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Abstract We report on the anticorrosion and
antifouling properties of epoxy-based polyaniline
(PANI)–graphene oxide nanosheets (GONs) paint
coatings. PANI-based nanocomposites with different
fractions of GONs were synthesized by an in situ
polymerization process. Well-dispersed GONs were
prepared using a modified Hummers’ method in the
presence of (NH4)2S2O8 as an effective oxidant. We
employed a spontaneous in situ polymerization at a
constant temperature of 0�C using an ultrasonic bath to
produce homogenous PANI-GON nanocomposites as
characterized by X-ray diffraction (XRD), Fourier
transfer infrared spectroscopy (FTIR), and field-emis-
sion scanning electron microscopy (FESEM) tech-
niques. The nanocomposites were incorporated into
an epoxy resin with different fractions to form epoxy/
PANI-GON paint coatings. The epoxy/PANI-GON
dip coated on a carbon steel (grade St-37) substrate
exhibited significant improvement of the anticorrosion
and antifouling properties. Epoxy-12 wt% PANI-GON
coating revealed the highest corrosion resistance of
2.70 9 106 X cm2 after 192-h immersion in saline water
measured by electrochemical impedance spectroscopy
(EIS) technique. Such high corrosion resistance was
attainable by inhibiting the diffusion process against
the corrosive environment. Furthermore, higher pro-
tection against fouling was observed for epoxy 6 and 12
wt% PANI/GON as the most efficient antifouling
composite coatings.

Keywords Graphene oxide nanosheet (GON),
Polyaniline (PANI), Epoxy, Anticorrosion,
Antifouling

Introduction

Corrosion and its prevention impose remarkable costs
to modern and industrial societies.1,2 One of the
widespread methods for corrosion protection is to
apply coatings on the surface of metals and alloys.3

Nanoparticles have been significantly used for produc-
ing functional nanocoatings with anticorrosion, water-
proof, antistick, antifog and antifouling properties. The
methods of application of nanocoatings onto the
surfaces are vast and may be classified into chemical
precipitation, physical precipitation, electrochemical
deposition, sol–gel, laser method, and other tech-
niques.4,5

Biofouling is one of the serious problems in marine
applications which causes air pollution and water
contamination.6,7 Different factors like temperature,
salinity, nutrients, flow rate, and intensity of sunlight
irradiation control the fouling growth.8–10 Over the
recent decades, antifouling coatings have been applied
to surfaces by using tributyltin, tributyltin oxides or
some metal oxides. This kind of biocide coating has
widespread use in the field of sailing and may restrict
fouling growth on the surface for about 5 years.
Scientists gradually noticed the negative influence of
this kind of material on animals and human beings.
Hence, governments were about to prohibit their use.
New methods for preventing fouling growth have been
therefore designed such as novel functional coatings
which are safer to the environment.6,7

Graphene is one of the effective materials with
higher anticorrosion properties when introduced as
a filling constituent into polymer matrices.3,11 It has
one-atom-thick sheets of covalently bonded carbon
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atoms, shaped in a honeycomb crystal lattice which
exhibit remarkable mechanical, thermal conductivity,
and electronic transport properties making it a revo-
lutionary material for the 21st Century.12 Graphene
oxide (GO) is one of the important graphene deriva-
tives, which can be produced by attaching some oxygen
functional groups (e.g. hydroxyl, carboxyl, and epoxide
group) to the base of the planes or edges of graphene
sheets. The contribution of oxygen functional groups
are inhomogeneous, providing high specific surface
area, delocalizing negative charge of surface, and
improving hydrogen bonding, which facilitate the
formation of composites with other materials.13–15

GO has been widely used in solar cells, supercapaci-
tors, biosensors, gas sensors, and functional coat-
ings.16–19

Epoxy and its nanocomposites have widespread
usages worldwide in aerospace, maritime, sport equip-
ment, buildings, electronic systems, bio-medicine, and
in production of anticorrosion coatings.20 This kind of
coating has poor quality because of its high porosity,
which leads to the penetration of corrosive elements.21

Scientists and researchers in different fields are inter-
ested in studying new ways and in finding effective
additive materials to improve the quality of epoxy
coatings. Three major methods include: (1) reinforce-
ment of the epoxy with conductive polymers, (2)
reinforcement of the epoxy coating with inorganic
materials, in pure form or connected by hybridization
with graphene oxide, and (3) reinforcement of the
epoxy coatings with conductive composites of polymer
nanoparticles or composites of conductive polymer–
graphene derivatives.

It is noteworthy that conductive polymers have
some good effects on the suppression of corrosion.
First, they change the oxidation potential which results
in the corrosion prevention and protection of the metal
in a passive form.22,23 Second, they change the
electrochemical interface properties by creating more
distance from the surface.24 On the other hand,
inorganic materials can be considered as the second
phase in the epoxy matrix.25 They have the ability to
fill the micropores in the epoxy coating. Dispersion of
the inorganic nanoparticles in the structure of the
epoxy will create zigzag-shaped paths for diffusion of
the corrosive elements.26–31 The cooperative effect of
the nanoparticles and conductive materials will im-
prove the anticorrosive properties. There has been
successful research from our group on the influence of
PANI-ZnO on improving antifouling and anticorrosion
properties of epoxy-based paint coatings.32–34

Although using the composites of conductive polymers
with graphene derivatives to improve the quality of
coatings is an interesting challenge, few papers are
published on the subject. Jafari et al. investigated the
corrosion protection properties of the polyaniline–
graphene nanocomposite films co-electrodeposited on
310 stainless steel substrate. It was reported that the
coating resistance could not raise more than 13 kX in
the 3.5% NaCl aqueous solution.35 A. Mooss et al.

studied the anticorrosion property of the graphene
oxide-modified polyaniline pigment of epoxy. This
coating which they called PG1-painted, showed a
14.81 kX resistance on low carbon steel after 96 h
immersion. They used different materials such as
titanium dioxide and di-octyl phthalate to improve
the viscosity and elastic properties of the paint.36

The main idea of this study was to produce graphene
oxide nanosheets (GONs) to be added to PANI,
making PANI-GON nanocomposites as an effective
pigment for epoxy binder. The goal product, epoxy-
based PANI-GON nanocomposite paint coatings, was
investigated to exploit its anticorrosion properties. The
other main objective of the study was to introduce an
environmentally friendly marine paint which can sup-
press or prevent fouling processes on the manufactured
surfaces immersed in sea water. An appropriate
corrosion protection and antifouling mechanism of
iron in the presence of epoxy-based PANI-GON
nanocomposite coatings is proposed.

Experimental

Materials and instruments

Natural graphite and sulfuric acid (H2SO4, 98%) were
obtained from Merck 100713, sodium nitrate (NaNO3)
from Merck 6535, potassium permanganate (KMnO4)
from Merck 105080, hydrochloric acid (HCl, 35.4%)
from Royalex-H125, hydrogen peroxide (H2O2, 35%)
from Merck, ethanol (C2H5OH 99.5%), aniline from
Merck 822256, ammonium persulfate (APS) from
Merck-1.01209, NAYA epoxy resin (NPEL-127),
ACR hardener (H3895), NaCl from Fluka AG-
218541280, deionized water.

A Bruker Tensor 27 Fourier transform infrared
spectrometer (FTIR) utilizing KBr pellet method was
used. Field-emission scanning electron microscopy
(FESEM) images were taken by a MIRA TESCANE
scanning electron microscope operating at 15 kV. The
X-ray diffraction (XRD) patterns of powder nanocom-
posite were obtained by a Bruker D8 Advance AXS
diffraction utilizing Cu ka radiation source
(k = 1.54 Å) performed at 40 kV and 40 mA in the
2h ranging 10�–80� with a scan rate of 0.05� per second.
Electrochemical measurements for the corrosion pro-
tection were investigated in a three-electrode conven-
tional test cell controlled by an Autolab PG STAT 30
instrument in the 3.5% NaCl solution. The exposed
area of coating test specimens for studying the corro-
sion behavior was 1.00 cm2. A standard Ag/AgCl
electrode and a platinum electrode were taken as the
reference electrode and the counter electrode, respec-
tively. All the electrochemical examinations were done
in a conventional three-electrode cell including the
coated steel as the working electrode, a Pt electrode as
the counter electrode and Ag/AgCl electrode in an
electrolyte of 3.5% NaCl solution. Electrochemical
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impedance spectroscopy (EIS) tests were obtained by
applying a perturbation voltage of 5 mV (rms) in a
frequency range of 10 kHz to 100 mHz. The Nyquist
and bode plots, which were obtained by EIS tests, were
numerically fitted using ZView� (II) software to
determine the equivalent electrical circuit parameters.
Finally, thickness of the paint coatings was measured
by an eXacto FN elcometer.

Synthesis of graphene oxide

Graphene oxide nanosheets (GON) were prepared by
a modified Hummers’ method according to references
(37) and (38): 2.0 g of graphite powder and 1.0 g of
NaNO3 were put into a 500-mL round-bottom flask.
Then 62 mL of H2SO4 was added. The mixture was
prepared in an ice bath for 1 h. (Temperature was
adjusted to maintain under 20�C.) Next, 6 g of KMnO4

as an oxidizing agent was added in 30 min (1 g per
5 min) and 2 g of (NH4)2S2O8 agent as a promoter of
oxidation process was added stepwise in 50 min (in
each step 0.2 g every 5 min). These were estimated to
be added very slowly to the mentioned flask. The
reaction took place under reflux conditions for 24 h.
Subsequently, 140 mL of deionized water was added to
the mixture in a dropwise manner. Afterward, the mix-
ture’s temperature was increased to 80�C. At this stage,
tiny golden particles were seen in the mixture. Later,
34 mL of H2O2 (32.4%) was added. For removing the
salt ions, 22.6 mL HCl (35.4%) was added to the
mixture. After 10 min, 80 mL deionized water was
slowly added to the mixture. The mixture was then
centrifuged and washed several times until the pH
reached 7.

Synthesis of PANI-GON nanocomposites

For preparation of GON/PANI nanocomposites, first,
a certain amount of GON was dispersed into 25 mL of
deionized water in an ultrasonic bath for 1 h. Then, the
GON suspension was added into 2 mL of aniline,
dissolved before in 100 mL 1 M HCl (35.4 vol%).
After stirring in an ice bath for 30 min, the mixture was
sonicated under 305 W, 50/60 Hz for 1 h to disperse
aniline monomers homogenously with GONs. Next,
100 mL of 1 M HCl solution containing 4.8 g
(NH4)2S2O8 was added dropwise at a rate of 0.5 mL
per min into the mixture in an ice-water bath under
magnetic stirring with a nominal rotation speed of
700 rpm. The in situ polymerization was conducted at
0�C for 3 h. Afterward, the mixture was sonicated for
2 h in order to avoid the aggregation of polymeric
constituent. The products were filtered and repeatedly
washed with ethanol and deionized water several times
until the filtrate solution became colorless. The syn-
thesized composites were dried under vacuum at 60�C
for 5 h.39,40 The synthesis procedure for PANI-GON is
schematically illustrated in Fig. 1.

Preparation of the PANI-GON composite coatings

Carbon steel grade st-37 substrates with 1 cm 9 1 cm
dimensions were mechanically polished by grinding
sand paper with meshes raging 80 up to 2000. Then,
they were rinsed with deionized water in the beaker in
ultrasonic bath for 2 min and dried. The epoxy
emulsion was mixed with 2 wt% PANI-GON compos-
ites under magnetic stirring with a nominal speed of
300 rpm for 30 min. Then, the coating materials were
sonicated for 45 min. Sonication not only facilitates the
dispersion of nanocomposites within the epoxy emul-
sion but also removes the bubbles, which were
produced during magnetic stirring. In the following,
the hardener was poured into the epoxy mixture with
1:2 weight ratio (1: hardener, 2: epoxy) and mixed very
slowly. The polymer epoxy paints with different
percentages of nanocomposites were applied onto the
steel substrate by dip-coating method to create a
smooth and homogenous film on the substrates until
the epoxy started to become viscous. Then, the coating
was dried at room temperature for 24 h. The thickness
of the coatings produced was around 200 ± 15 lm
which is consistent with general marine coating spec-
ifications.

Antifouling properties of epoxy-based PANI-GON
nanocomposite coatings

Antifouling test specimens were prepared by cutting
carbon steel grade st-37 plates in 3 9 4 cm2 disks and
dip coated with the epoxy-based PANI/GON paint
according to the procedure described in ‘‘Preparation
of the PANI-GON composite coatings’’ section. In
order to control different parameters for simulated
fouling conditions and environment, we set up an
antifouling test chamber equipped with oxygen pump,
thermometer, LED lamp, and heater. The temperature
was kept constant in a range of 25–27�C which is a
suitable level for fish and plant growth, spirulina algae,
guppy fish and dwarf hair grass.

Results and discussion

FTIR study

FTIR spectra of GON are shown in Fig. 2. We find that
oxidizing process of graphite was successful when we
used (NH4)2S2O8 as an additive. Two types of (–OH)
groups were detected: hydroxylic OH and phenolic
OH. The phenolic OH facilitates the dispersion of the
graphene sheets in deionized water. This will in turn
have a positive effect on the preparation of different
fractions of GON in PANI composites.

The FTIR spectrum clearly shows a broad peak in a
range of 3000–3500 cm�1 which corresponds to –OH
stretching vibration.41 The peak occurring at 1745 cm�1
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is attributed to (–C=O–) stretching vibration. The
peaks seen at 1577, 1403.75, and 1075 cm�1 represent
C=C, C–OOH, and C–O vibrations, respectively.42,43

The wide adsorption peak at 690 cm�1 is related to the
C–H bonding.43 Shunaev and Glukhova studied impor-
tant factors for oxidizing the graphene sheets.44 Based
on theoretical assumptions and experimental data,44 it
has been concluded that the amount of activation

barrier energy for epoxy groups is higher than that for
hydroxyl groups. Furthermore, if the number of the
graphene sheets increases, the activation energy for
oxidizing will decrease facilitating the oxidation process
of graphite. Hence, the FTIR spectrum of prepared
GONs from graphite exhibits an intense and broad
peak for (–OH) groups due to the large number of these
groups.
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FTIR spectra of PANI, GON, PANI-3 wt% GON-,
PANI-6 wt% GON, PANI-12 wt% GON, and PANI-
24 wt% GON are shown in Fig. 3. In Fig. 3a, FTIR
spectrum of polyaniline always elucidates the adsorp-
tion peaks at 1106, 1294, 1480, and 1563 cm�1.37 Strong
adsorption peaks at 1480 cm�1 and 1563 cm�1 show
the benzene ring and the quinone ring, respectively.
Adsorption peak of benzene ring is stronger than that
of quinone ring indicating that the synthesized polyani-
line has the emeraldine form.41 The adsorption peaks
at 1127 and 795 cm�1 represent stretching vibration
inside and outside of the C-H molecular plane.
1294.47 cm�1 and 1241 cm�1 peaks correspond to
stretching vibration of –C–N and –C=N, respectively.42

Focusing on the FTIR of PANI and PANI/GON
nanocomposites with different GON fractions, it can
be noticed that the peak at 1563 cm�1 in FTIR
spectrum of PANI has a blueshift detected at higher
wavenumbers. By increasing the fraction of GON in
the structure of nanocomposites, the peaks related to
OH, CO, COOH bonds appear. The connection
between PANI chains and GONs can be related to
three types of energy factors including the electrostatic
energy, the hydrogen bonding and p–p stacking. The
oxygen groups like OH, COOH, CHO, and epoxy on
the graphene sheets can make the surface of the sheets
more electronegative than before. PANI would be
protonated by oxidation reaction, which is facilitated

by HCl, and it would have electropositive property. In
this way, the electrostatic attraction between GON and
PANI has been reinforced. Moreover, the graphene
oxides play the templating role, which helps nucleation
of polyaniline.40,45,46 The FTIR spectra of GON,
PANI-GON (3 wt%), PANI-GON (6 wt%), PANI-
GON (12 wt%), and PANI-GON (24 wt%) are shown
in Figs. 3b, 3c, 3d, 3e, and 3f, respectively.

XRD analysis

The XRD pattern of GONs prepared using Hummer’s
method is shown in Fig. 4. The characteristic Bragg
diffraction of graphene oxide occurs at 2h = 11.57�
which is observed after oxidizing the graphite flakes.
The characteristic Bragg diffraction peak of graphite
(2h = 26.5)� was omitted. After using Hummers’
method for oxidation of the graphite flake, the inter-
planar distance between flakes increases from 0.35 to
0.77 nm for graphene oxide. This increase was esti-
mated by using the Bragg equation, equation (1).47

The mentioned increment of the distance between the
graphene sheets can be due to the presence of
functional groups –OH, C=O, C–O, and C–OOH in
graphene oxide structure.
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2d � sin h ¼ nk; ð1Þ

where k = 1.54 Å, n = 1.
We have also examined the crystalline structure of

PANI/GON nanocomposites by XRD. Polyaniline was
synthesized in HCl medium. HCl may likely improve
the orientation of polyaniline structure, resulting in
enhanced crystallinity. This polymer has characteristic
peaks at 9.5�, 14.8�, 20.1�, 25.2�, 26.8�, and 29.9�,
corresponding to (001), (011), (020), (200), (121), and
(022) planes of emeraldine form crystals of polyaniline,
respectively, as shown in Fig. 4b.40 The XRD patterns
of synthesized PANI/GON nanocomposites with dif-
ferent percentages of GON are shown in Figs. 4c, 4d,
4e, and 4f. As can be seen, the characteristic peak of
GO (2h = 11.4)� of the mentioned composites has
disappeared. The XRD patterns of synthesized PANI/
GON nanocomposites are the same as that of PANI.46

Thus, it can be deduced that GONs are completely
exfoliated, and polyaniline chains are formed between
GO sheets.48 The XRD patterns with the different
percentages of GON confirm the simultaneous pres-
ence of both GO and PANI.16

FESEM examinations

The FESEM images of GON show a layered structure
as illustrated in Fig. 5a. PANI particles seem to be
smaller than 50 nm which are partially agglomerated in
some sections. This is shown in Fig. 5b. Different
percentages of GON in the PANI-GON nanocompos-
ite in the FESEM images are shown in Fig. 5. By
introducing small amounts of graphene oxide into the
polyaniline structure via in situ polymerization, the
structure of polyaniline has changed. In a low magni-
fication, the holes which are created during the
synthesis process are detected. This structure is well
known as honey beehive structure.41 The polyaniline
has nanosphere structure and the particle size of the
PANI nanocomposite is in the range of 44–48 nm. The
structure of the PANI-GON nanocomposites looks
like a 1D material. The external diameter of these
nanocomposites was measured around 23–40 nm. The
layered structure of GON is clearly observed in the
PANI-GON (24 wt%) nanocomposite. This inhomo-
geneous structure will affect the dispersion of PANI-
GON (24 wt%) nanocomposite in the epoxy matrix
and consequent protective properties as will be dis-
cussed.

Corrosion resistance of epoxy/PANI-GON
coatings

Electrochemical impedance spectroscopy (EIS) studies

In order to study the corrosion behavior of the
nanocomposite coatings, EIS measurements were

taken. Figure 6 illustrates two different equivalent
circuit models (ECM) which were used at various
immersion times to interpret the EIS plots and hence
the corrosion behavior. The parameters introduced
here are Rs, Rc, Rct, CPEc, CPEdl, and W which
represent the electrolyte resistance, the coating pore
resistance, the charge transfer resistance, the constant
phase element of the coating capacitor, double layer
capacitance, and Warburg impedance, respectively.
The amounts of Rs for all tests were smaller than
those of Rc and Rct. The surface of carbon steel
substrate was coated using epoxy matrix coatings
containing (2 wt%) PANI-GON nanocomposites and
immersed in a 3.5% NaCl solution.49 Introduction of
epoxy in the coating structures prompts the scientists
to predict two loops in their equivalent circuits. The
common explanation of the impedance diagrams con-
taining two capacitive loops is that the high-frequency
section corresponds to the organic coating in which the
electric flow consistently is distributed through the
coating material. Meanwhile, the reactions taking place
in pores and defects can develop in the low-frequency
section. At low frequencies, the electric flow through
the pores is higher.50,51

EIS evaluations were employed to detect the corro-
sion performance of neat epoxy, epoxy/PANI, epoxy/
PANI-GON (3 wt%), epoxy/PANI-GON (6 wt%),
epoxy/PANI-GON (12 wt%), and epoxy/PANI-GON
(24 wt%) coatings applied on the carbon steel sub-
strates. Figures 7 and 8 show the Nyquist (a1, b1, c1)
and Bode (a2, b2, c2) plots of the samples after
immersion in 3.5 wt% NaCl solution for different
intervals of time, including 2, 24, 144, and 192 h. The
evaluation parameters which were extracted by equiv-
alent circuits are listed in Table 1 for different
coatings.

The Z value which is shown by Bode plots at low
frequencies ( Zj j0:1 Hz) is determined to define corrosion
resistance of the coatings.52,53 Generally, the impedance
of the samples decreases by increasing immersion time
due to the diffused electrolyte into the micropores of the
coating. However, at this stage, the electrolyte could not
penetrate at the interface of coating/steel in spite of the
existence of pores in the coating structure which were
not filled with nanocomposites. Besides, a small amount
of electrolyte could reach the surface of metal substrate
despite the fact that the pores of epoxy were filled with
nanocomposite. In this case, the corrosion process can
take place at the interface of the coating/steel, and the
related products accumulate at the interface of the
coating and surface of the metal. After accumulation of
corrosion products, the impedance of samples com-
pletely changed for some of the coatings with poor
resistance. Moreover, the coating resistance values
obtained from the EIS test often increase, revealing
the fact that the passive layer covers the metal surface
which in turn slows down the corrosion reaction and thus
protects the surface.54 According to Figs. 7 and 8, epoxy/
PANI-GON (3 wt%), epoxy/PANI-GON (6 wt%),
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epoxy/PANI-GON (12 wt%), and epoxy/PANI-GON
(24 wt%) nanocomposite coatings have extremely high
( Zj j0:1 Hz) values compared to pure epoxy and epoxy/
PANI coatings, showing the high corrosion protection

efficiency of the nanocomposite coatings. Furthermore,
Zj j0:1 Hz values of epoxy/PANI-GON (6 wt%) and

epoxy/PANI-GON (12 wt%) are remarkably higher
than the other mentioned samples. This result shows the

Fig. 5: FESEM images: (a) GON, (b) PANI, (c) PANI-GON (3 wt%), (d) PANI-GON (6 wt%), (e) PANI-GON (12 wt%), (f) PANI-
GON (24 wt%)
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excellent performance of these nanocomposite coatings.
The percentage of GON in the PANI-GON nanocom-
posite has a significant effect on the quality of the
coatings. The corrosion resistance of coatings in view of
PANI-GON nanofillers increases in the following order:
neat epoxy < epoxy/PANI < epoxy/PANI-GON (3 wt%)

< epoxy/PANI-GON (24 wt%) < epoxy/PANI-GON
(6 wt%) < epoxy/PANI-GON (12 wt%).

As shown in Figs. 8a1 and 8a2, Warburg impedance
appears only after 2 h in epoxy/PANI-GON (6 wt%)
coating in low frequency. This likely happened due to
the fact that the diffusion of corrosive species may have
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been suppressed. It is noteworthy that the results
obtained for epoxy/PANI-GON (6 wt%) coating after
2 h can be fitted by equivalence circuit of Fig. 6b. Thus,
the high Warburg resistance value demonstrates
good capability of the PANI-GON (6 wt%) nanocom-
posites incorporated into the epoxy matrix for the
protection of the metallic substrate in the corrosive
environment.49,55 Beyond that, the GON percentage in
the structure of nanocomposites plays an important
role in obtaining promising results for corrosion
protection. The barrier properties of coatings against
corrosion will be different as a result of exfoliation and
dispersion quality of synthesized nanocomposites in
the epoxy matrix. Therefore, epoxy/PANI-GON
(24 wt%) shows a less protective quality of the surface
from corrosion, which is related to the poor dispersion
ability of PANI-GON (24 wt%) in filling the epoxy
micropores. We understand that the corrosion protec-
tion of our developed nanocomposite coatings was
realized by different methods. First, the protection can

be achieved by filling the micropores of the epoxy
matrix and also by changing the direction and the
length of the transport paths of corrosive species to the
surface. In fact, the paths are changed from straight to
zigzag paths which are longer. The PANI-GON
nanocomposites in the epoxy matrix limit the elec-
trolyte diffusion and could restrict the electrolyte
paths, thereby increasing the diffusion length. Second,
protection can be achieved by creating active coatings
on the surface of the metal. Moreover, the PANI-GON
nanocomposite could resist against Cl� ions diffusion
as a result of the negative surface charge of PANI-
GON in the epoxy matrix.56,57

Capacitance and resistance of coatings

Figure 9 depicts the variation of coating resistance as a
function of immersion time in 3.5 wt% NaCl solution.
In principle, epoxy/PANI-GON (6 wt%) and epoxy/

Table 1: Electrochemical parameters of different kind of coatings on carbon steel in 3.5 wt% NaCl solution

Time (h) Rc (X cm2) CPEc (nF cm�2) Rct (X cm2) CPEdl (nF cm�2)

Epoxy (E)
2 1.01 9 104 4.87 9 10�6 4.73 9 103 2.80 9 10�5

24 2.13 9 103 6.87 9 10�6 4.03 9 104 2.44 9 10�7

144 9.90 9 103 3.49 9 10�5 2.10 9 104 4.81 9 10�5

192 1.00 9 104 5.77 9 10�5 2.49 9 104 5.21 9 10�5

PANI
2 9.29 9 103 6.75 9 10�6 5.04 9 104 2.11 9 10�5

24 1.67 9 104 1.44 9 10�5 3.83 9 104 3.83 9 10�5

144 3.49 9 104 1.34 9 10�5 3.84 9 104 9.15 9 10�6

192 6.82 9 103 2.79 9 10�6 8.70 9 104 1.63 9 10�5

Epoxy/PANI-GON (3 wt%)
2 1.45 9 105 4.44 9 10�7 7.25 9 104 6.91 9 10�5

24 8.01 9 103 1.36 9 10�7 1.21 9 105 3.06 9 10�6

144 2.73 9 105 2.57 9 10�7 2.19 9 105 2.06 9 10�6

192 3.41 9 105 2.80 9 10�10 1.67 9 105 7.81 9 10�7

Time (h) Rc (X cm2) CPEc (nF cm�2) Rct (X cm2) CPEdl (nF cm�2) W (X�1 sn cm�2)

Epoxy/PANI-GON (6 wt%)
2 2.67 9 107 9.88 9 10�11 6.00 9 107 1.07 9 10�8 9.00 9 108

24 2.93 9 106 1.26 9 10�10 2.25 9 106 7.32 9 10�7 –
144 6.86 9 105 1.90 9 10�10 4.38 9 105 6.57 9 10�6 –
192 4.37 9 105 2.91 9 10�10 3.80 9 105 7.13 9 10�6 –

Time (h) Rc (X cm2) CPEc (nF cm�2) Rct (X cm2) CPEdl (nF cm�2)

Epoxy/PANI-GON (12 wt%)
2 2.40 9 107 1.52 9 10�10 5.59 9 107 2.45 9 10�8

24 2.70 9 107 3.62 9 10�10 7.01 9 106 4.20 9 10�8

144 4.91 9 106 3.18 9 10�10 9.53 9 105 1.15 9 10�6

192 2.70 9 106 2.64 9 10�10 8.00 9 105 5.10 9 10�7

Epoxy/PANI-GON (24 wt%)
2 2.78 9 105 2.85 9 10�7 1.86 9 106 3.09 9 10�7

24 5.73 9 104 3.50 9 10�7 1.62 9 106 6.67 9 10�7

144 6.36 9 104 1.30 9 10�7 9.53 9 105 1.15 9 10�6

192 3.21 9 105 8.12 9 10�9 6.11 9 105 3.14 9 10�6
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PANI-GON (12 wt%) coatings are more corrosion
resistant than the other coatings and have significantly
different corrosion resistance with other coatings. A
possible reason for this observation could be due to a
well-dispersed PANI-GON nanocomposites in the
epoxy matrix. In contrast, for other nanocomposites,
in particular PANI-GON (24 wt%) there is a huge
difference in the coating resistance with other com-
posite loadings as seen in Fig. 9 which may be
described by its low dispersion capabilities. However,
we observed two different time-dependent corrosion
behaviors. (1) For the coatings with relatively higher
resistance, mentioned above, the coating resistance
gradually decreases which might be attributed to the
presence of graphene oxide in structures of the
nanocomposites making them more hydrophobic due
to oxygen groups on the surface of graphene sheets.36

(2) For low resistance coatings such as epoxy, epoxy/
PANI, epoxy/PANI-GON (3 wt%), and epoxy/PANI-
GON (24 wt%), after an initial decrease, the corrosion
resistance of the coatings increases as a function of
immersion time. This increase can be ascribed to the
formation of a passive layer produced by diffusion of
the electrolyte into the interface of the coating through
the pores and defects toward the steel substrate
surface. Passive layer can protect the surface from
further corrosion elements and keep the water away
from reaching the surface of the metal.

The coating capacitance is an appropriate quantity
to measure electrolyte permeation into the coating
structure. The electrolyte diffusion can affect the
dielectric constant of coating which is here defined as
a constant phase element CPEc. The variation of CPEc

obtained after different immersion times is listed in
Table 1. CPEc values for the pure epoxy coating
increase gradually during the immersion time. This
indicates that the diffusion process could be performed
easily and that the epoxy coating would lose its
protection performance very quickly. Penetration of

the aqueous electrolyte into the coating can cause
some problems including swelling of the coating and
blistering at some thin or defect parts. This can form
direct paths for corrosion species to get access onto the
metal substrate. In addition, the CPEc values obtained
for the epoxy/PANI-GON (6 wt%) and epoxy/PANI-
GON (12 wt%) are lower than for other coatings. The
lowest CPEc value for epoxy/PANI-GON (6 wt%)
coating was obtained after 2 h immersion. The reason
for this was explained by introducing Warburg element
in the equivalent electrical circuit shown previously in
Fig. 6b which was fitted to the experimental EIS data
and reported in Table 1.

For longer immersion time in the saline water, the
values of CPEc for epoxy/PANI-GON (6 wt%) and
epoxy/PANI-GON (12 wt%) increase over time;
therefore, the resistance of the coatings decreased.
Increasing the amount of CPEc for the epoxy/PANI-
GON (6 wt%) was faster than for epoxy/PANI-GON
(12 wt%) which indicates that Warburg impedance
was neglected. These results reported in Table 1
exhibit that the PANI-GON (6 wt%) and PANI-
GON (12 wt%) nanocomposites could reduce the
number of diffusion paths from the electrolyte toward
the substrate surface. For other coatings studied, we
observed an increase of CPEc values over time
indicating that the electrolyte has reached the surface
of the metal. Any further decrease in CPEc implies that
a passive layer may form at the interface of the coating/
metal substrate. This will block further diffusion paths
by filling the possible micropores in the coating,
thereby preventing the entrance of corrosive elements
into the coating structure. However, in some cases
subsequent increase of CPE might be due to probable
destruction of the passive layer formed initially. Based
on the argument given above as well as the magnitudes
of other effective parameters like Rct, the charge
transfer resistance and CPEdl, double-layer capaci-
tance which are summarized in Table 1, we understand
that epoxy/PANI-GON (12 wt%) is the most corrosion
resistant coating among all types of coatings studied
here. The epoxy/PANI-GON (12 wt%) coating did
exhibit satisfactory wet adhesion force as shown in
Table 1. The lowest value of the CPEdl is observed for
epoxy/PANI-GON (12 wt%) coating at the end of 192-
h immersion.

Demonstration of the anticorrosion function of epoxy/
PANI-GON nanocomposite coatings

Figure 10 schematically represents the function of
PANI-GON nanocomposite in the epoxy matrix for
protecting the metallic surface from corrosive environ-
ment. In panel (a), the pure epoxy coating on metal is
shown in which the micropores are not filled with
nanocomposite, and coating is colorless. Therefore, the
electrolyte may readily diffuse to the interface of the
coating/steel. In panel (b), the micropores of the epoxy
coating were filled with nanocomposites, and the color
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of the coating turned green. Moreover, this schematic
picture illustrates that the introduction of the prepared
nanocomposites with complex structure into the epoxy
matrix can restrict the diffusion process of electrolyte
droplets and prevent them from reaching the surface of
the metal by creating zigzag paths (longer paths) for
diffusion via the entrance of the mentioned nanocom-
posites within the micropores.

Antifouling properties of epoxy/PANI-GON
coatings

Antifouling properties of coating samples were carried
out by immersing them in the test cell comprising of
spirulina algae, guppy fish, and dwarf hair grass for
three months. After three months, the coated samples
were washed and dried. A reference sample (epoxy
coating sample) was used to compare the antifouling
performance of immersed coatings. Figure 11 shows
that the sample with pure epoxy coating had poor
antifouling quality; therefore the fouling process seems
to be more intense at the interface of the metal and
coating easily. The formation of a new green layer
clearly confirms the fouling which is shown in Fig. 11.
According to the results, epoxy/PANI-GON (6 wt%)
and epoxy/PANI-GON (12 wt%) coatings exhibit
higher antifouling capability than other coatings. The

quality of epoxy/PANI-GON (24 wt%) coating is
rather poor. The paint coating almost disintegrated
from the interface of the steel substrate.

Conclusion

An in situ polymerization method was used for the
synthesis of PANI-GON nanocomposites. These
nanocomposites were analyzed by different methods
including FESEM, FTIR, and XRD. The prepared
nanocomposites were added into the epoxy matrix
making epoxy/PANI-GON paint coating to improve
the inherent quality of epoxy in terms of the anticor-
rosion and antifouling properties. EIS investigations
reveal that epoxy/PANI-GON coatings have higher
resistance against corrosive environment than epoxy
and/or epoxy/PANI coatings. The amount of graphene
oxide in the structure of nanocomposites can affect the
dispersion ability of the nanocomposite in the epoxy
matrix and thereby the function of the coatings in the
corrosive environment. For epoxy/PANI-GON
(6 wt%) and epoxy/PANI-GON (12 wt%) coatings,
good dispersion of GON in PANI and subsequently in
epoxy was achieved which leads to higher corrosion
resistance. At higher GON ratio, for instance epoxy/
PANI-GON (24 wt%) graphene oxide showed less
ability to disperse and fill the micropores of the epoxy,

Water drops cannot pass from Micropores very easily

Epoxy which is filled by nanocomposites
Steel

Water drops can pass from Micropores

Epoxy
Steel

Water drops

Nanocomposite

Micropores (a)

(b)

Fig. 10: Schematic of epoxy/PANI-GON coatings function in the duration of contact with electrolyte
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and the obtained composite shows lower resistance
against corrosive elements. In comparison between
EIS values of epoxy coatings with and without
nanocomposite filling, we find that coating resistance
(Rc) value of epoxy/PANI-GON (12 wt%) was
2.70 9 106 which is 7.9 times higher than epoxy/
PANI-GON (3 wt%) after 192-h immersion in the 3.5
wt% NaCl solution. The highest resistance values

detected by EIS tests in saline water are those for the
epoxy/PANI-GON (12 wt%) coating. The antifouling
property of the coatings was investigated in a simulated
environment. After 3 months of immersion in simu-
lated sea water containing microorganisms, the epoxy
and epoxy/PANI coatings and epoxy/PANI-GON (6
and 12 wt%) showed the lowest and the highest
antifouling behavior, respectively. The reason could
be the incorporation of PANI-GON nanocomposites
into epoxy to fill the micropores. Further detailed
studies need to prove mechanistic information on the
antifouling behavior of the coatings.
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3. Böhm, S, ‘‘Graphene Against Corrosion.’’ Nat. Nanotech-
nol., 9 (10) 741–742 (2014)

E
po

xy
 (E

)

PA
N

I

E
/P

A
N

I-G
O

N
 (3

 w
t%

)

E
/P

A
N

I-G
O

N
 (6

 w
t%

)

E
/P

A
N

I-G
O

N
 (1

2 
w

t%
)

E
/P

A
N

I-G
O

N
 (2

4 
w

t%
)

Epoxy (E) PANI E/PANI-GON (3 wt%) E/PANI-GON (6 wt%) E/PANI-GON (12 wt%) E/PANI-GON (24 wt%)

Epoxy (E) PANI E/PANI-GON (3 wt%) E/PANI-GON (6 wt%) E/PANI-GON (12 wt%) E/PANI-GON (24 wt%)

A
fte

r i
m

m
er

si
on

B
ef

or
e 

im
m

er
si

on

Fig. 11: Coating samples before and after immersion in aquarium for 3 month

J. Coat. Technol. Res., 16 (4) 983–997, 2019

995



4. Rathish, RJ, Dorothy, R, Joany, R, Pandiarajan, M, ‘‘Cor-
rosion Resistance of Nanoparticle-Incorporated Nano Coat-
ings.’’ Eur. Chem. Bull., 2 (12) 965–970 (2013)

5. Zvonkina, I, Soucek, M, ‘‘Inorganic–Organic Hybrid Coat-
ings: Common and New Approaches.’’ Curr. Opin. Chem.
Eng., 11 123–127 (2016)

6. Montemor, M, ‘‘Functional and Smart Coatings for Corro-
sion Protection: A Review of Recent Advances.’’ Surf. Coat.
Technol., 258 17–37 (2014)

7. Nine, MJ, Cole, MA, Tran, DN, Losic, D, ‘‘Graphene: A
Multipurpose Material for Protective Coatings.’’ J. Mater.
Chem. A, 3 (24) 12580–12602 (2015)

8. Hellio, C, Yebra, D, Advances in Marine Antifouling
Coatings and Technologies. Elsevier, Amsterdam, 2009

9. Nurioglu, AG, Esteves, ACC, ‘‘Non-Toxic, Non-Biocide-
Release Antifouling Coatings Based on Molecular Structure
Design for Marine Applications.’’ J. Mater. Chem. B, 3 (32)
6547–6570 (2015)

10. Sørensen, PA, Kiil, S, Dam-Johansen, K, Weinell, CE,
‘‘Anticorrosive Coatings: A Review.’’ J. Coat. Technol. Res.,
6 (2) 135–176 (2009)

11. Novoselov, KS, Geim, AK, Morozov, SV, Jiang, D, Zhang,
Y, Dubonos, SV, Grigorieva, IV, Firsov, AA, ‘‘Electric Field
Effect in Atomically Thin Carbon Films.’’ Science, 306
(5696) 666–669 (2004)

12. Martin-Gallego, M, Verdejo, R, Lopez-Manchado, M,
Sangermano, M, ‘‘Epoxy-Graphene UV-Cured Nanocom-
posites.’’ Polymer, 52 (21) 4664–4669 (2011)

13. Wang, H, Hao, Q, Yang, X, Lu, L, Wang, X, ‘‘Effect of
Graphene Oxide on the Properties of its Composite with
Polyaniline.’’ACSAppl.Mater. Interfaces, 2 (3) 821–828 (2010)

14. Zhang, WL, Liu, YD, Choi, HJ, ‘‘Fabrication of Semicon-
ducting Graphene Oxide/Polyaniline Composite Particles
and their Electrorheological Response Under an Applied
Electric Field.’’ Carbon, 50 (1) 290–296 (2012)

15. Nasrollahzadeh, M, Babaei, F, Fakhri, P, Jaleh, B, ‘‘Synthe-
sis, Characterization, Structural, Optical Properties and
Catalytic Activity of Reduced Graphene Oxide/Copper
Nanocomposites.’’ RSC Adv., 5 (14) 10782–10789 (2015)

16. Huang, Y, Lin, C, ‘‘Polyaniline-Intercalated Graphene
Oxide Sheet and its Transition to a Nanotube Through a
Self-curling Process.’’ Polymer, 53 (5) 1079–1085 (2012)

17. Huang, X, Qi, X, Boey, F, Zhang, H, ‘‘Graphene-Based
Composites.’’ Chemical Society Reviews, 41 (2) 666–686
(2012)

18. Zhu, Y, Murali, S, Cai, W, Li, X, Suk, JW, Potts, JR, Ruoff,
RS, ‘‘Graphene and Graphene Oxide: Synthesis, Properties,
and Applications.’’ Advanced Materials, 22 (35) 3906–3924
(2010)

19. Pumera, M, ‘‘Electrochemistry of Graphene: New Horizons
for Sensing and Energy Storage.’’ The Chemical Record, 9
(4) 211–223 (2009)

20. Wei, J, Vo, T, Inam, F, ‘‘Epoxy/Graphene Nanocomposites–
Processing and Properties: A Review.’’ RSC Advances, 5
(90) 73510–73524 (2015)

21. Shi, X, Nguyen, TA, Suo, Z, Liu, Y, Avci, R, ‘‘Effect of
Nanoparticles on the Anticorrosion and Mechanical Proper-
ties of Epoxy Coating.’’ Surface and Coatings Technology,
204 (3) 237–245 (2009)

22. Dominis, AJ, Spinks, GM, Wallace, GG, ‘‘Comparison of
Polyaniline Primers Prepared with Different Dopants for
Corrosion Protection of Steel.’’ Prog. Org. Coat., 48 (1) 43–
49 (2003)

23. Fang, J, Xu, K, Zhu, L, Zhou, Z, Tang, H, ‘‘A Study on
Mechanism of Corrosion Protection of Polyaniline Coating
and its Failure.’’ Corros. Sci., 49 (11) 4232–4242 (2007)

24. Schauer, T, Joos, A, Dulog, L, Eisenbach, C, ‘‘Protection of
Iron Against Corrosion with Polyaniline Primers.’’ Prog.
Org. Coat., 33 (1) 20–27 (1998)
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