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lyaniline/p-phenylenediamine-
functionalised graphene oxide coatings with dual
anti-corrosion and anti-fouling performance†

Sara Fazli-Shokouhi, a Farzad Nasirpouri *a and Maasoumeh Khatamian b

This research work reports on the anti-corrosion and anti-fouling properties of epoxy (E) coatings

reinforced with polyaniline (PANI)/p-phenylenediamine-functionalised graphene oxide (PGO)

composites. The mass ratio of graphene oxide/p-phenylenediamine in any PGO was assumed to be 1 : 1,

but different PANI–PGO composites containing various loadings of PGO were prepared. An ultrasonic-

assisted in situ polymerization method was employed to produce PANI–PGO at low temperature (0 �C).
Several analytical and microscopical techniques, i.e., Fourier-transfer infrared (FTIR) spectroscopy, X-ray

diffraction (XRD), and field emission scanning electron microscopy (FESEM), were used to confirm that

PANI–PGO composites were successfully synthesized. The epoxy-based coatings (E/PANI–PGO (x), x ¼
0.05–0.4 g) were applied by brushing them onto carbon steel substrates, which exhibited dual anti-

corrosion and anti-fouling performance. Electrochemical impedance spectroscopy (EIS) results show

that E/PANI–PGO (0.2) has the highest corrosion resistance (8.87 � 106 U cm2) after 192 h of immersion

in 3.5 wt% NaCl amongst all the coatings compared with neat epoxy (1.00 � 104 U cm2) and E/PANI

(6.82 � 103 U cm2). Efficient antifouling performance at the macroscopic level under simulated marine

conditions was observed for the epoxy-based PANI–PGO coatings with a range of PGO compositions, in

particular for the 0.1 and 0.2 g PGO coatings.
Introduction

Corrosion and its prevention place considerable costs on
industrial and modern organizations.1,2 The application of
coatings on metal or alloy parts is known as a practical way to
prevent surface degradation and corrosion.3,4 Over recent years,
coating systems and performances have been remarkably
enhanced using the great potential of nanotechnology.4 One of
the most common examples is composite nanocoatings, where
the quality of conventional coatings may be improved by
making nanocomposites using a small amount of nanoparticles
towards cost-effective coating materials. There have been
several applications and properties exploited thus far for
nanocoatings, such as antifog, anticorrosion, antibacterial,
water-proof, and antifouling coatings.5 The production
methods of nanocoatings are diverse, and include
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electrochemical deposition, chemical precipitation, physical
perception, laser method, and sol–gel, techniques.4,5

Biofouling is a kind of pollution that occurs when microor-
ganisms, algae, and living creatures gather together on oating
surfaces. Biofouling can be divided into twomain groups: micro
(bacteria and diatoms) biolm and macro (macro-algae, tube-
worms, bryozoans).6,7 Fouling pollution can be controlled
according to salinity, temperature, nutrient materials, ow rate,
and the strength of sunlight irradiation.8–11 Tributyltin, tribu-
tyltin oxides, or some metal oxides have been used as pesticide
coatings in recent years. The application of these coatings has
been paused because of their harm to animals and human
beings, and their use has been forbidden by environmental
protection and government policy makers.8,12 In this decade,
scientists have attempted to design unusual environmentally-
friendly coatings that are benecial to the environment.6,7,12,13

Graphene is a relatively newly discovered material that has
fantastic properties for scientic and technological goals and
applications. Graphene is composed of a honeycomb structure
of carbon atoms, where each carbon atom is at 120� angles with
other neighboring carbon atoms. Moreover, the bond length
between the carbons is 1.42 Å. Graphene exhibits a remarkably
high surface area of 2630 m2 g�1 and has unique optical prop-
erties (�2.3% adsorption of visible light), zero bandgap, high
Young's modulus (1 TPa), an extremely high electronmobility of
200 000 (cm2 V�1 s�1), and it is up to two hundred times
RSC Adv., 2021, 11, 11627–11641 | 11627
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View Article Online
stronger than steel. Graphene materials with different numbers
of layers have found widespread usage in various elds, such as
in electronic devices,14–16 sensors and biosensors, carbon bers
in airplanes, strong plastics, and coatings.17–20

Graphene oxide (GO) is a common derivative of graphene
with a compact structure, prepared via the oxidation of
graphite.21 GO sheets are covered by oxygenated species such as
epoxide, alcohol, hydroxyl, carboxylic acid groups.22 Thus, they
can be dispersed very quickly in liquid media, such as water and
organic solvents, using ultrasonic methods.23 The functionali-
sation of GO sheets is an ideal method for their stabilization in
different chemical environments. The attached compounds
restrict the aggregation of GO sheets. Therefore, chemical or
physical methods are used to tailor the functionalisation of GO.
The functionalisation of GO has generally been conducted via
three methods, including using chemical compounds, macro-
molecules, and nanoparticles. Organic compounds attach to the
surface of GO by linking to the graphene sheets through “p”

groups. The presence of hydroxyl and carboxyl groups helps to
disperse the GO in water. In contrast, the existence of hydroxyl
groups on the surface of GO is not very useful in organic tech-
niques that use organic compounds, where functionalisation
helps the GO to disperse in organic media.24,25

There have been several attempts to incorporate GO during
the preparation of PANI to produce nanocomposites. Oxygen-
ated functional groups with hydrophilic properties are generally
used as precursors for synthesizing PANI composites. Self-
assembly and in situ polymerization methods are well-known
as methods for synthesizing PANI/GO nanocomposites.26

Investigations using derivatives of PANI such as p-phenyl-
enediamine (PPDA) have shown it to be an attractive material
because of its specic properties such as a ladder-like structure,
good conductivity (6.3 � 10�6 S cm�1), and electroactivity,
among the aromatic diamine family. PPDA is mainly used in
electrical storage devices such as batteries and supercapacitors
due to its unique capability to prevent the restacking of gra-
phene layers in the GO structure due to functionalisation27,28

Epoxy and its nanocomposites are used in different elds
such as in maritime, aerospace, and automobile applications,
in sports equipment, buildings, electronic systems, and in
anticorrosion coatings.29 However, the widespread use of epoxy
coatings is impeded because of their impaired abrasion and
erosion of mechanical strength fracture and destruction. In
addition, the presence of inherent holes in the epoxy facilitates
the penetration of water into the coatings towards the substrate
surface.30 Studies have shown that making epoxy-based
composites using different secondary phase materials such as
conductive polymers, inorganic nanoparticles, and inorganic-
conductive polymers improves the properties and perfor-
mance of epoxy coatings.31–37

Conductive polymers such as PANI have a positive inuence
on the oxidation potential of a coating, which prevents the
passive corrosion of the metal. Also, creating barriers between
aggressive media and the substrate will be realized at the elec-
trochemical interface created by polymers.31–33 Moreover, inor-
ganic materials added into the epoxy can resist the penetration
of an aggressive environment and create zig-zag routes to
11628 | RSC Adv., 2021, 11, 11627–11641
diffuse corrosive species.34–37 Composites composed of
conductive polymers with nanoparticles like PANI–ZnO exhibit
good properties such as anticorrosion and antifouling.38–40

Recently, nanocomposites with graphene derivatives and
conductive polymers have been reported to increase the quality
of epoxy coatings.41–43 In this eld, we have recently demon-
strated PANI–GO composites in epoxy coatings, which reveal
a resistance of 2.70 � 106 U cm2 for 12% GO aer 192 h of
immersion in brine, with suitable antifouling properties.44 In
such GO-modied polyaniline/epoxy coatings on low carbon
steels, raising the concentration of GO in the paint does not
slow down the corrosion rate because of the hydrophilicity of
GO. However, some substances such as di-octyl phthalate and
titanium dioxide graed to GO improve the paint quality.45

Shang et al. investigated the anti-corrosion behavior of a PGO/
PANI nanocomposite as a secondary phase or pigment in
polystyrene-matrix coatings. They found that PGO/PANI in the
polystyrene-based materials exhibited a minimum corrosion
rate of 1.68 � 10�4 mm per year, which is better than the
performances of the individual PGO or PANI additives with
polystyrene.46 Recently, Wang et al. reported relatively similar
work to our study, but with substantial differences. They
investigated only the anticorrosion properties of the epoxy
coating with the synthesized composites composed of func-
tionalised GO with PPDA called GON having solely a mass ratio
of PPDA to GO of 10, which was subsequently used in situ
polymerization with different amounts of aniline (An) to
produce GON–An nanocomposites. A constant ratio of the
oxidizing agent (NH4)2S2O8 to An of 2.4 was used, while
different GON–An nanocomposite mixtures with the same
amount of GON and different amounts of An were demon-
strated. It was shown that the GON–An02 composite raised the
impedance of the epoxy coating from 6.3 � 108 U cm2 to 1.9 �
1010 U cm2 at the initial stage of immersion and 4 � 109 U cm2

aer 35 days of immersion in brine. However, it was shown that
increasing the amount of aniline did not improve the resistance
of the material against corrosion.47 A comparison between the
most efficient coating in this research and the other reported
results is summarized in Table S1.† Our results not only detail
the dual-functionality of epoxy-based coatings, of both anti-
corrosion and anti-fouling properties, but we also aimed to
investigate the effects of other synthesis parameters, such as
changing the ratio of PPDA to GO, changing the loading of
functionalised GO, the synthesis method, and the type of epoxy
with lower resistance that provided better functional properties.

The primary purpose of this work was to produce more
efficient GO–PANI composite pigments to be added to epoxy
coatings. The synthesis of GO was performed using a mixture of
oxidants including (NH4)2S2O8, which enhances the number of
hydroxyl groups on the GO sheets. These groups allow some
good connections to be made between GO and p-phenylenedi-
amine. Chemically synthesized GO functionalised with p-phe-
nylenediamine (PPDA) is referred to as PGO in this study. The
functionalisation of GO was carried out in the absence of other
organic compounds as well as with the elimination of N2 gas
blown in the reaction. This reaction was simply performed in
deionized water at room temperature. PPDA, an organic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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compound with the formula C6H8N2, was used for the func-
tionalisation and reduction of GO in this project. Using PPDA in
the course of the synthesis of the composite led to good factors
being exhibited, such as the elimination of the curling and
crumpling of GO. The restacking of sheets occurred if the
functionalised GO was dried aer centrifuging and washing
with deionized water. Thus, we kept the synthesized PGO in the
in situ polymerization with aniline to reduce this. The time of
reaction was therefore shortened by employing the above
procedure. Furthermore, PPDA functionalised GO was used as
a template for synthesizing PANI chains. In addition, PANI–PGO
was produced by adding PANI targeted oxidation agents via an
in situ polymerization method. So, the morphology of the
composites was completely different from that of individual
polyaniline. In this study, the PANI/PGO composite was intro-
duced as a novel nanocomposite pigment in the epoxy-based
coatings to investigate how increasing the amount of PGO in
the structure of the composites led to efficient anti-corrosion
and anti-fouling properties. The main products were useful
pigments for the epoxy binder. The resistance of epoxy used in
our project was inadequate against corrosion. In contrast, using
the synthesized nanocomposites in epoxy materials improves
the properties of the bare epoxy. The coatings were applied to
the samples using a simple method as is generally used in
industry. The optimized composition of the PANI–PGO nano-
composites achieved in this study will be an efficient alternative
pigment for anti-corrosion and anti-fouling epoxy-based paint
coatings for marine and related applications.
Experimental
Materials and instruments

Natural graphite, sodium nitrate (NaNO3) from Merck (6535),
potassium permanganate (KMnO4) from Merck (105080),
sulfuric acid (H2SO4, 98%) from Merck (100713), hydrogen
peroxide (H2O2, 35%) from Merck, ethanol (C2H5OH 99.5%),
hydrochloric acid (HCl, 35.4%) from Royalex-H125, aniline
from Merck (822256), 1,4-phenylendiamine from Merck
(8.07246.0250), ammonium persulfate (APS) from Merck
(1.01209), NAYA epoxy resin (NPEL-127), ACR hardener (H3895),
NaCl from Fluka AG-218541280, and deionized water were used
in the experiments.
Synthesizing graphene oxide

0.5 g of graphite and 0.25 g of NaNO3 were placed into a 500 mL
round-bottom ask, to which 13 mL of H2SO4 was subsequently
added. The mixture was le in an ice bath for 1 h until a viscous
solution formed. Then, 1.5 g of KMnO4 and 4.5 g of (NH4)2S2O8

(1 : 3) were added slowly to the viscous solution. During the
addition of KMnO4 and (NH4)2S2O8, the temperature was
controlled and kept under 20 �C. The solution was removed
from the ice bath aer the addition of KMnO4 was nished. The
solution was stirred at room temperature for 24 h. Subse-
quently, 35 mL of deionized water was added very slowly to the
solution, which was then heated up to 98 �C. In this step, golden
pieces were observable in the solution. 5.5 mL of 35% vol H2O2
© 2021 The Author(s). Published by the Royal Society of Chemistry
was added to the solution. At this stage, the temperature of the
solution was reduced to avoid any risk of exothermic reactions
involving H2O2. 20 mL of 10% vol HCl was added to eliminate
any metal ions. Subsequently, 30 mL of deionized water was
added to the solution. The mixing process was continued until
the bubbles were removed. Finally, the solution was washed and
centrifuged with deionized water. This process was continued
until the pH reached 7. The centrifuged solution was dried off in
an oven at 60 �C.44,48

Functionalisation and reduction of GO with PPDA

The diamine solution was prepared by dissolving p-phenyl-
enediamine in deionized water. The produced solution was
heated to 30 �C so that the dissolution of PPDA was completed.
The mass ratio (GO/PPDA) was assumed to be 1 : 1.49 The GO
was dissolved in 25 mL of deionized water and immersed in an
ultrasonic bath for 1 h. Then, the obtained solutions of diamine
and GO were admixed. The mentioned mixture was heated to
80 �C for 30 min. Aerwards, it was washed via centrifuging in
deionized water until the color of the rinsed water changed
from purple to colorless. The utilisation of this procedure can
be assumed to be an effective method for the removal of PPDA,
which does not interact with the surface of GO. Subsequently,
the mixture was heated at 30–40 �C in order to obtain
a concentrate of 25 mL in volume. The obtained functionalised
GO was named PGO (x), where x refers to the amounts of PPDA
and PGO. For example, 0.05 g of PPDA–0.05 g of GO was named
PGO (0.05), 0.1 g of PPDA–0.1 g of GO was named PGO (0.1),
0.2 g of PPDA–0.2 g of GO was named PGO (0.2), and 0.4 g of
PPDA–0.4 g of GO was named PGO (0.4).

Synthesizing PANI–PGO nanocomposites

25 mL of different samples of functionalised GO (namely PGO)
were sonicated for 1 h. A solution of 100 mL of HCl (1 M) and
2mL of aniline was prepared andmixed with the different PGO
solutions in an ice bath for 30 min. The obtained mixtures
were sonicated in an ice bath for 1 h to achieve the complete
dispersion of the aniline species between PGO papers. Then,
a solution of 100 mL of 1 M HCl containing 4.8 g of (NH4)2S2O8

was added dropwise into the mixtures in an ice/water bath and
magnetically stirred. In situ polymerization was then con-
ducted at a low temperature (0 �C) for 3 h. The mixtures were
sonicated in an ice bath for 2 h in order to minimize the
aggregation of polymers and terminate the polymerization.
The obtained precipitates were ltered and washed with
ethanol and deionized water. The products were washed until
the rinsed water became colorless. The prepared composites
were dried at 60 �C under vacuum condition for 5 h.44 The
same procedure was used for synthesizing PANI. The proce-
dure for synthesizing the PGO and PANI/PGO nanocomposites
is shown in Scheme 1.

Preparation of the PANI–PGO nanocomposite coatings

Carbon steel (grade st-37) substrates with the dimensions 1 cm
� 1 cm � 0.2 cm were prepared by polishing using sandpapers
grades 80 up to 2000. Next, the polished steel substrates were
RSC Adv., 2021, 11, 11627–11641 | 11629
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Scheme 1 Synthesis stages of PGO and the PANI–PGO nanocomposites.
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cleaned by immersing them in ethanol solution with the
assistance of an ultrasonic bath. An epoxy blend composed of
2 wt% PANI–PGO (x) composites was prepared. The blend was
prepared by mixing epoxy with the composites at a stirring
speed of 300 rpm for the rst 30 min.42,43,50 The epoxy blend was
then further mixed for 45 min by sonicating it under 305 W at
a frequency of 50/60 Hz to obtain homogenous and uniform
epoxy paint with various PANI/PGO (x) nanocomposites. The
sonication facilitated the dispersion of the nanocomposites in
the epoxy emulsion and removed the bubbles produced during
the magnetic stirring. Next, the hardener was dispersed into the
mixture in a weight ratio of 1 : 2 (1: hardener (H-3895), 2: epoxy
(NPEL-127)) and very slowly blended. The epoxy-matrix paint
was applied using a brush. The paint coating was applied to the
substrates before it became viscous. Subsequently, the samples
were le for 24 h to dry at room temperature. The coating
thickness, i.e. 200 � 15 mm, was chosen to fulll the require-
ments of marine coatings for wide applications.39 The coatings
were named E/PANI–PGO (0.05), E/PANI–PGO (0.1), E/PANI–
PGO (0.2), and E/PANI–PGO (0.4).
Microstructural and compositional characterization of the
epoxy-based coatings

The chemical bonding that took place during the synthesis was
characterized using a Bruker Tensor 27 Fourier-transform
infrared (FTIR) spectrometer employing the KBr pellet
method. A MIRA TESCANE scanning electron microscope
11630 | RSC Adv., 2021, 11, 11627–11641
operating at 15 kV was used for taking eld-emission scanning
electron microscopy (FESEM) images. A Bruker D8 Advance AXS
diffractometer equipped with a Cu Ka radiation source (l¼ 1.54
Å) operated at 40 kV and 40 mA in the 2Q range of 10–80� at
a scan rate of 0.05 degrees per second was used to record the X-
ray diffraction (XRD) patterns of the nanocomposites. The XRD
pattern of PGO was characterized using a D500 Siemens
diffractometer equipped with a Cu Ka radiation source (l ¼
0.154 nm) over a 2Q range of 4–70�.
Electrochemical testing of the corrosion behavior

The corrosion behavior of the epoxy coatings reinforced by the
PANI/PGO (x) nanocomposites was investigated in 3.5% NaCl
solution at room temperature using a conventional three-
electrode test cell. An Autolab PGSTAT 30 instrument con-
nected to the computer via an A/D interface was used to conduct
the electrochemical tests. A platinum electrode and a standard
Ag/AgCl electrode were chosen as the counter and reference
electrodes, respectively. Electrochemical impedance spectros-
copy (EIS) tests were performed under a perturbation voltage of
5 mV (rms) over the frequency range of 10 kHz to 100 mHz. The
resulting data, including Nyquist and Bode plots, were obtained
through the EIS tests. The data obtained were tted using the
ZView® (II) soware to produce an equivalent electrical circuit
and its parameters. Subsequently, the measurement of the
thickness of the coatings was evaluated using an eXacto FN
elcometer.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Antifouling properties of the E/PANI–PGO coatings

Carbon steel grade st-37 plates were used as the substrate for
the investigation of the antifouling properties. The steel plates
were cut with dimensions of 3� 4 cm2 and a thickness of 2 mm.
The plates were painted with the epoxy-based PANI–PGO (x)
paints, as described earlier. A simulated environment was
prepared using a light-emitting diode (LED) lamp, oxygen
pump, heater, and thermometer. The temperature was main-
tained in the range of 25–27 �C, adaptable conditions for plant
growth, guppy sh, spirulina algae, and dwarf hair grass.
Fig. 1 FTIR spectra of (a) GO, (b) PPDA, (c) PGO, (d) PANI, (e) PANI–
PGO (0.05), (f) PANI–PGO (0.1), (g) PANI–PGO (0.2), and (h) PANI–
PGO (0.4).
Results and discussion
FTIR study

The spectrum of GO conrms the existence of two types of (OH)
groups, namely hydroxylic (OH) and phenolic (OH) groups.
Thus, the use of (NH4)S2O8 as a strong oxidant in the procedure
of synthesizing GO results in some specic characteristics, such
as the dispersion of GO sheets in the deionized water because of
phenolic OH. Therefore, the preparation of the GO composites
becomes easier, as will be discussed later. The FTIR spectrum of
GO demonstrates a wide peak in the range of 3000–3500 cm�1.
The (–C]O) stretching vibration appears in the 1745 cm�1

region.51,52 The peak occurring in the 1577 cm�1 is related to
(C]C) bonding.52 Peaks for (C–O) in the carboxylic (C–OOH)
and epoxy (C–O) vibrations are observed at 1403.75 and
1075 cm�1, respectively.53 The broad peak seen at 690 cm�1

corresponds to (C–H) bonding. The FTIR spectrum of GO has
more (OH) groups than other functional groups. Glukhavan and
co-workers’ theoretical investigations justied this phenom-
enon. They found that the barrier activation energy for groups
such as epoxy is more than that of the hydroxyl groups. As
a result, the (OH) groups attach to the surface easier than the
epoxy groups. Also, Glukhavan et al. concentrated on the
number of graphene sheets, i.e., one and two-layer graphene in
the course of the oxidation in their theoretical investigation,54

and the activation energy was measured. They found that
increasing the number of graphene sheets decreases the acti-
vation energy for functionalisation. In contrast, the bonding
energy and enthalpy of the reaction increase. This study showed
clearly that two-layer graphene is functionalised easier than its
one-layer counterpart. Nevertheless, separating the functional
groups from two-layer graphene is harder. Therefore, the
graphite sheets connected via van der Waals forces have more
opportunity to oxidize under the oxidation conditions of the
preparation. The FTIR spectrum of GO is shown in Fig. 1a.

The FTIR spectra of GO, PPDA, and PGO show that some of
the peaks are omitted, covered, or have shied to higher
wavenumbers when their spectra are compared with each other,
which can be observed in Fig. 1a, b, and c, respectively. The
addition of PPDA to the GO suspension in the deionized water
has some effects on the FTIR spectrum of the GO. The peak for
the (NH–) of the PPDA appears in the range of 3195–3300 cm�1,
and is displaced aer adding the GO to the PPDA mixture.
Therefore, the NH-peak shis to a higher wavelength of
3700 cm�1. Then, the intensity of some peaks, such as those of
© 2021 The Author(s). Published by the Royal Society of Chemistry
the epoxy and hydroxyl groups, is related to the GO and is
decreased by using PPDA for functionalisation. The reduction
in the intensity of the epoxy group peak at 1226 cm�1 can be
attributed to the interaction of a diamine with epoxy groups via
a ring-opening reaction. Moreover, one vibration in the range of
2800–3000 cm�1 for PGO can be observed owing to ]C–H
bonding. This peak entirely proves the existence of aromatic
diamines on the PGO surface. A stretching band at 1500 cm�1 is
related to the C–N bonding in PGO; the mechanism of this
process is an SN2 nucleophilic substitution and ring-opening
reaction between the carbon atoms in GO and nitrogen in
diamine.49 The stretching peaks at 3850 and 1100 cm�1 can be
ascribed to N–H and C–N, respectively.55–57 The peaks at 1649,
1512 and 824 cm�1 can be attributed to the N–H, C]C, and C–
H, respectively, of a benzene ring with para-substitution.58

The FTIR spectrum of PANI is well-known to have peaks at
1106, 1249, 1480, and 1563 cm�1.59 The absorption peaks
related to the benzene and quinone rings appear at 1480 and
1563 cm�1, respectively. Synthesis of the PANI in its emeraldine
form was proven from the intensity of the FTIR spectra peaks.
As Fig. 1d shows, the benzene ring absorption peak is more
intense than that of the quinone ring.60 The stretching vibration
outside and inside of the C–H molecular plane can be observed
at 795 and 1127 cm�1, respectively.61 The stretching vibration of
RSC Adv., 2021, 11, 11627–11641 | 11631
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Fig. 2 XRD diffraction patterns of (a) PANI, (b) PANI–PGO (0.05), (c)
PANI–PGO (0.1), (d) PANI–PGO (0.2), and (e) PANI–PGO (0.4).

Table 1 EDX analysis of PGO and GO

Element Wt% At%

Functionalized graphene oxide (PGO) C 61.64 66.47
O 21.54 19.91
N 16.83 13.62

Graphene oxide (GO) C 45.74 52.9
O 54.26 47.10
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–C–N and –C]N are related to the 1294 cm�1 and 1241 cm�1

peaks, respectively.61 The peak at 1563 cm�1, which exists in the
spectrum of the pure form of PANI, shis to higher wave-
numbers aer the synthesis of the composites, with a blue shi
detected. The C–O, O–H, and other peaks are detected in the
composite form, as we can see from their FTIR spectra, shown
in Fig. 1e–h. These peaks correspond to the connection between
the PANI chains and the PGO sheets. This relationship between
the PGO and PANI is due to the electrostatic, hydrogen bonding,
and p–p stacking interactions that arise as a result of the
existence of PGO in the reaction medium. The electrostatic
interactions are introduced by functionalised groups such as
CHO, COOH, OH, and epoxy on the surface of the PGO. These
Fig. 3 FESEM images of (a) GO and (b) PGO.

11632 | RSC Adv., 2021, 11, 11627–11641
groups make the surface of PGO more electronegative than its
bare form. Moreover, protonation of PANI takes place via an
oxidation reaction, because of the presence of HCl in the course
of the synthesis. Thus, the PANI becomes electropositive.
Consequently, a homogenous combination is achieved due to
the existing electrostatic interactions. The strong interactions
between the PGO sheets and the PANI occur because the surface
of PGO plays a perfect role as a template and is a suitable place
for the nucleation of PANI.59,62,63

Peaks occurring at 1480 and 1563 cm�1 in the FTIR spectrum
of the PANI were shied by 5 to 15 cm�1 in the spectra of the
nanocomposites. This shiing can be attributed to the p–p

interactions between the quinoid and benzenoid rings of the
PANI polymer chains and PGO sheets. This creates a greater p
electron domain which blocks the movement of the functional
groups in the nanocomposites.46 The FTIR spectra of the
synthesized nanocomposites are shown in Fig. 1.
XRD analysis

A sharp peak for GO is present in its pattern at 2Q ¼ 11.57�, as
shown in Fig. S1.† Moreover, this peak is observed aer adding
oxidant agents, and aer the graphite peak (2Q ¼ 26.5�) in the
XRD pattern was eliminated. The distance of the sheets
increases from 0.35 to 0.77 nm aer using Hummers' method to
synthesize GO. This estimation was obtained using the Bragg
equation, eqn (1):

nl ¼ 2d sin Q, (1)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FESEM images of (a) PANI, (b) PANI–PGO (0.05), (c) PANI–PGO (0.1), (d) PANI–PGO (0.2), and (e) PANI–PGO (0.4).
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where l is the X-ray wavelength of Cu Ka radiation (1.54 Å), d is
the space between lattice planes, q is the reection angle and n
is equal to 1.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The increase in the distance between the graphene sheets is
related to the incorporation of –OH, C–OOH, C]O, and C–O
functional groups in the GO structure.64
RSC Adv., 2021, 11, 11627–11641 | 11633

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10665h


Fig. 5 Equivalent circuits used for (a) fitting all types of coating at various times and (b) fitting of E/PANI-PGO(0.05) after 2h.
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Aer the functionalisation of GO, the peak occurring at
11.57� disappears, but three other diffraction peaks appeared.
The rst peak occurs at 2Q ¼ 7.99�, which proves that the PPDA
polymer attached between the GO sheets, resulting in an
increase in the distance between the GO sheets from 7.7 to 11.87
Å. The second peak, which can be seen at 24.7�, conrms that
the GO sheets were partly reduced, and that the GO eventually
lost most of its oxygen-containing functional groups. Subse-
quently, the distance between the sheets decreased from 7.7 to
3.6 Å. Moreover, the last peak was detected at around 43�, and
Fig. 6 (a1) Nyquist plot of the epoxy sample, (a2) Bode plot of the epoxy
PANI sample, (c1) Nyquist plot of the E/PANI–PGO (0.05) sample, and (c
times.

11634 | RSC Adv., 2021, 11, 11627–11641
this peak proves that some of the graphene sheets
agglomerated.65

The PANI shows good crystallinity, as we show in Fig. 2a.
This crystallinity of PANI is related to the usage of HCl as the
medium in its synthesis. The XRD patterns show some peaks at
9.5�, 14.8�, 20.1�, 25.2�, 26.8�, and 29.9� relating to the (001),
(011), (020), (121), and (020) planes of PANI, respectively.59

As Fig. 2 shows, the prominent peaks of PGO disappeared,
and the PANI–PGO nanocomposites have the same XRD
patterns as that of PANI. The prominent peak for PANI appears
sample, (b1) Nyquist plot of the E/PANI sample, (b2) Bode plot of the E/
2) Bode plot of the E/PANI–PGO (0.05) sample EIS data after specific

© 2021 The Author(s). Published by the Royal Society of Chemistry
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at 2Q ¼ 25� in all of the XRD patterns. PGO has the function of
nucleating PANI chains onto it. The XRD patterns of the PANI–
PGO nanocomposites prove the simultaneous presence of PGO
and PANI in the materials.
FESEM measurements

As shown in Fig. 3a, the FESEM images of GO prove that it has
a layered structure, with the thickness of the sheets measured to
be around 45.78–53.83 nm. The EDX analysis shows that the
percentage of oxygen and nitrogen is around 50 wt%, as re-
ported in Table 1, and the EDX spectra of PGO and GO are
shown in Fig. S2.†

The FESEM images demonstrate that the functionalised GO
has a particular structure, which is different from that of the
bare GO. SEM images of PGO are shown in Fig. 3b, which shows
its well-known crumpled sheets.25 The EDX analysis ultimately
conrmed that reduction happens in the structure of the GO, as
reported in Table 1. The percentage of the oxygen in the mate-
rial decreased, but those of carbon and nitrogen increased.
Fig. 7 (a1) Nyquist plot of the E/PANI–PGO (0.1) sample, (a2) Bode plot
(0.2) sample, (b2) Bode plot of the E/PANI–PGO (0.2) sample, (c1) Nyqu
PANI–PGO (0.4) sample EIS data after specific times.

© 2021 The Author(s). Published by the Royal Society of Chemistry
FESEM images of the PANI and the nanocomposites are
shown in Fig. 4. PANI has a spherical structure with an average
grain size of 44–48 nm, which is agglomerated in some parts, as
seen in Fig. 4a. PANI with a spherical structure attaches to the
surface of PGO, the layered structure of which is clearly evident
from the FESEM images even aer adding more PGO to form the
PANI–PGO nanocomposites. As is evident from the FTIR and
XRD examinations, the functionalised graphene layers are sepa-
rated from each other at a farther distance than the neat gra-
phene sheets. PANI nanoparticles formed on the surface of the
functionalised GO discourage the GO sheets from curling and
crumpling, as is conrmed from FESEM images shown in Fig. 4.
Corrosion behavior of the E/PANI–PGO (x) coatings

Electrochemical impedance spectroscopy (EIS) studies. EIS
measurements were carried out in order to investigate the
corrosion behavior of our different materials, including pure
epoxy, PANI, E/PANI–PGO (0.05), E/PANI–PGO (0.1), E/PANI–
PGO (0.2), and E/PANI–PGO (0.4) coatings.
of the E/PANI–PGO (0.1) sample, (b1) Nyquist plot of the E/PANI–PGO
ist plot of the E/PANI–PGO (0.4) sample, and (c2) Bode plot of the E/

RSC Adv., 2021, 11, 11627–11641 | 11635
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Table 2 Electrochemical data of the different coatings on steel in
3.5 wt% NaCl solution after fitting with equivalent circuits

Sample Rc (U cm2) CPEc (nF cm�2) Rct (U cm2) CPEdl (nF cm�2)

Epoxy (E)
2 h 1.01 � 104 4.87 � 10�6 4.73 � 103 2.8 � 10�5

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

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

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

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

24 h 1.67 � 104 1.44 � 10�5 3.83 � 104 3.828 � 10�5

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

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

Sample
Rc

(U cm2)
CPEc
(nF cm�2)

Rct
(U cm2)

CPEdl
(nF cm�2)

W
(U�1 sn cm�2)

E/PANI–PGO (0.05)
2 h 3.69 � 105 7.01 � 10�10 5.63 � 106 4.01 � 10�7 4.91 � 108

24 h 3.03 � 105 1.60 � 10�9 1.33 � 106 6.46 � 10�7 —
144 h 1.86 � 105 1.37 � 10�9 2.00 � 106 1.24 � 10�6 —
192 h 1.72 � 106 2.41 � 10�10 1.95 � 106 2.00 � 10�7 —

E/PANI–PGO (0.1)
2 h 1.89 � 106 1.10 � 10�10 6.60 � 106 3.71 � 10�7

24 h 2.83 � 105 5.97 � 10�10 2.51 � 106 1.00 � 10�6

144 h 2.61 � 105 6.32 � 10�10 5.87 � 105 8.63 � 10�6

192 h 2.57 � 105 5.90 � 10�10 9.08 � 105 8.88 � 10�6

E/PANI–PGO (0.2)
2 h 1.34 � 107 1.58 � 10�10 1.17 � 107 2.76 � 10�8

24 h 5.99 � 106 1.61 � 10�10 6.39 � 106 2.69 � 10�7

144 h 8.78 � 106 1.60 � 10�10 2.05 � 106 3.55 � 10�7

192 h 8.87 � 106 1.68 � 10�10 2.60 � 106 3.50 � 10�7

E/PANI–PGO (0.4)
2 h 4.22 � 106 2.30 � 10�10 1.01 � 107 2.88 � 10�8

24 h 1.19 � 106 2.61 � 10�10 2.00 � 106 7.15 � 10�7

144 h 1.12 � 106 2.59 � 10�10 8.00 � 105 8.11 � 10�7

192 h 8.13 � 105 2.72 � 10�10 7.58 � 105 6.10 � 10�7

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 7
/1

4/
20

25
 2

:1
5:

35
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Fig. 5 demonstrates the two equivalent circuits that t the
data points of the EIS data, which were measured using an
Autolab instrument. In the EIS studies of the epoxy coatings,
there are two loops in the equivalent circuits. These two
capacitive loops, which are seen for epoxy coating, correspond
to the organic coating in the high-frequency region and pores
with defects in the low-frequency region.66,67 The equivalent
circuits consist of Rs, Rct, Rc, CPEdl, CPEc, and the Warburg
element, which represent the electrolyte resistance, the charge
transfer resistance, the coating pore resistance, the constant
phase element of the double-layer capacitance, the coating
capacitance, and the Warburg impedance, respectively. The
tting with equivalent circuits proves that the Rs values are
negligible compared with the Rc and Rct values. The anticorro-
sion properties of epoxy matrix including (2 wt%) PANI–PGO
nanocomposite were determined in 3.5% NaCl solution.68

The Nyquist and Bode plots of the different coatings in the
3.5% NaCl at specic intervals (aer 2, 24, 144, and 192 h) are
shown in Fig. 6 and 7. The data obtained from the tted plots
using the equivalent circuits are summarized in Table 2 for the
various coatings. The simplest way of identifying the quality of
the coatings against corrosion has been proposed by comparing
the Bode plots of the coatings at low frequencies (jZj0.1Hz).69,70

The resistance of the coatings generally decreases aer a long
immersion time because of open micropores inside the nano-
composite, which facilitate the penetration of electrolyte. This
opens up diffusion paths for the electrolyte; however, we found
that the PANI–PGO nanocomposites can block them. Thus, this
protects the steel surface against the corrosive environment.
Under any circumstances, when a negligible amount of elec-
trolyte nds a way to reach the interface of the metal and
coating, there is the possibility of the accumulation of corrosion
products at the interface of steel/coating, which increases the
resistance of imperfect quality coatings.71 Furthermore, the
impedance of coatings increased because the existing passive
layer restricts the electrolyte from reaching the surface of the
metal. The Bode plots completely proved that the PANI–PGO
composites improve the quality of the epoxy coating. Also, the
corrosion resistances extracted from the Bode plots at 0.1 Hz for
the epoxy, E/PANI–PGO (0.05), E/PANI–PGO (0.1), E/PANI–PGO
(0.2), and E/PANI–PGO (0.4) coatings are 1.47 � 104, 3.77 � 104,
3.41 � 106, 3.59 � 106, 2.39 � 107, 1.31 � 107 U cm2 aer 2 h
immersion in brine water, respectively. In addition, the Bode
plots of our different coatings at 0.1 Hz aer one day of
immersion show that E/PANI–PGO (0.2) has the highest quality
amongst all of the coatings as this coating has a corrosion
resistance 230.64 times higher than that of bare epoxy.
Comparing our present results to a similar report byWang et al.,
it was shown that the best corrosion resistance achieved by their
nanocomposite (GON–An02E) raised the corrosion resistance
up to 30.15 times more than that of bare epoxy at 0.01 Hz aer
one day of immersion in brine,47 which is far less than our re-
ported value. This demonstrates the excellent anti-corrosion
behavior of the nanocomposites prepared in this work.

Hence, the Bode plots shown in Fig. 6 and 7 conrm that the
E/PANI–PGO (0.05), E/PANI–PGO (0.1), E/PANI–PGO (0.2), and
E/PANI–PGO (0.4) nanocomposite coatings at low frequency
11636 | RSC Adv., 2021, 11, 11627–11641
(jZj0.1Hz) are excellent at protecting against corrosion. In
contrast, the E/PANI and epoxy coatings showed the worst
performance. The coatings reinforced with PANI/PGO nano-
composites with PGO (0.2) and PGO (0.4) show remarkably
better properties than the other nanocomposite coatings. By
analyzing the EIS data, it can be seen that the amount of PGO in
the nanocomposites has a critical impact on the properties of
the coatings. The anticorrosion quality of the coatings is in the
order of neat epoxy < E/PANI < E/PANI–PGO (0.05) < E/PANI–
PGO (0.1) < E/PANI–PGO (0.4) < E/PANI–PGO (0.2). As displayed
in Fig. 6(c1) and (c2), the Warburg element appeared only aer
2 h in the data for the E/PANI–PGO (0.05) coating at low
frequency.

The Warburg element's main role in the E/PANI–PGO
coating is related to the restriction of the diffusion corrosive
species. So, the EIS data of the E/PANI–PGO coating can be tted
to the equivalent circuit in Fig. 5b.68,72 In other words, the
magnitude of the Warburg resistance shows the good ability of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The Rc values of the six coatings at different time intervals.
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the PANI–PGO (0.05) nanocomposite blended into the epoxy in
increasing the protection of the metal surface from corrosive
electrolyte. The amount of PGO in the structure of the PANI–
PGO nanocomposites plays a signicant role in promoting and
improving the quality of the epoxy matrix coatings against
corrosive environments. The dispersion and exfoliation quali-
ties of the nanocomposites in the epoxy matrix inuence the
barrier properties of the epoxy coatings. The coating with a large
amount of PGO (0.4) (E/PANI–PGO (0.4)) compared with E/
PANI–PGO (0.2) did not show good properties for prevention of
corrosion. This fact was corroborated by the low dispersion
quality of PANI–PGO (0.4) in occupying micropores.

We used some factors to interpret the anticorrosion
properties of the PANI–PGO nanocomposites in the epoxy
matrix. The presence of PPDA in the structure of GO limits the
aggregation of PANI and makes it more smoothly disperse in
the composite. A comparison between the PANI and PANI/
PGO composite coatings shows that the PANI/PGO
composite coatings are very well dispersed in the epoxy
matrix compared with bare PANI. Filling the micropores of
the epoxy matrix can restrict and change the direction of the
corrosive electrolyte. Therefore, the penetration of electrolyte
or diffusion paths will be zig-zag rather than straight when the
micropores are lled by the nanocomposite. The active coat-
ings prepared by the PANI–PGO nanocomposites can protect
the surface from the corrosion environment. Also, they resist
the diffusion of corrosive ions (Cl�) because of the negative
surface charge created by the PANI–PGO in the epoxy
matrix.73,74
Resistance and capacitance of the coatings as a function of
the immersion time

Fig. 8 demonstrates the resistance of the different coatings
against corrosion in 3.5 wt% NaCl solution based on the EIS
tests. In general, the E/PANI–PGO (0.2) and E/PANI–PGO (0.4)
coatings were more corrosion resistant than the other
© 2021 The Author(s). Published by the Royal Society of Chemistry
coatings. The coating resistance decreased aer increasing the
PGO loading in the composite up to 0.4 g. Fig. 8 shows the
resistance of the coatings at different time intervals. We can
observe that there are two different anticorrosion perfor-
mances as a function of the immersion time. First, the coating
resistance decreases with an increase in the immersion time in
3.5% NaCl electrolyte. The rest of the oxygen groups that exist
in the structure of the PGO sheets make the nanocomposite
slightly hydrophilic. The absorption of water is one of the reasons
that affects the decreasing behavior of the anticorrosion properties
of the coatings during their immersion in brine. In contrast, this
decrease has less impact on the quality of the epoxy coating rein-
forced with nanocomposite when compared with bare epoxy or the
E/PANI coating. Also, low resistance coatings such as neat epoxy
and E/PANI show increased anti-corrosion behavior aer 24 h. E/
PANI–PGO (0.05) shows an increase in anti-corrosion behavior
aer 144 h. This boost can be conrmed by the accumulation of
a passive layer at the interface of metal/coating that occurs as
a result of the diffusion of electrolyte. This passive layer has
a positive effect on protecting the surface from further corrosion or
delays this procedure.

Capacitance is a useful element in equivalent circuits for
measuring electrolyte diffusion. The CPE values of epoxy coat-
ings during the investigations are summarized in Table 2. The
diffusion of electrolyte in the epoxy coating could be conrmed
by CPEc values duration immersion in 3.5 wt% NaCl. Further-
more, these evaluations proved the decayed quality of the epoxy
coating with increased immersion time. The diffusion of the
electrolyte into the interface of the metal/coating is associated
with some issues, such as the blistering and swelling of the
coatings at specic points. Having compared the CPEc values
listed in Table 2, we found that E/PANI–PGO (0.2) and E/PANI–
PGO (0.4) have the lowest CPEc values amongst the coatings
investigated in this study.

The CPEc value of E/PANI–PGO (0.05) aer 2 h was lower
than aer two other time intervals (24 and 144 h). Therefore, the
RSC Adv., 2021, 11, 11627–11641 | 11637
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Fig. 9 The E/PANI–PGO coating performance after time connected to a corrosive electrolyte.
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Warburg element in the EIS measurements of E/PANI–PGO
(0.05) was veried aer 2 h. This element disappears in the
other Nyquist plots of the E/PANI–PGO (0.05) coating aer
longer periods of immersion. CPEdl is a parameter for
comparing the adhesive force in the wet situation. The lowest
CPEdl value was observed for the E/PANI–PGO (0.2) coating
amongst the other synthesized coatings.

Anticorrosion properties of the E/PANI–PGO coatings

Fig. 9 graphically shows the capability of the PANI–PGO nano-
composite coatings for their use in developing high quality epoxy
paints against corrosive environments. As shown in Fig. 9a, the
pure epoxy coating has lots of holes and is colorless. These
micropores allow droplets to reach the interface metal/coating. In
Fig. 10 The E/PANI–PGO coatings before and after their immersion in

11638 | RSC Adv., 2021, 11, 11627–11641
Fig. 9b, the reinforced coating with the PANI–PGO nanocomposite
can be seen to conne the diffusion paths of corrosive electrolyte
towards the surface of themetal. The application of the PANI–PGO
nanocomposite in the epoxy matrix changes its color from color-
less to green. Furthermore, the PANI on the PGO sheets lls the
micropores andmakes zig-zag routes that prolong the time it takes
for electrolyte droplets to reach the surface.

Antifouling properties of the E/PANI–PGO coatings

The antifouling performance of the E/PANI–PGO coatings was
studied under simulated conditions similar to those of a marine
environment. The prepared aquarium was composed of the
materials prepared in this work and included guppy sh, spirulina
algae, and dwarf hair grass. Aer three months of immersion, the
an aquarium environment for three months.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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surfaces of the coated steel substrates were investigated at the
macroscopic level. The neat epoxy coating sample was still color-
less before the test, but turned green as a result of the accumula-
tion of fouling pollutants. In addition, corrosion products such as
rust were observed at the interface of the metal/coating. The color
of the PANI coating changed from dark green to pale green, which
proves the failure of the PANI coating, and the conditions that
allow fouling are facilitated because of the exchange of lots of ions.
As shown in Fig. 10, we observed that the E/PANI–PGO (0.05) and
E/PANI–PGO (0.4) coatings show low stability against fouling.
Despite this, the E/PANI–PGO (0.1), and E/PANI–PGO (0.2) coatings
show good stability against fouling.

Conclusion

GO was successfully synthesized using the modied Hummers'
method and functionalised using p-phenylenediamine, which
was named PGO in the absence of any organic compounds and
injection of any N2 gas. PGO in suspension form was directly
used in the synthesis of the PANI–PGO nanocomposites in order
to prevent the stacking of the sheets. In this study, the anti-
corrosion and antifouling properties of commercialized epoxy
coatings were substantially improved by adding PANI–PGO
composites, since the latter ll the micropores of the epoxy. The
loading of PGO in the nanocomposites inuenced the quality of
the epoxy coatings, with E/PANI–PGO (0.2) and E/PANI–PGO
(0.4) showing the best anticorrosion performance. The E/PANI–
PGO (0.4) coating is less resistive against corrosion than the E/
PANI–PGO (0.2) coating. This corresponds to the low dispersion
ability of the PANI–PGO (0.4) nanocomposites in the epoxy
matrix due to their agglomeration, which occurred during their
synthesis. This agglomeration leads to a lower lling of the
epoxy micropores by PANI-PGO (0.4) than PANI/PGO (0.2). E/
PANI–PGO (0.2) showed a performance 5.15 times higher than
that of E/PANI–PGO (0.05) aer long-term immersion (192 h) in
3.5 wt% NaCl solution. Comparison of the EIS data shows that
E/PANI–PGO (0.2) coating exhibits the best resistance against
corrosion. A simulated environment was employed to examine
the antifouling properties at the macroscopic level, with E/
PANI–PGO (0.1) and E/PANI–PGO (0.2) showing the best anti-
fouling properties aer three months.
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