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a  b  s  t  r  a  c  t

Polyaniline  (PANI)  and its nanocomposites  containing  TiO2, Ag,  and  Zn  were  electrocoated  on  an  Al1050
electrode  by  cyclic  voltammetry.  The  modified  polymer  and  the  nanocomposite  films  were  characterized
by  cyclic  voltammetry  (CV),  ultraviolet–visible  spectrophotometry  (UV–vis),  Fourier-transform  infrared
spectroscopy-attenuated  total  reflectance  (FTIR-ATR),  scanning  electron  microscopy  (SEM),  energy-
dispersion  X-ray  analysis  (EDX),  optical  microscopy  and electrochemical  impedance  spectroscopic  (EIS)
methods.  The  corrosion  behavior  of the  PANI,  PANI/TiO2, PANI/Ag  and  PANI/Zn  nanocomposite  films  on  an
Al1050 electrode  was  studied  in a 3.5%  NaCl  solution.  The  comparison  results  were  obtained  by  applying
Tafel  extrapolation  and  EIS  techniques.  The  findings  indicate  that  PANI/Ag  nanocomposite  films  yielded
higher  protection  efficiency  (PE =  97.54%)  compared  to PANI  (PE  = 91.41%),  PANI/TiO2 (PE =  91.91%),  and
PANI/Zn  (PE  =  92.52%)  nanocomposite  films.  The  results  show  that the  addition  of  nano-materials  (TiO2,
n-nanoparticle Ag and  Zn)  into  the polymer  matrix  of  PANI  enhanced  the  electrical  conductivity  of  the PANI/Zn  film  and
the  corrosion  resistance  of  the  polyaniline  polymer.  These  findings  were  further  confirmed  by decreasing
the  oxygen  and  water  permeability  and  increasing  coating  adhesion  in  the  presence  of  TiO2,  Ag and  Zn
nanomaterials  in the  PANI.  The  EIS  measurements  indicated  that  the  incorporation  of  TiO2,  Ag, and  Zn
into  the coating  increased  both  the  charge  transfer  and  pore  resistance.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Conducting polymers such as polyaniline (PANI), polypyrrole
PPy) or polythiophene (PTh) are used in industrial applications
uch as rechargeable batteries [1], sensors [2], and corrosion protec-
ion [3–5]. Polyaniline (PANI) is a conducting polymer that has been
idely studied, as it is believed that it has potential for electronic

nd optical applications due to its simple and reversible dop-
ng/dedoping chemistry, which enables control of several proper-
ies, such as electrical conductivity, free-volume and optical activity
6,7]. The charges stored in the polymer layer can be irreversibly
onsumed during the system’s redox reactions, and the ability of

he corrosion protection with PANI may  be lost over time [8].

To date, many studies in this field have been conducted,
ith the focus on the synthesis of PANI nanocomposites and
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el.: +90 282 250 2607; fax: +90 282 250 9925.
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300-9440/© 2015 Elsevier B.V. All rights reserved.
their corrosion protection performance [9–12]. The electronic,
optical, photo-electrochemical, photo-conductivity, photo-voltaic,
thermal, sensing and corrosion protection properties of PANI
could be improved by combining it with single-walled nano-
tubes, multi-walled nanotubes, montmorillonite, graphite, TiO2,
and SiO2 nanoparticles [13,14]. PANI nanocomposites possess
unique mechanical, electrical and structural properties due to the
combined effect and the close incorporation between PANI and
inorganic and organic compounds at the molecular and atomic
levels [15].

Aluminum electrodes have some advantages, including their use
as alloys in industrial applications. Aluminum undergoes some cor-
rosion, especially in the presence of chloride ions in the medium.
To protect aluminum against corrosion, many methods have been
considered, such as chromating, phosphating and using organic
inhibitors in the processes. However, these methods are expen-
sive, damaging to the material and difficult to employ due to their
toxicity. Therefore, electrocoating aluminum with nanocomposite

films as a means of preventing corrosion is more effective than the
aforementioned methods.

This work, to the author’ knowledge, demonstrates the first
attempt to synthesizes polyaniline and its nanocomposites with

dx.doi.org/10.1016/j.porgcoat.2015.01.014
http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.porgcoat.2015.01.014&domain=pdf
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and PANI/Zn nanocomposite films were studied using scanning
electron microscopy (SEM-EDX) as shown in Fig. 2a–e. PANI and
nanocomposite films of PANI, PANI/TiO2, PANI/Ag and PANI/Zn
were successfully obtained on the Al1050 substrate. SEM samples

Table 1
Redox parameters of electrogrowth of ANI, ANI/TiO2, ANI/Ag and ANI/Zn were
obtained from CV.

Materials Ea/V Ec/V (�E = |Ea − Ec|) ia/mA  ic/mA  ia/ic
4 M. Ates, E. Topkaya / Progress i

iO2, Ag and Zn by the CV method on an Al1050 electrode. Corrosion
erformances of the coatings deposited from 0.5 M H2SO4 aqueous
olution were examined in a 3.5% NaCl corrosive test solution.

. Materials and methods

.1. Chemicals

Aniline ((ANI) ≥ 99.5%), sulfuric acid (H2SO4, 95–97%), tita-
ium (IV) oxide ((TiO2) ≥ 99.5%), silver (Ag) nanopowder (particle
ize < 100 nm), zinc (Zn) nanopowder (particle size < 50 nm)
nd poly(vinyl pyrrolidone) (PVP) were obtained from Sigma
ldrich, Germany. PVP was used as a dispersant. Acetonitrile

(CH3CN) ≥ 99.9%), and sodium chloride (NaCl) were obtained from
igma Aldrich. Nitric acid ((HNO3) 65%, Sigma Aldrich, Germany),
nd sodium hydroxide ((NaOH) Sigma Aldrich, Germany) were used
n the aluminum sample preparation steps to neutralize the metal
urfaces. Ethanol ((C2H5OH) ≥ 99.8%, methanol (CH3OH) Sigma
ldrich, Germany) and distilled water (Purelab Option) solvents
ere used to clean the Al1050 surface. Corrosion tests were carried

ut in 3.5% sodium chloride (NaCl) (Sigma Aldrich, Germany) solu-
ion. Alumina polishing suspension (0.05 CB micron Gamma Type,
R85S) was obtained from Balkowski International. All chemicals
ere high grade reagents and used as received.

.2. Instrumentation

Ivium vertex Potentiostat/Galvanostat (Ivium Technologies)
as used for electrochemical coating experiments. The modified

lectrodes were characterized by SEM-EDX (Leo 1430 VP Make Carl
eiss) and FTIR Spectrum (Perkin Elmer Spectrum One B) analyses.
ltrasonic bath (Elma), distilled water (Elga DV25), dryer (Mem-
ert), magnetic stirrer (Heidolph MRHei-std), optical microscopy

Best scope) and sensitive balance (Precisa XB 620M) were used in
arious steps performed during the experiments.

.3. Aluminum samples

All aluminum samples were obtained from ASM Elexol Alu-
inum company (Istanbul, Turkey). The surface area of the Al1050

amples was prepared as 2.0 cm2. The atomic composition of the
l1050 samples was as follows: 99.58% Al, 0.30% Fe, 0.09% Si, 0.02%
n,  and 0.01% Cu.

.4. Preparing and cleaning of aluminum samples

Prior to experiment, the working electrode was polished with
 sequence of emery papers of different grades (1000, 1200 and
000), and the surfaces of the aluminum samples were cleaned by
cidic and basic solutions, as well as washed by alcoholic solvents
nd water. The samples were immersed into a 5% NaOH solution
or 3 min  and washed with an ethanol solution. Then, they were
mmersed into a concentrated nitric acid (65%) solution for neu-
ralization. Ultrasonication with distilled water was used to remove
he contaminants.

.5. Electropolymerization processes

Cyclic voltammetry was performed using IviumStat (Ivium
echnologies, the Netherlands) (Software: Iviumsoft and Faraday
age: BASI cell stand C3) in a three-electrode configuration, which

mploys Al1050 as the working electrode, platinum wire as the
ounter electrode, and Ag/AgCl as the reference electrode. The
orking electrode was carefully polished with alumina slurry and

leaned in an ultrasonic bath before each experiment.
nic Coatings 82 (2015) 33–40

Electrochemical impedance spectroscopy (EIS) measurements
were performed in a monomer-free electrolyte solution with the
perturbation amplitude of 10 mV  on the Al1050 electrode over the
frequency range of 10 mHz  to 100 kHz with the IviumStat potansio-
stat/galvanostat. Open circuit potential was used in all experiments
and modified polymer films were allowed to equilibrate for 10 min
at each potential before the measurements [16].

3. Results and discussions

3.1. Electrochemical synthesis of PANI, PANI/TiO2, PANI/Ag and
PANI/Zn films

Aniline (ANI), ANI/TiO2, ANI/Ag and ANI/Zn nanocomposites
were electrochemically synthesized on Al1050 electrodes in 0.5 M
H2SO4 solution by the CV method. Polymerization conditions were
taken in the potential range between −0.2 V and +0.8 V at a scan
rate of 50 mV s−1 for 8 cycles. The electropolymerization of ANI,
ANI/TiO2, ANI/Ag and ANI/Zn is given in Fig. 1.

The initial ANI concentration for all measurements was 0.4 M.
The electrogrowth of ANI and nanocomposites indicates that upon
repeated scans, new redox processes appeared at lower potentials
(Ea = 0.09 V for ANI, Ea = 0.03 V for ANI/TiO2, Ea = 0.15 V for ANI/Ag
and Ea = 0.08 V for ANI/Zn), indicating the formation of an electroac-
tive polymer film. CV application results in the formation of radical
cations by the release of electrons from the monomer. Generated
electroactive monomers form dimers and transform into oligomers
by releasing hydrogen ions. The dimers are subsequently oxidized
again and coupled with another oxidized segments. Finally, the
PANI and PANI/TiO2, PANI/Ag and PANI/Zn nanocomposite films
were formed on the Al1050 electrode [17].

Table 1 summarizes the anodic (Ea) and cathodic peak poten-
tials (Ec), their difference (�E = |Ea − Ec|), the anodic current (ia),
cathodic current (ic) and the anodic and cathodic current ratio
(ia/ic). ANI, ANI/TiO2, ANI/Ag and ANI/Zn show the reversible redox
behaviors. The reversible CV was  obtained by two  criteria: ia/ic ≈ 1,
�E ≤ 0.59 V. The CV results showed that ANI/Ag has different oxi-
dation and reduction potentials, the lowest separation between
the anodic and cathodic peaks (�E = 0.01) and the highest anodic
and cathodic current ratio (ia/ic = 0.95). As a result, the highest
reversible redox behaviors were observed for the ANI/Ag film. �E  is
associated with the ion transport resistance involved in these redox
reactions [18,19].

As a result, ANI and its nanocomposites with TiO2, Ag and Zn
were successfully electrocoated on the Al1050 substrates. All CV
results show that reversible redox behaviors were obtained by the
CV method.

3.2. SEM-EDX analysis

The surface morphologies of an uncoated Al1050 electrode
and the electrochemically synthesized PANI, PANI/TiO2, PANI/Ag
ANI 0.09 −0.13 0.04 7.99 8.79 0.90
ANI/TiO2 0.03 −0.25 0.22 4.25 3.99 1.06
ANI/Ag 0.15 −0.14 0.01 14.2 14.9 0.95
ANI/Zn 0.08 −0.20 0.12 4.83 4.60 1.05
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Fig. 1. (a) ANI electropolymerized on the Al1050 electrode by CV: (b) ANI/TiO2 electropolymerized on the Al1050 electrode by CV: (c) ANI/Ag electropolymerized on the
A CV. Th
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l1050 electrode by CV: (d) ANI/Zn electropolymerized on the Al1050 electrode by 

as  used and the potential ranged from −0.2 V to +0.8 V, with the scan rate of 50 m
omposition.

ere prepared in the same electrodeposition conditions. Elec-
rogrowth of ANI and the nanocomposites was performed in the
otential range between −0.2 V and +0.8 V and at a scan rate of
0 mV s−1 in a 0.5 M H2SO4 solution for 8 cycles.

A SEM image of the uncoated Al1050 electrode is shown in
ig. 2a. In addition, the PANI film displayed granular structure
Fig. 2b). A solution of 1% TiO2 nanoparticles was added to the
anocomposite monomer solution. Grain structures were also
bserved for the PANI/TiO2 film (Fig. 2c). A homogeneous coating of
ANI/Ag confirms a homogeneous coating on the Al1050 substrate
Fig. 2d). The highest reversible CV was obtained for the PANI/Ag
anocomposite film, which also displayed the most homogeneous
lm formation. Furthermore, these results are supported by the
ighest protection efficiency of the PANI/Ag nanocomposite film,
s PE = 97.5%. A SEM image of the PANI/Zn nanocomposite film also
hows the grain structure on the Al1050 electrode (Fig. 2e). More-
ver, a close relationship between the film morphology obtained
rom the SEM images and the protection efficiency is evident. SEM
nalyses show that PANI, PANI/TiO2 and PANI/Zn nanocompos-
te films have granular structure. Their protection efficiency was
btained as PE = 91.41%, 91.91% and 92.52%, respectively.

The EDX results show that weight percentages of the elements
n polymer and nanocomposite matrix were successfully obtained,

s shown in Table 2. There is a noticeable difference among the
ANI and PANI/TiO2, PANI/Ag and PANI/Zn nanocomposite films,
ndicating the weight percentage of the electrochemically obtained
lms of C element (27.18%, 31.07%, 11.22% and 25.20% for PANI,

able 2
DX analysis of PANI, PANI/TiO2, PANI/Ag and PANI/Zn nanocomposite films.

Elements Weight/%

Al S O 

Uncoated Al1050 100 – – 

PANI  4.96 13.45 38.89 

PANI/TiO2 0.26 13.63 42.05 

PANI/Ag 36.55 6.88 26.88 

PANI/Zn 0.19 14.63 43.76 
e experimental conditions were the same for all samples. The 0.5 M H2SO4 solution
at 8 cycles [ANI]0 = 0.4 M.  TiO2, Ag and Zn were taken as 1% (0.85 mg) in the total

PANI/TiO2, PANI/Ag and PANI/Zn nanocomposite films, respec-
tively). The lowest C (11.22%), S (6.88%) and O (10.10%) were
obtained for PANI/Ag nanocomposite films. However, the highest
Ag percentage (8.28%) was obtained for PANI/Ag nanocomposite
film. The other nanomaterials were obtained as 1.72% for PANI/TiO2
and 1.62% for PANI/Zn nanocomposite materials. In addition, the
weight percentage of N for the PANI film was obtained as 15.52%
[20]. Nanomaterials in the polymer matrix – such as TiO2, SiC, Fe2O3
etc – significantly increase the corrosion protection capability [21].

3.3. UV–vis spectroscopy

The UV–vis spectrophotometry measurements of PANI,
PANI/TiO2, PANI/Ag and PANI/Zn were taken in 0.01 g/L DMF
solvent as shown in Fig. 3a–d. The characteristic peaks of PANI
were obtained at 348 nm,  487 nm and 582 nm. The peak at 348 nm
corresponds to the �–�* transition of PANI. In addition, the peak
at 582 nm refers to n–�* transition of quinine-imine PANI groups
[22].

PANI/TiO2 nanocomposite was measured in the same experi-
mental conditions as those depicted in Fig. 3b. The peak at 317 nm
shifts due to the introduction of the TiO2 nanomaterials into the
polymer matrix. There is a �–�* transition between conjugated

polymer chains and TiO2 nanomaterials [23,24]. The peak at 361 nm
shows the n–�* transition of PANI/TiO2 nanocomposite films.

The UV–vis spectrum of PANI/Ag is given in Fig. 3c where
peaks at 380 nm,  401 nm,  and 426 nm are visible. In general, Ag

N C Ti Ag Zn

– – – – –
15.52 27.18 – – ––
11.27 31.07 1.72 – –
10.19 11.22 –– 8.28 –
14.60 25.20 – – 1.62
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ig. 2. SEM images of (a) uncoated Al1050 electrode, (b) PANI on Al1050, (c) PANI
ll  samples were taken under the same conditions. The 0.5 M H2SO4 was used an
ANI]0 = 0.4 M were used. TiO2, Ag and Zn were taken as 1% (0.85 mg)  in the total co

anoparticles were defined in the UV–vis spectrum at the

00–450 nm wavelengths. The peak at 426 nm was identified as
rising from the Ag nanomaterials, based on the findings reported
n the extant literature [25]. This peak also refers to �–�* transition
f PANI, which is due to the existence of Ag nanoparticles [26].

ig. 3. UV–vis spectra of (a) PANI on Al1050, (b) PANI/TiO2 on Al1050, (c) PANI/Ag on A
olution.
on Al1050, (d) PANI/Ag on Al1050, and (e) PANI/Zn on Al1050. The SEM images of
potential ranged from −0.2 V to +0.8 V. The scan rate of 50 mV s−1 at 8 cycles and
ition.

PANI/Zn nanocomposite measurements were taken in the same

experimental conditions as those shown in Fig. 3d. The peak at
348 nm and those in the 487–582 nm range belong to �–�* tran-
sition in the benzonoid cycle for PANI [27]. The peak difference
between the PANI and PANI/Zn nanocomposite was caused by the

l1050, (d) PANI/Zn on Al1050. The UV–vis spectra were obtained in 0.01 g/L DMF
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Fig. 4. FTIR-ATR images of (a) PANI on Al1050, (b) PANI/TiO

n nanoparticles. The change of nanomaterials (Ag, TiO2, and Zn)
lso resulted in different absorbance of the materials at 404, 423,
74 and 638 nm.  Therefore, different �–�* transition peaks per-
aining to PANI and PANI nanomaterials could be deduced from
heir corresponding UV–vis spectra.

.4. FTIR-ATR analysis

The FTIR-ATR spectra pertaining to the electrocoated PANI,
ANI/TiO2, PANI/Ag and PANI/Zn-nanoparticles on Al1050 elec-
rodes are given in Fig. 4. The peaks in the 3224–2970 cm−1 range
re attributed to C H stretching, while those at about 1561 cm−1

ndicate aromatic stretching of the double C C bond. The peaks at
731–1241 cm−1 are likely due to C O stretching. The intense band

ocated at 1287 cm−1 is attributed to C N bond of secondary aro-
atic amine structure, while the peaks at 564–490 cm−1 indicate

he ferrite structure. The additional peaks are caused by introduc-
ng peak shifts, where the chain regulations are obtained into the
olymer matrix [28–30] (Fig. 4a).

The FTIR-ATR spectrum of PANI/TiO2 films on Al1050 electrodes
s given in Fig. 4b. The peak at 1076 cm−1 refers to the Ti O C struc-
ure and that at 1287 cm−1 corresponds to the C N structure of
he benzoid cycle. The peaks at 2970 cm−1, 1566–1481 cm−1 and
86 cm−1 are attributed to C H stretching, C C stretching of the
enzoid cycle, and C H out of bending of benzene cycle, respec-
ively.

The FTIR-ATR spectrum of PANI/Ag films on an Al1050 electrode
s given in Fig. 4c. The peaks at 1300 cm−1, 1404 cm−1, 1093 cm−1

nd 859 cm−1 are attributed to the PANI film. The peak at 859 cm−1

efers to a C H bond of a �-substituted benzene cycle. The peaks at
404 and 1570 cm−1 show the N B N and N Q N of the benzoid
nd quinoid of the PANI structure. The peaks at 1093 and 1300 cm−1

efer to the C N bonds.
The FTIR-ATR spectrum of PANI/Zn films on Al1050 electrodes

s given in Fig. 4d. The characteristic vibration frequencies of Zn
anoparticles were obtained as 530, 636, 733 and 2969 cm−1,

hile the defined peaks were obtained at 1077, 1291, 1494 and

531 cm−1. These peaks were also obtained for the PANI film.
he peaks at 1494 and 1531 cm−1 refer to the benzonoid and
uinoid cycle of C C vibration frequencies, respectively. The peak
l1050, (c) PANI/Ag on Al1050, and (d) PANI/Zn on Al1050.

at 1291 cm−1 refers to the C C strain, while the peak at 1077 cm−1

is attributed to C H bending vibration [31]. It can be concluded
that combining PANI with TiO2, Ag and Zn nanoparticles enhance
the protection properties of the electrocoating matrix.

3.5. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy is a powerful tech-
nique that can yield valuable information on the capacitor behavior
of modified electrodes. In this work, all the impedance spectra were
measured at the corresponding open circuit potential. The low fre-
quency capacitance values (CLF) from a Nyquist plot were obtained
from the slope of a plot of the imaginary component (Z′′) of the
impedance at low frequencies versus the inverse of the recipro-
cal frequency (f), where � = 3.14, f = 0.01 Hz and Z′′ is the imaginary
impedance using the equation given as [32];

CLF = −1/2� × f × Z ′′

The CLF values were obtained for PANI, PANI/TiO2, PANI/Ag,
and PANI/Zn nanoparticle films from their respective Nyquist plots
(Fig. 5a). The results show that the lowest CLF value was  obtained
for the PANI/Ag film (CLF = 0.78 F cm−2), while the highest CLF was
obtained for the PANI/TiO2 film (CLF = 60.76 F cm−2). The other CLF
values were 39.61 and 54.16 F cm−2, for the PANI/Zn and PANI films,
respectively. Thus, as different CLF values for different nanocompos-
ite films were measured, we  can claim that CLF values confirm the
sensitivity and successful synthesis of nanocomposite films.

A Bode-magnitude plot gives the extrapolation line to the
log Z axis at w = 1 (log w = 0) yielding the value of Cdl from the
following equation. IZI = 1/Cdl [33] (Fig. 5b). The obtained Cdl val-
ues are: Cdl = 0.19 mF  cm−2 for the PANI films, Cdl = 0.08 mF cm−2

for the PANI/TiO2, Cdl = 0.07 mF  cm−2 for the PANI/Ag, and
Cdl = 0.14 mF  cm−2 for the PANI/Zn films. Obtaining different Cdl val-
ues for different nanocomposite films in the Helmholtz plane shows
that using different AC frequencies produces different impedance

values for the studied nanocomposite films and double layers in the
solution.

Bode-phase plots of the uncoated Al1050, as well as PANI/Ag,
PANI/TiO2, PANI/Zn, and PANI films were given with respect
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Fig. 5. EIS graphs of PANI, PANI/TiO2, PANI/Ag, and PANI/Zn nanoparticles on an
Al1050 electrode, with (a) Nyquist, (b) Bode-magnitude, (c) Bode-phase, and (d)
Admittance plots. Polymerization was obtained by the CV method.

Table 3
The EIS results of electrochemically synthesized PANI, PANI/TiO2, PANI/Ag, and
PANI/Zn coated Al1050 electrodes.

Material EIS results Time/days

1st 2nd 3rt 7th 14th

PANI CLF/F cm−2 54.16 39.22 41.46 122.48 122.12
Cdl/mF  cm−2 0.19 0.13 0.18 0.08 0.14
�/degree 83.32 82.51 80.30 81.16 83.52

PANI/TiO2 CLF/F cm−2 60.76 57.27 96.22 139.68 248.81
Cdl/mF  cm−2 0.08 0.15 0.067 0.06 0.07
�/degree 83.79 80.60 83.90 81.54 83.90

PANI/Ag CLF/F cm−2 0.78 4.98 0.048 2.17 1.03
Cdl/mF  cm−2 0.07 0.08 0.26 0.04 0.070
�/degree 83.56 59.88 83.60 77.71 80.14
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−2 3
PANI/Zn CLF/F cm 39.61 46.29 65.26 104.14 90.47
Cdl/mF  cm−2 0.14 0.17 0.13 0.06 0.08
�/degree 84.83 81.60 81.78 81.07 80.01

o changing log (f) values (Fig. 5c). The imaginary part of the
mpedance spectra at low frequencies represents the capacitive
ehavior of the electrode, while the 90◦ vertical line corresponds
o an ideal capacitor [34]. The highest phase angle was obtained as

 = ∼84.83◦ for the PANI/Ag, PANI/TiO2, PANI/Zn, and PANI films.
s can be seen, a decrease in frequency results in a decrease

n phase angle. An admittance plot was obtained for the PANI,
ANI/TiO2, PANI/Ag, and PANI/Zn nanocomposite films in a 0.5 M
2SO4 solution as given in Fig. 5d. The highest conductivity value
as obtained for the PANI/Zn film at Y′ = ∼300 mS.  The conductivity

f other films was the following order: PANI > PANI/TiO2 > PANI/Ag
t Y′ = ∼150 mS.  In addition, the conductivity values of PANI/Ag and
ANI/TiO2 nanocomposite films were found to be similar.

The EIS results of CLF, Cdl and � of PANI, PANI/TiO2, PANI/Ag and
ANI/Zn nanocomposites are given in Table 3. The EIS results indi-
ate that these films exhibit a time-dependent behavior, whereby,
fter the first 7 days, the Csp, Cdl and � values significantly increased.
his finding suggest that the modified electrodes are stable for

 days only. The Nyquist plots of the PANI, PANI/TiO2, PANI/Ag
nd PANI/Zn nanocomposite films clearly reveal that all exam-
ned films offer greater resistance to corrosion during the 7 days of
mmersion due to the higher impedance compared to an uncoated

l1050 electrode. The increase in the impedance values pertain-

ng to the PANI, PANI/TiO2, PANI/Ag and PANI/Zn nanocomposite
lms can be attributed to the establishment of the passive layer on
he metal surface over time, which is due to the oxidizing property
Fig. 6. Tafel extrapolation plot of an uncoated Al1050 electrode, PANI, PANI/TiO2,
PANI/Ag and PANI/Zn on an Al1050 electrode.

of the conducting polymers [35]. Therefore, in agreement with the
polarization curves, PANI/Ag nanocomposite films have the best
protection efficiency compared to the other films.

3.6. Corrosion protection abilities of coated electrodes

The anti-corrosive properties of the uncoated Al1050, PANI,
PANI/TiO2, PANI/Ag and PANI/Zn films were evaluated in a 3.5%
NaCl solution with the potentiodynamic polarization curves (Fig. 6).
It has been previously shown that conductive polymers could
provide protection to the metal layer because of their protection
ability [36].

The corrosion parameters, such as corrosion potential (Ecor),
corrosion current (icor), Tafel constants (ˇa and ˇc), polarization
resistance (Rp), protection efficiency (PE), corrosion rate (CR) and
porosite (P), are listed in Table 4. The corrosion potential value
(Ecorr) pertaining to the uncoated Al1050 electrode is observed to be
−0.081 V. The corrosion current density (icorr) values of all coated
electrodes were significantly lower than that of the uncoated
Al1050 electrode, indicating that polymer coating with and without
nanoparticles provides corrosion protection to the Al1050 elec-
trode.

Corrosion parameters were obtained from the Tafel extrapo-
lation plot, as shown in Fig. 6. Corrosion current density (icor)
was measured as 32.5 �A cm−2 for the uncoated Al1050 elec-
trode, while it decreased after the coating processes. Thus, icor

values were measured as i = 2.79 �A cm−2 for PANI, i = 2.43 �A cm−2

for PANI/Zn, i = 2.63 �A cm−2 for PANI/TiO2, and 0.80 �A cm−2

for PANI/Ag synthesized electrochemically. Protection efficiency
(PE/%) was  obtained by using the following expression:

PE = (i◦ − i)
i◦

× 100

where i◦ is the current density of an uncoated film, and i is the cur-
rent density of a coated film. PE was  obtained as 91.41%, 92.52%,
91.91% and 97.54% for PANI, PANI/Zn, PANI/TiO2 and PANI/Ag,
respectively. Corrosion rate (CR/mm y−1) was obtained using the
expression:

Ccorr = [0.13 × icorr(EW)]
(Ad)

,

where EW denotes the equivalent weight (g/eq), A represents area

(cm ) and d is density (g/cm ). Corrosion resistance was calculated
using the expression:

Rcorr = 0.0032 × icorr × M × n × d,
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Table  4
Tafel extrapolation plot results of uncoated Al1050, PANI, PANI/TiO2, PANI/Ag and PANI/Zn.

Material Ecor/V icor (�A/cm2) �a (V/dec) �c (V/dec) CR/mm y−1 Rp/� PE/% P

Al1050 −0.081 32.5 0.408 0.211 0.354 927.6 – –
PANI  −0.117 2.79 0.191 0.071 0.030 4035 91.41 0.187
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PANI/Zn 0.001 2.43 0.018 

PANI/TiO2 0.017 2.63 0.037 

PANI/Ag −0.052 0.80 0.067 

here icorr denotes corrosion current density, M is molar mass
g/mol), n is charge number, and d is the density of the tested

etal (g/cm3). Polarization resistance (Rp) was obtained from the
tern-Geary formula:

p = (ˇa × ˇb)/2.303 × Icorr(ˇa + ˇc),

here Icorr represents corrosion current density, ˇa denotes the
afel slope of the anode, and ˇc is the Tafel slope of the cathode.
orrosion rate of the uncoated Al1050 electrode was obtained as
R = 0.354 mm y−1. The lowest CR was obtained for the PANI/Ag
anocomposite film (CR = 0.009 mm y−1). The calculated PE was
0.71 times higher than that of the uncoated Al1050 electrode.
he highest value of the PE (97.54%) was found for the PANI/Ag
anocomposite film. In the pertinent literature, the protection
echanism of conducting polymers is still debated. Thus far, four
ain mechanisms have been reported to explain the processes dur-

ng corrosion tests [37]: (a) anodic protection, (b) displacement
f the electrochemical interface, (c) barrier effect and (d) self-
ealing properties. Anodic protection of PANI, PANI/TiO2, PANI/Ag
nd PANI/Zn nanocomposite films and barrier effects were found
o contribute to high protective performances.

The porosity (P) values were obtained as P = 0.187, 0.403, 0.204
nd 0.080 for PANI, PANI/Zn, PANI/TiO2, and PANI/Ag, respec-
ively. The lowest porosity (P = 0.080) was obtained for the PANI/Ag
anocomposite film which also displayed the highest protection
fficiency (PE = 97.54%).

. Conclusions

In this study, PANI, PANI/Zn, PANI/TiO2 and PANI/Ag-
anocomposite coatings were electropolymerized on an Al1050
ubstrate in a 0.5 M H2SO4 aqueous solution containing 0.4 M ani-
ine and 1% nanoparticles under ultrasonic irradiation. The CV

ethod was successfully employed for the preparation of TiO2,
g and Zn nanoparticles in the presence of PANI. The modi-
ed electrodes were characterized by FTIR-ATR, SEM-EDX, EIS,
nd Tafel extrapolation methods. PANI, PANI/Zn, PANI/TiO2 and
ANI/Ag-nanocomposites on Al1050 were tested for corrosion
rotection ability against a 3.5% NaCl solution. The highest protec-
ion efficiency was obtained for the PANI/Ag nanocomposite film
PE = 97.54%). Based on the corrosion test results, it can be con-
luded that the CV, SEM and EIS findings also supported the Tafel
xtrapolation results and thus confirmed that PANI/Ag nanocom-
osite films had the highest protective properties. Thus, we  posit
hat PANI/Ag nanocomposite films might be used as protection

aterials for battery and supercapacitor device applications which
re promising power generation technologies.
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