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Abstract

Since ZnO nanoparticles increase the electrical conductivity of the polypyrrole (PPy) coatings, an investigation was carried
out to evaluate the effect of ZnO nanoparticles loading on the corrosion protection performance of PPy coatings on AA2024
Al alloy in 3.5% NaCl solution. At first, some measurements were carried out to find the best experimental conditions
containing the electrodeposition method, electrosynthesis solvent composition, and ZnO nanoparticles’ concentration for
preparing the optimum PPy coating on Al alloy2024. Three different methods of electrodeposition, namely: cyclic voltam-
metry, galvanostatic, and potentiostatic techniques were analyzed. The anti-corrosion performance of the PPy coatings was
evaluated by electrochemical impedance spectroscopy and Tafel polarization methods. The PPy prepared by potentiostatic
method exhibited the best performance against corrosion of Al alloy2024 in 3.5% NaCl solution. Then, different mixtures
of H,0O/ethanol were tested as electrosynthesis solvents for preparation of PPy coatings on the alloy by optimized electro-
deposition mode (i.e., potentiostatic). In evaluation of the prepared coatings, the pure water was introduced as the optimum
solvent in electrodeposition of PPy. The investigation of different ZnO nanoparticles’ concentrations proved that the PPy
coating containing 0.025% ZnO nanoparticles was the optimum coating against the corrosion of Al alloy in NaCl solution.
Finally, the long-term evaluation of the corrosion protection performance of the coatings revealed that the optimum coating
provided suitable protection against corrosion up to 14 days after immersion.

Keywords Electrosynthesized polypyrrole - Corrosion protection - Nanoparticles - Electrochemical impedance
spectroscopy - Tafel polarization

Introduction

Aluminum alloys such as AA2024 are widely used in aircraft
industry because of their superior mechanical properties and
low weight. Al alloys contain considerable amount of inter-
metallic impurities. These impurities make this alloy vulner-
able to galvanic corrosion. Until recently, corrosion protec-
tion of Al alloys was based on hexavalent chromium (Crh
coatings. However, these types of coatings are health and
environmental hazard, and have to be replaced. Conduct-
ing polymers such as polypyrrole and polyaniline are effec-
tively tested as corrosion inhibitors on non-ferrous metals
and serve as reasonable alternative to Cr®* technology [1-3].
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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 [4-6]. Polypyrrole (PPy) as
one of the highly used conducting polymers has great advan-
tages such as environmental and thermal stability, low cost,
and relatively easy polymerization [7-9]. Polypyrrole is an
attractive organic coating for a large number of biological
and biomedical applications due to its biocompatibility with
the human body tissues [10, 11].

The properties of PPy coatings for corrosion protection of
alloy surface strongly depend on the 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 impor-
tant techniques for electrosynthesis of PPy coatings reported
in the literature [9, 12, 13]. The side reactions cannot occur
at the alloy surface in the PS mode due to the application of
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constant potential. The GS mode applies a constant current
that is the preferred mode for preparing PPy coatings on the
large size electrodes [12]. The CV technique employs a trian-
gular potential waveform to record the resulting current. How-
ever, different modes of electrodeposition lead to manipulating
the corrosion protection performance of PPy coatings.

The composition of the solvent required for electrosynthe-
sis of PPy coatings can affect the corrosion protection per-
formance of the coatings. However, this field has been rarely
reported in published papers [14, 15].

Corrosion protection mechanism of conducting polymers
can be explained as follows:

When conducting coatings are used, electrical contacts
can be established between the intermetallic compound on Al
alloy2024 substrate and the coating. Consequently, the elec-
trons generated at any defective region will not be localized at
the coating—metal interfaces as in the case of insulating coat-
ings. Localization of electrons at the interface favors interfacial
oxygen reduction and thus coating delamination [16]. In that
case, debonding will be accelerated by the OH™ resulting from
the reduction of oxygen. Electrons generated at the defect will
migrate both into the coating and to the interface. This spread-
ing of electrons into the coating will drop the rate of oxygen
reduction at the metal-coating interface and thereby reduces
the coating delamination.

The performance of PPy coatings can be improved by dop-
ing metal-oxide nanoparticles [3]. Among the transition metal
oxides, zinc oxide (ZnO) nanoparticles have high thermal sta-
bility, ultraviolet protection, good transparency, and high elec-
tron mobility [17]. It was previously shown that the electrical
conductivity of PPy coatings increases dramatically with the
increase in ZnO content [18]. Therefore, it seems that the cor-
rosion protection of PPy coatings can be modified by loading
ZnO nanoparticles. However, the nanoparticles’ concentration
is a critical parameter in corrosion protection of PPy coating
[3, 19].

The aim of the present work is to explore the corrosion
protection performance of the PPy coatings containing ZnO
nanoparticles. For this purpose, the optimum experimental
conditions for preparing the optimum PPy coating for cor-
rosion protection of Al alloy2024 including electrosynthesis
method, solvent composition, and ZnO nanoparticle concen-
tration were investigated.

The long-term corrosion protection performance of the
optimum PPy coating was characterized after immersion in
3.5% NaCl solution by electrochemical impedance spectros-
copy (EIS) and Tafel polarization technique.
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Experimental

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

A potentiostat/galvanostat, Autolab PGSTAT-302N made
in The Netherlands was used to perform the electrochemical
tests. X-ray diffraction (XRD) patterns were obtained by a
Rigaku D-max C III, X-ray diffractometer using Ni-filtered
CuK,, radiation (Japan). Scanning electron microscopy
(SEM) images were recorded by a KYKY-EM3200 SEM
(China). The optical microscope images were recorded by a
digital IM300 microscope made in China.

Synthesis modes of PPy-coated Al alloy2024

The polypyrrole was synthesized by electropolymerization.
Briefly, a solution arising from mixing 0.1 M of pyrrole
and 0.3 M oxalic acid in de-ionized 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 — 1.0 and +2.5 V
(vs. Ag/AgCl) at 100 mV/s for 20 cycles, galvanostatic tech-
nique at 5 mA/cm? for 5 min, and potentiostatic mode at
2.5V for 3 min. A cell containing three electrodes was used
for the electrosynthesis of PPy which consisted of a disk of
Al alloy2024 (100 mm?) as working electrode, Ag/AgCl as
the reference electrode, and a platinum rod as the counter
electrode. Before the coating process, the Al alloy surface
was polished with abrasive papers (600-2500 grades) and
washed with ethanol. After rinsing with distilled water, the
PPy-coated Al alloy2024 electrodes were exposed to 3.5%
NaCl solution.

Synthesis media of PPy-coated Al alloy2024

Four volume ratios of water/ethanol were employed (1:3,
1:1, 3:1, and 1:0) for electrosynthesis of 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.

Corrosion tests

For the EIS measurements, a sinusoidal potential signal of
10 mV amplitude was employed in the frequency range of
100 kHz—-10 mHz. A conventional three-electrode cell con-
taining a Pt rod as the counter electrode, a saturated Ag/
AgCl electrode as the reference electrode and the coated
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AA2024 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 ref-
erence electrode. The working electrode was the coated
AA2024 sample. The NaCl (3.5%, w/w) solution was used
as the corrosive environment.

Results and discussion
Preparation of ZnO nanoparticles

ZnO nanoparticles were synthesized on the basis of the
procedure which has been reported earlier [20]. The solu-
tions of 0.45 M Zn(NO;),-4H,0 and 0.9 M NaOH were
prepared in distilled water. Then, the sodium hydroxide
solution was heated to 55 °C. The heated NaOH solution
under high-speed stirring was mixed with the dropwise
addition (for about 40 min) of zinc nitrate solution. After
sealing the beaker at this condition for 2 h, the precipi-
tates of ZnO nanoparticles were washed with both distilled
water and ethanol and dried in the air at about 60 °C. The
final product was a white powder.

Figure 1 shows the SEM image of ZnO nanoparticles.
Figure 2 presents the XRD pattern of ZnO nanoparticles.
All the peaks correspond to the reflections of ZnO nano-
particles (peak list) which are in good accordance with
the standard diffraction data of ZnO (JCPDS card no.
80-0075).
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Fig.1 SEM image of ZnO nanoparticles
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Fig.2 XRD pattern of ZnO nanoparticles

Effect of electropolymerization mode

The electrosynthesis of PPy coatings on Al alloy2024 was
performed by modes under cyclic voltammetry, galvano-
static, and potentiostatic. In the cyclic voltammetry during
the application of potential sweep, the resulting current was
recorded. The formation of PPy layer on the Al alloy elec-
trode through the oxidation of monomers into the radical
cations corresponds to an increase in the current at +0.7 V
(vs. Ag/AgCl). As a characteristic feature of cyclic voltam-
metry, 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 micro-
structures [9, 12]. From the cyclic voltammetry data, it is
possible to determine the optimum current density (5 mA/
cm?) and electrodeposition potential (0.8 V vs. Ag/AgCl)
for PPy electrosynthesis by galvanostatic and potentiostatic
methods, respectively.

In the galvanostatic technique, a constant current is
applied to the working electrode and the potential change
is recorded. The electrodeposition of PPy coating was per-
formed at the constant current density of 5 mA/cm?. For oxi-
dation of monomers into oligomers, not only a high potential
is required at initial times, but also the constant potential at
the following should be high enough to complete the polym-
erization of pyrrole [9, 12].

The electrodeposition of PPy coatings on Al alloy2024
was performed through potentiostatic method at the con-
stant potential of 2.5 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 Al alloy electrode.

EIS measurements are usually used to evaluate the cor-
rosion protection performance of coated samples [21-23].
Figure 3 presents the impedance plots of different coating
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Fig.3 Nyquist plots of PPy coatings obtained from different electro-
deposition modes after 2 h immersion in 3.5% NaCl solution

samples obtained at 2 h after immersion in 3.5% NaCl
solution.

In the literature, most of the EIS data arising from poly-
mer-coated samples exposed to corrosive media have been
analyzed by the equivalent circuit, as shown in Fig. 4 [24].
The equivalent circuit consists of solution resistance, R,,
charge transfer resistance, R, associated with the corrosion
process on the alloy surface, pore resistance, R, the dou-
ble layer capacitance, O, and the coating capacitance, Q..
Because of the non-ideal capacitive behavior of the coatings,
a constant phase element is used instead of a pure capaci-
tance. R, is used to measure the electron transfer across the
metal surface. High value of R, indicates low corrosion rate
and good protection ability. Q. is often used to characterize
the water absorption of coating. Water permeation can result
in the swelling or blistering of the coating which will easily

Fig.4 Equivalent circuit
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break through these places. Electrolyte solution will pass
through these defects and arrive at metal surface, leading to
metal corrosion. Thus, the coating will lose its protection.

Qg usually reflects the delamination of the coating from
metal substrate surface, because its value may increase with
water spreading at the interface between metal surface and
the coating.

The impedance function of CPE is given by

Zepeg = 1/Yy(jo)", (1)
where Y|, is the magnitude of CPE constant (Fecm™2s"~! or
s"Q~'em™), w is the angular frequency, and n is the CPE
exponent. When n=1, the CPE represents a pure capacitor
and Y,=C. For n=0, the CPE represents an ideal resistor.
For n=—1, the CPE is equivalent with an inductance. Using
a CPE instead of a capacitor provides the deviation from
ideal capacitive behavior [25].

R, is often used to describe the ionic transfer through the
coating pores which reflects the anti-penetrating ability of
the coating. The protection ability of coating becomes weak
with decreasing R,,,. Table 1 shows the fitted parameters for
different coating samples. The higher value of pore resist-
ance was obtained for PPy-PS; it was larger than those of
PPy-GS and PPy-CV samples (Fig. 3). Therefore, the PPy-
PS sample provided the highest corrosion protection of Al
alloy2024 in NaCl solution.

Effect of synthesis solvent

To improve the corrosion protective behavior of the PPy
coatings, various binary mixtures were employed as the sol-
vent for electrosynthesis of PPy films. The electrochemical
impedance spectroscopy was utilized to investigate the cor-
rosion protective behavior of the PPy coatings prepared in
different binary mixtures. The impedance plots of different
PPy-coating samples after immersion in 3.5% NaCl solution
are shown in Fig. 5.

The equivalent circuit represented in Fig. 4 has been used
to fit the impedance plots of the PPy-coated samples. The
circuit parameters are tabulated in Table 2. The larger pore
resistance (R,,,) value for the PPy-1:0 coating compared to
those of the other PPy-coated samples implies that the water

Table 1 Impedance parameters for PPy-coating samples prepared by
different modes of electrodeposition on Al alloy2024 after 2 h immer-
sion in 3.5% M NaCl solution

Sample Rpo (Qcm?) Y, (umho) n

PPy-CV 620 590 0.706
PPy-GS 638 778 0.701
PPy-PS 803 605 0.703
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Fig.5 Nyquist plots of PPy coatings prepared from different solvent
compositions after 2 h of immersion in 3.5% NaCl solution

Table2 Impedance parameters for PPy-coating samples on Al
alloy2024 prepared in water/ethanol different ratios after 2 h immer-
sion in 3.5% M NaCl solution

Sample Ry, (Qcm?) Y, (umho) n

PPy-1:3 6.5 2110 0.808
PPy-1:1 10 1250 0.810
PPy-3:1 424 66 0.694
PPy-1:0 803 605 0.703

is the suitable solvent for preparing the best protective PPy
coating through potentiostatic electrosynthesis.

Effect of nanoparticle concentration

For preparation of coatings containing various concentra-
tions of ZnO nanoparticles, the different amounts of ZnO
nanoparticle powder (0, 0.0125, 0.025, 0.05, and 0.1 g) were
each 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 2.5 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.

With increasing the concentration of ZnO nanoparticles
in the electrolyte solution, the current decreased. Therefore,
the 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

reduce the direct interaction between pyrrole monomers and
the surface of Al alloy2024.

Figure 6 shows the electrochemical impedance spectra
of the PPy coatings without/with various concentrations of
ZnO nanoparticles after 2 h from immersion in 3.5% NaCl
solution.

The Nyquist plots of the PPy-coating samples containing
0.1% and 0.05% ZnO nanoparticles showed two semi-circles
(Fig. 6). These Nyquist plots were fitted to the equivalent
circuit, as given in Fig. 4. This pattern, typical for two Ran-
dles circuits connected in parallel, confirmed the presence of
two different phases in the coating containing nanoparticles
as filler.

In general, the EIS response in high-frequency region
illustrates the property of the prepared coating and the pro-
cess occurred at coating—metal interface is reflected by the
low-frequency region [26]. High-frequency semi-circle 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 65 to 115
Q. Low-frequency semi-circle on the right-hand side of a
curvature corresponds to the metal response during the cor-
rosion process [27]. This phase changed its charge transfer
resistance from 884 to 656 € when ZnO nanoparticles con-
tents increased from 0.05 to 0.1% (Table 3).

On the other hand, the Nyquist plots of the coating sam-
ples containing 0.025% and 0.0125% ZnO nanoparticles
showed only one relaxation time [1]. This semi-circle is
related to the protective properties of the PPy coatings.

1000 F ;
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G s00f :
N 400} :
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Fig.6 Nyquist plots of PPy coatings without (blank)/with ZnO nano-
particles at different concentrations recorded after 2 h immersion in
3.5% NaCl solution
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Table 3 Impedance parameters for PPy-coating samples prepared by
ZnO nanoparticles at different concentrations after 2 h immersion in
3.5% M NaCl solution

Sample R, (Q cm?) R, (Qcm?)
Blank 803 -

0.0125% 2450 -

0.025% 2870 -

0.05% 115 884

0.1% 65 656

Table 3 lists the impedance parameters for different PPy-
coating samples. The R, value of 0.025% coating sample
was higher than those of the other coating samples after
2 days of immersion time. It is clear that the pore resistance
increased with the increase in concentration of nanopar-
ticles within 0-0.025% range, and then, it decreased with
increasing nanoparticles’ concentration to 0.1%. In general,

21KV 1.00KX 10um KYKY-EM3200 SN:0771

21KV 1.00 KX 10 um

with increasing the nanoparticle percent in the coated sam-
ples, the coatings’ surface roughness increases and the aes-
thetic properties of the coating decrease. It can be clearly
seen from Fig. 7 that the surface roughness increases with
increasing the concentration of ZnO nanoparticles. It can be
concluded that the optimum coating is the one containing
0.025% ZnO nanoparticle.

Figure 8 shows the Tafel polarization curves of coating
samples containing different nanoparticle concentrations
obtained at 2 h after immersion in 3.5% NaCl solution. The
relevant parameters are listed in Table 4. The value of corro-
sion current for the coating containing 0.025% nanoparticle
was lower than that of the other samples. Therefore, the PPy
coating containing 0.025% nanoparticle was the best protec-
tive PPy coating on Al alloy2024 surface.

To gain further insight into corrosion protection prop-
erties, the Nyquist plots of the PPy coating containing
0.025% ZnO nanoparticle recorded after 2 h, 7 days,
and 14 days of immersion times in aqueous 3% NaCl are

21 KV 1.00 KX 10um KYKY-EM3200 SN:0772

KYKY-EM3200 SN:0774

Fig.7 SEM images of the PPy coatings containing different concentrations of ZnO nanoparticles: a 0.0125%, b 0.025% and ¢ 0.1%
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Fig.8 Tafel plots of the PPy coatings without (blank)/with ZnO nan-
oparticles at different concentrations recorded after 2 h immersion in
3.5% NaCl solution

Table 4 Tafel parameters for PPy-coating samples prepared using
ZnO nanoparticles at different concentrations after 2 h immersion in
3.5% M NaCl solution

Sample icore (HA) Eqye (mV)
Blank 0.88 —680
0.0125% 0.22 —-673
0.025% 0.18 - 660
0.05% 1.3 —-692
0.1% 1.9 -720

shown in Fig. 9. These plots were analyzed in terms of
the equivalent circuit, as shown in Fig. 4. The impedance
parameters are shown in Table 5. The R, value decreases
during the immersion time. The decrease in the value of
the R, is attributed to the entry of the electrolyte into the
coating micropores. After 14 days of immersion, the R,
value is observed to decrease, which may be due to the
dissolution of the passive oxide layer on the alloy surface.

Figure 10 shows the Tafel plots of the PPy coating
containing 0.025% ZnO nanoparticle at different immer-
sion times in 3.5% NacCl solution. Tafel parameters are
listed in Table 6. Therefore, the EIS and Tafel results have
proved the suitable corrosion protection of PPy coating
containing 0.025% ZnO nanoparticle up to 14 days after
immersion time.
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Fig.9 Nyquist plots of the PPy coating containing 0.025% ZnO
nanoparticle recorded after 2 h, 7 days, and 14 days of immersion in
aqueous 3% NaCl

Table 5 Impedance

. Time R, (Q cm?) R, (Q cm?)
parameters for PPy-coating P

samples containing 0.025% 2h 2870 _
nanoparticles at different

immersion times in 3.5% M 7d 2670 -
NaCl solution 14d 600 1950

<
=
& 2h l
001} o 74 1| ;
* 14 d ‘
-090 -080 -0.70 -0.60 -0.50 -0.40
EV)

Fig. 10 Tafel plots of the PPy coating containing 0.025% ZnO nano-
particle recorded after 2 h, 7 days, and 14 days of immersion in aque-
ous 3% NaCl
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Table 6 Tafel parameters for
PPy-coating samples containing

Time icorr (HA) Ecorr (mV)

0.025% nanoparticles at 2h 0.18 ~ 660

different immersion times in

3.5% M NaCl solution 7d 0.27 670
14d 0.56 —-702

Conclusion

Due to an increase in the electrical conductivity of the PPy
coatings by loading ZnO nanoparticles, it seems valuable to
investigate the effect of loading ZnO nanoparticles on the
corrosion protection performance of the PPy coatings on Al
alloy2024. To find out the best experimental conditions for
preparing the optimum PPy coating on Al alloy2024, some
measurements were carried out. Three different electrodep-
osition methods for polypyrrole (PPy) coatings’ synthesis
including: cyclic voltammetry, galvanostatic, and poten-
tiostatic modes were employed to introduce the optimum
PPy coating for corrosion protection of Al alloy2024 alloy
in 3.5% NaCl solution. The electrochemical properties of
PPy coatings were investigated by electrochemical imped-
ance spectroscopy (EIS) and Tafel polarization techniques.
Among three different PPy electrosynthesized, the PPy
electrosynthesized by the PS mode provided the optimum
protection of Al alloy against corrosion. In addition, dif-
ferent binary mixtures of H,O/ethanol were investigated as
electrosynthesis solvents for the preparation of PPy coat-
ings on Al alloy2024 by the potentiostatic mode. The results
showed that the pure water was the optimum solvent for the
PPy electrodeposition. The investigation of ZnO nanoparti-
cles’ concentration effect proved that the synthesis solution
containing 0.025% ZnO nanoparticles can lead to produc-
ing the optimum coating against corrosion protection of Al
alloy2024 in NaCl solution. The long-term corrosion protec-
tion performance of the coatings revealed that the optimum
coating provided suitable protection against corrosion by
maximum 14 days after immersion.
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