosynthesis of polypyrrole coatings by different deposition methods: (a) potentiostatic, (b) galvanostatic
and (c) cyclic voltammetry.
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Figure 5: Nyquist plots of the PPy coatings obtained from different electrodeposition modes after 4 h of immersion in
3.5% NaCl solution.
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In the literature, most of the EIS data arising from PS which was higher than that of PPy-GS and PPy-CV
polymer coated samples exposed to corrosive media samples (Figure 5). Therefore, the PPy-PS sample
have been analyzed by the equivalent circuit shown in provided the highest corrosion protection of mild steel
Figure 6 [24]. The equivalent circuit consists of in NaCl solution.
solution resistance, Rs, charge transfer resistance, Rct, Figure 7 shows the Tafel polarization curves of
associated with the corrosion process on the alloy different coated samples obtained after 4 h immersion
surface, pore resistance, Rpo, constant phase element in 3.5% NaCl solution. The relevant parameters are
(CPE) for the double layer, Qdl, and constant phase listed in Table 2. The value of corrosion current for
element for the coating, Qc. Because of the non-ideal PPy-PS coating was lower than that of other samples.
capacitive behavior of the coatings, a constant phase Therefore, the PPy coating was the best protective PPy
element, Qdl, is used instead of pure capacitance. The coating on mild steel surface.

impedance function of CPE is given by:

Zepe=1/Y ()™ (D

where YO is the magnitude of CPE constant

(F.cm™sn™ or sn.Q '.cm™), o is the angular frequency
and n is the CPE exponent. When n=1, the CPE
represents a pure capacitor and YO = C. Table 1 shows

Figure 6: Equivalent circuit.

the fitted parameters for different coated samples. The
highest value of pore resistance was obtained for PPy-

Table 1: Impedance parameters for PPy coating samples prepared by different modes of electrodeposition on mild steel
after 4 h of immersion in 3.5% M NaCl solution.

589

PPy-PS 1125 0.707
PPy-GS 550 735 0.711
PPy-CV 630 595 0.704

10 ¢ ;

g 1of E

0.1t _
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Figure 7: Tafel plots of the PPy coatings obtained from different electrodeposition modes after 4 h of immersion in 3.5%
NaCl solution.
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Table 2: Tafel parameters for PPy coating samples prepared by different modes of electrodeposition on mild steel after 4
h of immersion in 3.5% M NaCl solution.

PPy-CV 1.1
PPy-GS 1.0
PPy-PS 0.88

3.2. Effect of synthesis solvent

In order to improve the corrosion protective behavior
of the PPy coatings, various binary mixtures were
employed as the solvent for electrosynthesis of PPy
films. The electrochemical impedance spectroscopy
was utilized to investigate the corrosion protective
behavior of the PPy coatings prepared using different
binary mixtures. The impedance plots of different PPy
coated samples after immersion in 3.5% NaCl solution
are shown in Figure 8. The equivalent circuit
represented in Figure 6 was used to fit the impedance
plots of the PPy coated samples. The circuit parameters
are listed in Table 3.

Figure 9 shows the plot of Rpo vs. H,0% of the

E o/ mV
=735
-695
-680

solvents employed for the PPy electrosynthesis. The
larger pore resistance (Rpo) value for the PPy-1:0
coating compared to those of other PPy coated samples
imply that the water is the suitable solvent for
preparing the best protective PPy coating by the
potentiostatic electrosynthesis.

Figure 10 shows the Tafel plots of different PPy
coatings after immersion in 3.5% NaCl solution. Tafel
parameters are listed in Table 4. Therefore, the lower
corrosion current value for the PPy-1:0 coating
compared to those of other PPy coated samples imply
that the water is the suitable solvent for preparing the
best protective PPy coating.

Table 3: Impedance parameters for PPy coating samples prepared in different water to ethanol
ratios on mild steel after 4 h of immersion in 3.5% M NaCl solution.

.cm’
PPy-1:3 66
PPy-1:1 103
PPy-3:1 434
PPy-1:0 1125

2125 0.817
1245 0.813

75 0.689
589 0.707

Table 4: Impedance parameters for PPy coating samples prepared by different concentrations of
ZnO nanoparticles after 4 h of immersion in 3.5% M NaCl solution.

Blank
0.0125%
0.025%
0.05%
0.1%

1125

1650

2270
121
73

895
642
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Figure 8: Nyquist plots of the PPy coatings prepared from different solvent compositions after
4 h of immersion in 3.5% NaCl solution.
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Figure 9: The plot of Ry, against solvent conposition employed for the PPy electrosynthesis.
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Figure 10: Tafel plots of the PPy coatings prepared from different solvent compositions after 4 h of immersion in 3.5%
NaCl solution.
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3.3. Effect of nanoparticle concentration

Figure 11 shows the electrochemical impedance spectra
of the PPy coatings without and with various
concentrations of ZnO nanoparticles after 4 h immersion
in 3.5% NaCl solution. The Nyquist plots of the PPy
coated samples containing 0.1% and 0.05% ZnO
nanoparticles showed two semicircles (Figure 11). These
Nyquist plots were fitted to the equivalent circuit given
in Figure 6. This pattern, typical for two Randles circuits
connected in parallel, confirmed the presence of two
different phases in the coating containing nanoparticles
as filler. High-frequency semicircle at the left-hand side
of a curvature is usually related to the PPy phase of the
coating regardless of the amount of nanoparticle filler
with pore resistance within the range from 73 to 121CQ2.
Low-frequency semicircle on the right-hand side of a
curvature corresponds to the metal response during the
corrosion process [25]. This phase changed its charge
transfer resistance from 895 to 642Q2 when ZnO
nanoparticle content increased from 0.05 to 0.1%.

On the other hand, the Nyquist plots of the coated
and 0.0125% ZnO
nanoparticles showed only one relaxation time [26].

samples containing 0.025
This semicircle is related to the protective properties of
the PPy coatings.

Table 5 lists the impedance parameters for different
PPy coated samples. Figure 12 presents the Rpo vs.
Zn0% plot of the coated samples. The Rpo value of
0.025% coated sample was higher than those of other
coated samples after 4 h immersion. Figure 12 clearly
shows that the pore resistance increased with the
increase of nanoparticle concentration in the range of 0—
0.025% then it
nanoparticle concentration up to 0.1%. In general, the

and decreased with increasing
surface roughness of the coating increases and the
aesthetic properties of the coating decrease with
increasing the nanoparticle percent in the coated
samples. It can be concluded from Figure 12 that the
optimum coating is the coating containing 0.025% ZnO

nanoparticle.

1000

T
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200 F

100

-100

B Blank
¥ 0.0125%
0 0.025%
O 0.05% 4
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Figure 11: Nyquist plots of the PPy coatings without (blank) and with different concentrations of ZnO nanoparticles
recorded at 4 h after immersion in 3.5% NaCl solution.
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Table 5: Impedance parameters for PPy coating samples prepared by different concentrations of ZnO nanoparticles after
4 h of immersion in 3.5% M NacCl solution.

Blank 1125 -
0.0125% 1650 -
0.025% 2270 -
0.05% 121 895
0.1% 73 642
2500
2000
1500
G
=l
g
1000
500
0 T T T )
0 0.025 0.05 0.075 0.1
Zn0%

Figure 12: The plots of Ry, vs ZnO% for different PPy coating samples after 4 h of immersion in 3.5% NaCl solution.

investigated as electrosynthesis solvents for the

4. Conclusions

Three different preparation of PPy coatings on mild steel by the

employed for polypyrrole (PPy) coating synthesis

electrodeposition methods were

potentiostatic mode. The results showed that the pure
PPy
electrodeposition. Lastly, the investigation of ZnO

water was the optimum solvent for the

including cyclic voltammetry, galvanostatic and
potentiostatic modes in order to prepare the optimum

. . . . . nanoparticles concentration showed that the synthesis
PPy coating for corrosion protection of mild steel in p W yn

. . 0 .
3.5% NaCl solution. The electrochemical properties of solution containing 0.025% Zn© nanoparticle can lead

. . . . h i f th i i i
PPy coatings were investigated by electrochemical to the production of the best coating against corrosion

impedance spectroscopy (EIS). Among three different of mild steel in NaCl solution.
PPy PPy

electrosynthesized by the PS mode provided the

electrosynthesized ~ samples,  the
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