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A B S T R A C T

Polyaniline–graphene nanocomposite ﬁlm was electrochemically deposited by cyclic voltammetry on
copper electrode. The corrosion resistance of polyaniline–graphene nanocomposite covered copper
substrates was estimated using potentiodynamic polarization and electrochemical impedance
spectroscopy techniques in 5000 ppm NaCl aqueous solution at room temperature. Potentiodynamic
Polarization results show that corrosion potentials shift to anodic regions in the presence of polyaniline–
graphene nanocomposite compared to the blank solution. The electrochemical measurements, also,
indicated that the inhibition efﬁciency for polyaniline-graphene nanocomposite is 98%.
ã 2016 Elsevier B.V. All rights reserved.

1. Introduction
Copper has been one of the important materials in the industry
owing to its high electrical and thermal conductivity, mechanical
workability, and its relatively noble properties. It is widely used in
many applications of electronic industries and communications as
a conductor; also, it is used in electrical power lines, pipelines for
domestic and industrial water utilities, heat conductors, and heat
exchangers. Thus, corrosion of copper and improving the corrosion
resistance of this metal in a wide variety of media has attracted the
attention of researchers [1–5].
In order to protect metal surfaces, use of conducting polymers
as advanced coating materials has become one of the most exciting
research ﬁelds in recent decades [6–8]. Therefore, the goals of
synthesizing these coatings as in metals and evaluating their
corrosion protection properties have led to growing interest.
A common method involves the application of protective
coatings made from paints, organic resins, plastics, or ﬁlms of
noble metals on the structure itself (e.g., the coating on tin cans)
[9]. These coatings form an impervious barrier between the metal
and the oxidant but are only effective when the coating completely
covers the structure. Flaws in the coating have been found to
produce accelerated corrosion of the metal. Within coating
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technology, there is increasing interest in the development of an
efﬁcient anticorrosive coating that is able to replace the
conventional inorganic anticorrosive pigments usually added to
paints, which may have detrimental effects on both environment
and health. Researchers have invented a revolutionary corrosion
control system using conducting polymers in the last two decades
[10]. Since DeBerry [11] reported that an electrochemically
deposited polyaniline ﬁlm could provide anodic protection for
stainless steel, conductive polymers have been candidates for
metal protection against corrosion [12–15]. Polyaniline is one of
the most extensively investigated conducting polymers because of
its good stability, low cost, low toxicity and valuable electronic
properties.
Polyaniline exhibit different chemical structures that are both
pH and potential dependent [16]: leucoemeraldine base (LB: fully
reduced form), leucoemeraldine salt (LS: fully reduced and
protonated form), emeraldine base (EB: half-oxidized form),
emeraldine salt (ES: half-oxidized and protonated form) and
pernigraniline base (PB: fully oxidized form). The emeraldine form
has excellent air and thermal stability [17] and thus has been
extensively studied for corrosion control either as a thin primer,
pigment or coating on inorganic pigment. Anticorrosive effect of
polyaniline has been explored for aluminum and aluminum alloys
[18,19], mild steel [20], stainless steel [21,22], iron [23,24], copper
[25] and other metals [26,27].
Recent investigations have shown that the synthesis of
polymers in the presence of nanoparticles can increase the
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polymer surface area [28]. Over the last decade, nano-sized ﬁllers
have played an important role in improving the corrosion
resistance and the thermal and mechanical properties of the
coatings. Organic coatings have been employed to protect steel
surfaces against mobile corrosion environments for a long time by
introducing a barrier to prohibit ionic transport and electrical
conduction. There are various reports about the improvement of
coatings performance in such environments using nanoparticles as
reinforcement such as TiO2 [29,30], SiO2 [31], ZnO [32], Fe2O3 [33],
carbon nanotube [34,35] and graphene [36].
Graphene, which is a two-dimensional monolayer of sp2
bonded carbon, has been attracting increasing scientiﬁc and
technological attention due to its outstanding mechanical, optical,
thermal and electrical properties [37,38]. Graphene exhibits
potential application in many ﬁelds such as sensors [39,40],
nano-electronics [41], electrode materials for electrochemical
capacitors and lithium ion batteries [42]. Wide studies have been
devoted to graphene preparation, reduction of graphene oxide and
the synthesis and application of graphene-based composites
[43–45].
Recently, graphene, one of the most compelling materials, has
been reported to be an excellent anticorrosion material because it
possesses many unique characteristics that are ideal for anticorrosion, such as chemical inertness, excellent thermal and chemical
stability, remarkable ﬂexibility, and impermeable to molecules.
Chang et al. [46] presented the application of polymer/graphene
composites for the anti-corrosion of steel. The coating was able to
effectively protection steel because of its good impermeability to
O2 and H2O. Yu et al. [47] successfully prepared well-dispersed
polystyrene/modiﬁed graphene oxide composites by in situ miniemulsion polymerization and used it for corrosion protection. The
as-prepared composites exhibited superior anticorrosion properties compared with pure polystyrene. Singh et al. [48] reported a
robust graphene reinforced composite coating with an excellent
anticorrosion performance by cathodic electrophoretic deposition.
They believed that cathodic electrophoretic deposition was more
advantageous than CVD on producing a coating of controlled
microstructure on a wide range of substrates.
However, research investigating graphene-based polymer
nanocomposites for corrosion protection is scant. For example,
Compton et al. [49] found that polystyrene ﬁlm with a low
graphene loading was superior in reducing the relative O2
permeability of polystyrene compared with those of the best
published gas barrier results for polymer/clay composites.
In the work reported in this paper, we have made an attempt to
synthesize adherent polyaniline/graphene (PANI/G) nanocomposite coatings on Copper (Cu) substrates by cyclic voltammetry
method from aqueous sodium salicylate solution and examined
the ability of these coatings to serve as corrosion protective
coatings on Cu. To the best of our knowledge, there are no reports
in the literature dealing with the direct deposit of PANI/G
nanocomposite coatings on Cu from aqueous solution. The
objectives of the present study are: (a) to ﬁnd an appropriate
current density, low cost and easily available electrolyte for the
electrochemical synthesis of PANI/G nanocomposite coating on Cu
substrates; (b) to characterize these coatings by using spectroscopic techniques and (c) to examine the possibility of utilizing the
PANI/G nanocomposite coatings for corrosion protection of Cu in
aqueous 5000 ppm NaCl solution.
2. Experimental
2.1. Materials
Aniline (99%), sodium salicylate (99%) and sodium dodecyl
sulfate (SDS) were purchased from Merck. All the analytical grade
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chemicals were used as received. Graphene was obtained from the
Chinese Academy of Sciences and had outside diameters of 10–
20 nm and purities of over 95%. Aqueous electrolytes used for the
synthesis of the nanocomposite were prepared using double
distilled water. All experiments were carried out at room
temperature. The graphene (0.1 g) was ultra-sonicated for 1 h in
10 mL double distilled water. SDS was used as a surfactant to
disperse graphene in water since this prevents them from
becoming aggregated for a long period.
As a typical procedure for the preparation of PANI/G nanocomposite coatings with 0.01 wt% of graphene, then, a mixture of
0.4 M of sodium salicylate and 0.2 M of aniline monomer was
added into the graphene solution under magnetic stirring for 1 h.
Subsequently, the obtained solution was ultrasonicated for 20 min
in order to increase its uniformity.
2.2. Instrumentation
SAMA potentiostat/galvanostat system was used for electropolymerization and also, AUTOLAB PGSTAT 30 (Eco Chemie,
Utrecht the Netherlands) potentiostat/galvanostat system was
used for corrosion studies. This system was interfaced to a personal
computer to control the experiments, and the data were analyzed
using NOVA 1.6 software. The structure of PANI/G nanocomposite
ﬁlm on the Cu surface was analyzed by FTIR spectrophotometry
(Perkin-Elmer, Spectrum One, with universal ATR attachment with
a diamond and ZnSe crystal) and the electropolymerized PANI/G
nanocomposite was dissolved in pure n-methylpyrrolidone (NMP).
A UV–vis spectrum of this polymer solution was recorded on a
PERKIN ELMER Lambda2S UV–vis spectrometer. The XRD patterns
were recorded by a Rigaku D-max CIII X-ray diffractometer using
Ni-ﬁltered Cu Ka radiation. Morphologies of PANI/G nanocomposite coated Cu surfaces were investigated via a ﬁeld-emission
scanning electron microscope (Hitachi FE-SEM S4800). The
analysis of the impedance spectra and ﬁtting of the experimental
results to equivalent circuits were performed by using NOVA 1.6
software from Princeton Applied Research.
2.3. Electropolymerization process and corrosion tests
Electropolymerization was carried out by cyclic voltammetry
from 10 mL of the prepared solution at pH 12.5 [50]. After the
electropolymerization reaction, the green colored, homogeneous
and adherent PANI/G nanocomposite coatings were successfully
obtained on the Cu surface. Electropolymerization and subsequent
electrochemical studies (stability and corrosion tests) were carried
out in single compartment three electrode cell, consisting of Cu
(99% purity) sheet as a working electrode, platinum wire as the
counter electrode (CHI Instruments), and Ag/AgCl (3 M KCl) as the
reference electrode. The metal sheet was cut into rectangular
samples of 1 cm2 area soldered with Cu-wire for an electrical
connection. The metal sheet then mounted onto the epoxy resin to
offer only one active ﬂat surface exposed to the corrosive
environment. Before each test, the steel surface was abraded with
a 2000 grit emery paper then washed with distilled water and used
for electropolymerization.
PANI/G nanocomposite coatings were electrochemically synthesized by cyclic voltammetry (CV) with the working electrode
potential between 1.5 and 1.8 V at scan rate 0.05 V/s by applying
10 cycles.
Corrosion tests of uncoated and PANI/G nanocomposite coated
Cu electrode was carried out in aerated 5000 ppm NaCl solution, at
room temperature by electrochemical impedance spectroscopy
(EIS) and polarization techniques. All impedance and polarization
curves were recorded at open circuit potential, in an unstirred
state, after 120 min of immersion of the electrode in the corrosive
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test solution, and the time to reach a stable open circuit potential
was limited to 120 min due to the fact that surface conditions may
be altered within a longer period. In the case of Tafel polarization,
the potential was scanned at 200 mV versus OCP at a scan rate of
0.001 V s1. From the anodic and cathodic polarization curves, the
Tafel regions were identiﬁed and extrapolated to the corrosion
potential (Ecorr) to obtain the corrosion current density (Icorr) using
the NOVA 1.6 software. In the case of electrochemical impedance
spectroscopy, a.c. signals of 10 mV amplitude and various
frequencies from 100 kHz to 0.01 Hz at open circuit potentials
were impressed to the coated Cu in the electrode surface (1 cm2). A
Pentium IV powered computer and NOVA 1.6 software was applied
for analyzing impedance data.
3. RESULTS and DISCUSSION
3.1. Electrosynthesis of PANI/G nanocomposite
Fig. 1 shows the CV of the 10 cycles in 0.4 M sodium salicylate
solution containing 0.2 M aniline and 0.01%w/w dispersed
graphene. In the ﬁrst anodic potential scan, the irreversible
oxidation peak starting from about + 0.7 V corresponds to aniline
oxidation and this oxidation process gives a start to the formation
of the PANI ﬁlm on the Cu surface [51]. The positive cycle of these
voltammograms is characterized by: an anodic peak at the +0.7 V
which has been attributed to the transformation of PANI from
reduced leucoemeraldine (LE) state to the partially oxidized
emeraldine (EM) and the conversion of emeraldine to fully
oxidized pernigraniline (PF)form. This behavior can be explained

Fig. 2. Image of formation of the black layer PANI/G nanocomposite in the substrate
Cu.

in the following mode: it is well known that PANI/G nanocomposite can exist in three different oxidation states, such as
leucoemeraldine (fully reduced form), emeraldine (partially
oxidized form) and pernigraniline (fully oxidized form). These
forms of PANI/G nanocomposite are dependent on the applied
potential. The reduction peak at 0.9 V is due to the transformation
of PANI/G from emeraldine to leucoemeraldine state. Increases in
the current of peak shows that the deposition thickness increases
with cycles [1,52–57].

Fig. 1. CV curves of pure PANI/G nanocomposite coating during continuous voltammograms in a solution of 0.2 M of aniline in 0.4 M of sodium salicylate with 0.01% w/w
graphene at 50 mV/s.
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It is clearly seen that the position of peak +0.7 V is shifted in
anodic direction and the current density corresponding to this
peak decreases gradually with the number of scans. At the end of
10 cycles, a dark green colored, uniform PANI/G ﬁlm was
synthesized on the Cu surface (Fig. 2). In order to examine the
adhesion of the PANI/G nanocomposite coating over Cu substrates,
the ASTM D 3359 standard tape adhesion test was applied and the
adhesion remaining (AR%) values of all the coatings exhibited
above 95% without any failed regions, 5B, which implies good
adhesive strength of PANI/G nanocomposite coating toward Cu
surface [58].
3.2. Characterization of nanocomposite coating
3.2.1. Electrochemical measurement
Cyclic voltammogram of PANI/G nanocomposite, deposited on a
Cu electrode, was recorded in an aqueous solution of 0.5 M sodium
salicylate solution has shown in Fig. 3. CV of PANI/G nanocomposite exhibit one pairs of redox waves with the ﬁrst one
observed at E = 0.6 V indicating the transformation of leucoemeraldine from to conducting emeraldine form and the second one at
E = 1.2 V which is due to the conversion of emeraldine into the
pernigraniline form. A pair of humps in the region of E = 1 V has
been assigned to overoxidation products. This indicates that
graphene layer inﬂuenced the electrochemical properties of
polyaniline the intercalation favor a polymer with different
properties as could evidence with this electrochemical technique.
There is only a minor shift of the reduction peak associated with
the pernigraniline-emeraldine transition [59].
3.2.2. Spectroscopic characterization
Fig. 4 shows the UV–vis spectrum of graphene, PANI and PANI/G
nanocomposite ﬁlm. The characteristic peaks of the PANI/G
nanocomposite doped by sodium salicylate appeared at 350 and
650 nm, which was attributed to polaron-p* and p-polaron
transitions, respectively [60]. The spectrum of PANI/G nanocomposite ﬁlm was similar to that of the polyaniline [50], except
that the absorbance intensity of the former was lower than that of
the latter. In addition, the absorption peaks of the p-polaron
transition of the two were broader and appeared at the high
wavelength. This result indicated that the polyaniline of the two
samples with high doping level was delocalized.
Fig. 5 show the FTIR spectrum of graphene (a), polyaniline (b)
and the PANI/G nanocomposite (c) ﬁlm. The presence of the
graphene sheets can be conﬁrmed by the FTIR data, as shown in
Fig. 5. The FTIR spectrum of graphene shows a strong absorption
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band at 1620 cm1 due to aromatic C¼C as well as bands due to
carboxy CO 1420 cm1 groups situate at the edges of the
graphene nanosheets while the broadband at ca. 3300 cm1 can be
due to the O
H stretching mode. This is in agreement with the
reported data [61,62]. However, these absorption bands are
decreased signiﬁcantly in the FTIR spectrum of the PANI/G
nanocomposite ﬁlm, indicating that most of the functional groups
have been essentially removed by electrochemical reduction. As
shown in Fig. 5, the main peaks at 1570 and 1460 cm1 can be
assigned to the stretching vibrations of quinoid and benzene rings,
respectively. The peaks at 1292 and 1227 cm1 correspond to the
C
N stretching vibration. The in-plane bending of C
H is
reﬂected in the 1111 cm1 peak. The peak at 790 cm1 is attributed
to the out-of-plane bending of C
H. All of the above peaks can be
seen from a spectrum of PANI/G nanocomposite ﬁlm, showing
graphene is existent in the nanocomposite ﬁlm [57].
3.2.3. XRD analysis
The crystal structure of PANI/G nanocomposites was characterized by X-ray diffraction (XRD). The XRD pattern of PANI/G
nanocomposites is shown in Fig. 6. The XRD patterns of PANI/G
nanocomposite coating regarded to in the emeraldine salt form.
Polyaniline has basically pseudo-orthorhombic crystal structure
with chains parallel to the c-axis where the dopant ions are present
at the central of the cell. The XRD pattern of polyaniline shows a
broad peak at around 35 u . This reﬂection is indexed to the (11 0)
plane and the ionomer decreases the order of the stacking formed
by polyaniline chains and graphene. This could imply that the
polyaniline on the surface of graphene sheet maintains a similar
crystal structure to pure polyaniline [63].
3.2.4. Thermal gravimetric analysis
Fig. 7 depicts TGA thermogram in the air of neat polyaniline and
PANI/G nanocomposite. The TGA curves show, as expected, that as
graphene content adds the thermal stability of the composite is
higher since graphene is signiﬁcantly more stable than polyaniline.
Furthermore, the addition of graphene also produces a char barrier
effect that prevents oxygen from reaching the material and thus
lowering the burning rate and increasing thermal stability [64,65].
3.3. Corrosion tests
3.3.1. Potentiodynamic polarization studies
Fig. 8 displays the typical potentiodynamic polarization curves
obtained on uncoated and coated Cu substrates in 5000 ppm NaCl
solution. The values of Ecorr, Icorr, corrosion rate (CR) and

Fig. 3. CV curve for PANI/G nanocomposite coating on Cu substrates in 0.5 M sodium salicylate solution.
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Fig. 4. UV–vis spectrum recorded for graphene, polyaniline and PANI/G nanocomposite electrosynthesized on the Cu.

polarization resistance (Rp) (calculated using NOVA software) are
given in Table 1. Compared with the uncoated Cu substrate, all the
coated Cu exhibited a drastic shift of corrosion potential (Ecorr) in
the anodic region thus revealing the improved corrosion resistance
of the coated Cu substrates. It was also observed that both anodic
and cathodic current densities reduced appreciably by at least one
decade after the coating. In particular, after addition of graphene
into polyaniline, the coated substrates exhibit much lower current
density than that of pure polyaniline coated and uncoated Cu,
demonstrating a reduction in the corrosion rate of the PANI/G
nanocomposite coated substrates. Precisely, PANI/G nanocomposite coatings offer an enhanced corrosion protection for the Cu
substrate under the free corrosion potential condition.
From the measured Icorr values, the protection efﬁciency (PE)
was obtained from the following equation [50]:

corrosion rate of Cu is signiﬁcantly reduced as a result of the
reduction in Icorr. The corrosion rate of the polyaniline and PANI/G
nanocomposite coated Cu are found to be 4  103 and 9  105
mm year1, respectively, which are about 5 and 222 times lower
than that observed for bare Cu.
The porosity in the coating strongly governs the anticorrosive
behavior of the coatings; therefore, the determination of porosity
in the coating is essential in order to estimate the overall corrosion
resistance of the coated substrate. The porosity in PANI/G
nanocomposite coatings on Cu substrates was determined from
potentiodynamic polarization measurements. The porosity of the
polymer coatings were calculated using the following equation
[66]:

PE = (Icorr  Icorr(c))/Icorr  100

where P is the total porosity, Rpuc and Rpc are the polarization
resistance of the uncoated and coated Cu, respectively. DEcorr is the
difference between the corrosion potentials and ba is the anodic
Tafel slope for the uncoated Cu substrate. The calculated porosity
value of the PANI/G nanocomposite coating is also given in Table 1.
As seen in the tables, the P value of the coating decreases with an
increase graphene in the polymer coatings. As a result, there is a

(1)

that Icorr and Icorr(c) are the corrosion current density values in the
absence and presence of the coating, respectively.
As it can be seen in Table 1, when the PE increases, Icorr decrease
from 5.2 mA cm2 for uncoated Cu to 1.8 and 0.1 mA cm2 for
polyaniline and PANI/G nanocomposite coated Cu under optimal
condition respectively. From Table 1, it can be also found that the

P ¼ ðRpuc =Rpc Þ  10ðjDEj=ba Þ

Fig. 5. FT-IR spectra (a) graphene nanoparticles, (b) polyaniline and (c) the PANI/G nanocomposite.

ð2Þ
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Fig. 6. X-ray diffraction pattern the PANI/G nanocomposite.

decrease in the accessibility of the aggressive species to the Cu
surface and, therefore, a decrease occurs in the corrosion rate and
corrosion current values. The lower values of the porosity in the
PANI/G nanocomposite coatings permit an improvement of the
corrosion resistance by hindering the access of the electrolyte to
the Cu substrates.
The electrochemical parameters obtained from polarization
curves are summarized in Table 1. From the obtained results, it

could be seen that the PANI/G nanocomposite coating exhibited
much-improved corrosion resistance property than the polyaniline
coated and uncoated Cu substrates. It is well-known that a dense
and compact polyaniline coating reinforced with graphene
provides an improved protective barrier layer to diminish the
corrosion of metal substrates, whereas porous polyaniline coatings
might not offer such adequate protection as more electrolytic
species can penetrate through the coating to the underlying

Fig. 7. Thermal gravimetric analysis of polyaniline and PANI/G nanocomposite with 0.01% w/w graphene.
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Fig. 8. Polarization behavior of electropolymerized PANI/G nanocomposite-coated on Cu in 5000 ppm NaCl solution.

substrate. A possible justiﬁcation for the improved corrosion
protection performance of PANI/G nanocomposite coating is
provided by the hydrophobic surface and the higher interaction
energies between the graphene and polyaniline [67].
3.3.2. EIS analysis
The Nyquist impedance plots of uncoated Cu and PANI/G
nanocomposite coated Cu recorded in a 5000 ppm NaCl solution
are shown in Fig. 9. The values of the impedance parameters of the
best ﬁt to the experimental impedance plots for uncoated Cu and
PANI/G nanocomposite coated Cu with the equivalent circuits are
given in Table 2 and with an error rate of less than 10%.
The equivalent circuit consists of the electrolyte resistance (Rs),
the pore resistance (Rpor) which is due to the formation of the ion
conducting paths across the coating, the coating capacitance (Qc),
the charge transfer resistance (Rct) of the area at the Cu coatings
interface, where corrosion occurs and double layer capacitance
(Qdl) [51,68,69]. Instead of capacitance, a constant phase element
(Q) was used. The Q represents the deviation from the true
capacitance behavior. Q is a constant which represents the true
capacitance of the oxide barrier layer. The Q (which represents a
deviation from the true capacitor behavior) is used here instead of
an ideal double layer capacitance. The impedance of Q with the
value of n is often associated with a non-uniform current
distribution due to the porous oxide layer. Q describes an ideal
capacitor for n = 1, an ideal resistor for n = 0, and a pure inductor for
n = 1 [70].
The percentage PE was calculated using the following equation
[71]:
PE ¼

RctðcÞ  Rct
 100
RctðcÞ

ð3Þ

where Rct and Rct(c) are the charge transfer resistance in the
absence and presence of coating, respectively. The Rct value is
approximately 90 and 118 kV cm2 for polyaniline and PANI/G
nanocomposite, respectively, which are about 2.7 and 3.5 times
higher than that of uncoated Cu. The higher value of Rct is
attributed to the effective barrier behavior of the PANI/G nanocomposite coating. The lower values of Cdl for the PANI/G
nanocomposite coated Cu provide further support for the
protection of Cu by the PANI/G nanocomposite coating. Thus,
the higher value of Rct and lower value of Cdl indicate the excellent
corrosion performance of the PANI/G nanocomposite coating. The
PE% calculated from EIS data is found to be 63.3% and 72% for
polyaniline and PANI/G nanocomposite, respectively, which is in
agreement with the potentiodynamic polarization results. Increase
in Rct values of the PANI/G nanocomposite coated electrode may
result from the catalytic effect of PANI/G nanocomposite coating
that leads to the formation of the insoluble Cu sulfate layer [58].
One of the important parameters for the synthesis of the
polymer coatings on the metal surface is calculating coating
thickness which is an important feature for industrial applications.
EIS data can be used for measurement of the thickness of PANI/G
nanocomposite coating. The nanocomposite coating thickness on
the surface of Cu by using of Cdl can be achieved according to the
following equation [72]:
Qdl = e0eA/d

(4)

where e is the dielectric constant of the environment, e0 is the
vacuum permittivity, A is the electrode area and d is the thickness
of the protective layer. As can be seen in Table 2 with increasing the
graphene nanoparticle to the polymer structure, thickness
increased and coating capacitance reduced. According to Table 2,
it can be concluded that the protection efﬁciency increased when
coating thickness increased. On the other hand, these results show

Table 1
Electrochemical parameters of electropolymerized of polyaniline and PANI/G nanocomposite coatings on Cu in aqueous 5000 ppm NaCl solution.
Sample

Icorr
(mA cm2)

Ecorr
(V vs.Ag/AgCl)

ba
(V/dec)

bc
(V/dec)

Rp
(V cm2)

CR
(mm year1)

P%

PE%

Blank
PANI
PANI/G

5.2
1.8
0.1

0.283
0.030
0.234

0.274
0.079
0.027

0.036
0.081
0.017

2.8  103
1.06  104
1.5  105

2.00  102
4.00  103
9.00  105

–
3.1
1.3

–
65.4
98.0
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Fig. 9. Nyquist impedance plots for uncoated Cu and PANI/G nanocomposite coated Cu.

layer in corrosion inhibition can be described by the following
mechanism [20,73]:

that the barrier properties of the coating on the Cu surface
increased by graphene.
In fact, polyaniline is able to passivate steel surface and
graphene improves barrier properties of the polymer coating
considerably. As it was discussed above, Flaky shaped nanostructured of PANI/G nanocomposite may develop barrier properties of
the PANI/G nanocomposite coatings systems. On the other hand,
oxidation of Cu atoms to Cu+2 ions on the pinhole areas and defects
causes the primary shift to the active potentials. Then polyaniline
may be converted from emeraldine salt (ES) to leucoemeraldine
base (LB) in the polymeric coating. By reduction of polyanilineemeraldine salt (ES) to leucoemeraldine base (LB), the sulfate
anions which are available as dopants in the conductive polymer
are released and become available at the interface of the substrate
and polymeric coating that they would tend to react with Cu
cations and form a passivating complex. The role of a polyaniline

2Cu + 3EM2+ + 3H2O ! Cu2O + 3LE + 6H+

1/2O2 + LE + H2O ! EM2+ + 2OH
3.4. SEM characterization
The SEM images of abraded Cu electrode (image a), Cu electrode
after corrosion (image b), PANI/G nanocomposite coated Cu
electrode (image c) and PANI/G nanocomposite coated Cu
electrode after corrosion (image d) are shown in Fig. 10. Image b
shows that numerous large pits and inequalities were formed after
corrosion, which reveals severe damage on the surface due to
metal dissolution. Image c (PANI/G nanocomposite coating grown

Table 2
Impedance parameter values of the electrosynthesized polyaniline and PANI/G nanocomposite extracted from the ﬁt to the equivalent circuit for the impedance spectra
recorded in aqueous 5000 ppm NaCl solution.
Sample

Rs
(V cm2)

Rct
(kV cm2)

Rpor
(V cm2)

Qdl
(V1 cm2 sn)

n

Qc
(V1 cm2 sn)

n

da
(mm)

PE%

PANI
PANI/G

20
22

90
118

600
623

450
125

0.6
0.8

350
180

0.55
0.75

0.1
0.4

63.3
72.0

Sample

a

(e0 = 8.85  10

12

Rs

Rct

Qdl

n

W

12.5

33

3.5

0.4

0.023

F cm , e = 5.9, A = 1 cm ).
1

2

228

Y. Jafari et al. / Synthetic Metals 217 (2016) 220–230

Fig. 10. SEM micrographs of abraded Cu (image a) pre-treated Cu after corrosion (image b), PANI/G nanocomposite coating (image c) and PANI/G nanocomposite coating after
corrosion (image d).

by cyclic voltammetry) shows that the nanocomposite coating was
electrodeposited on the electrode surface and protected it from the
corrosion, and image d shows that the nanocomposite coating
protects the Cu, which does not change dramatically. It clearly
reveals that the formed coatings on the Cu surface are uniform and
dense. The quality of the coatings is so excellent that no crack or
detachment of the coatings is observed after the corrosion test.

found to exhibit excellent corrosion resistance in aggressive
environments. Thus, the use of polyaniline and graphene nanoparticles as a composite material increased signiﬁcantly the
anticorrosion performance of the substrate. The results showed
that the use of polyaniline with graphene nanoparticles contributed to the formation of a composite layer, therefore shifting the
corrosion potential of the metal substrate to lower values and
decreasing the corrosion rate.

4. Conclusion
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