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Abstract: To address the challenging issues of metal materials corrosion in industries, which has
caused huge economic losses and security threats to many facilities in marine environments, functional polymer coatings have been widely used and regarded as one of the simplest and most effective
methods to prevent such an undesirable event. In this study, a new type of coating filler consisting of
graphene oxide/polyaniline/polydopamine (GO-PANI-PDA) nanocomposites has been successfully
synthesized. The morphology, structure, composition, and corrosion resistance performance of the
GO-PANI-PDA (GPP) nanocomposites were investigated via a series of characterization methods.
The results from our electrochemical impedance spectroscopy, potentiodynamic polarization curve
and salt spray experiment showed that the best corrosion resistance performance of the coating
is from GPP 21 with the epoxy/GO-PANI:PDA ratio of 2:1, which exhibited a positive corrosion
potential (−0.51 V) shift from epoxy/GO-PANI coating (−0.64 V). The corrosion current density
(3.83 × 10−8 A/cm2 ) of GPP 21 is nearly an order of magnitude lower than that of epoxy/GO-PANI
(7.05 × 10−7 A/cm2 ). The good anti-corrosion performance was fascinatingly observed in salt spray
tests even without obvious corrosion phenomenon after 30 days of testing. Due to these remarkable
properties, GPP nanocomposites can be an outstanding candidate for the rapid development of
broadband shielding and anticorrosive materials.
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Over past few decades, many effective strategies such as adding corrosion inhibitors,
cathodic protection, surface treatment and coating technology have been widely developed
to prevent corrosion in the marine industry and ensure the structural integrity of the
alloy [1–3]. Among them, coating technology is the most widely used anti-corrosive
approach, not only because it has a simple process, but also the low porosity generated
from the coating can effectively retard corrosion [4,5].
Epoxy resin (EP) has good mechanical properties, considerable adhesion and stable
chemical properties. However, corrosive media such as H2 O, O2 and Cl− will inevitably
penetrate into its coating layers and reach the substrate surface through holes and defects
formed by solvent volatilization during long-term immersion [6]. One of the most effective
ways to solve this problem is to dope nanomaterials to epoxy resins, where nanomaterials
can effectively prevent those corrosive medium from entering the coating layers through
the filling of micropores. Many efforts have been denoted to introduce nanomaterials such
as clay, carbon nanotubes, TiO2 , SiO2 and graphene into epoxy coatings to improve their
anti-corrosion properties [7–12]. Among these materials, graphene oxide (GO) has a the
characteristics of high specific surface area, good mechanical strength and physical barrier
effect, which can significantly prolong the diffusion path of corrosive medium [13–18].
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Polyaniline (PANI) is a well-known conductive polymer, which has light-weight, non-toxic,
low-cost, good electrochemical and reversible redox characteristics [19–21]. Many reports
have confirmed that PANI coating with a certain thickness has the effect on physical shielding and the special redox performance, which can promote the formation of a protective
oxide film on the surface of metal and passivates the metal matrix [22,23]. DeBerry et al. [24]
found that PANI as an additive can alleviate the corrosion of metals. Schauer [25] and
Zhang [26] added PANI to epoxy resin to form a good nanocomposite, where PANI can
generate electrons to form a passivation film and form a chemical shielding layer [27].
Although GO-PANI nanocomposite can improve its barrier properties for oxygen and
water with the covalent grafting of PANI and GO, the aggregation of nanocomposites will
produce undesired pores and defects, which will in turn accelerate the penetration rate of
corrosive medium and eventually lead to serious corrosion.
The amino and hydroxyl functional groups of dopamine (DA) make it easy to be
functionalized and cross-linked with other materials, resulting in the improvement of the
dispersion ability and the compatibility between fillers and resins [28–33]. Benefitting
from good compactness, anchorage and uniformity, the polydopamine (PDA) coating is a
promising candidate filler for an anti-corrosion coating [34,35]. Zhu et al. [36] found that
DA can enhance the compatibility and adhesion of graphene with epoxy resins and avoided
galvanic corrosion. Haruna et al. [37] found that dopamine-functionalized graphene oxide
(DA-GO) formed a protective layer to prevent carbon steel from corrosion. Due to the hydrogen bond between GO and PDA as well as the electrostatic interaction between -COO− in
GO and -NH3+ in PDA, we propose that the grafting of dopamine on GO will help promote
the compatibility of GO-PANI nanosheet in epoxy resin, thereby improving the corrosion
inhibition efficiency of the coating. Nastaran et al. [38] prepared a novel nanocomposite
Ag-Pd-PDA/RGO to reduce the consumption of palladium, improve the catalytic activity
of Pd, and have a synergistic effect. Bahram et al. [39] confirmed that both barrier and
inhibitive action of epoxy coating were significantly enhanced in the presence of GOQDPANI. The fine GOQD-PANI well dispersed in the epoxy matrix, filled the pores and defects
and blocked the diffusion pathways.
In this paper, GO-PANI nanosheets were functionalized with PDA to fabricate GOPANI-PDA(GPP) nanocomposites by in situ chemical polymerization of dopamine (DA) in
alkaline environment. The structure and morphology of GPP nanocomposites were characterized by scanning electron microscope (SEM), Fourier-transform infrared spectroscopy
(FT-IR), and X-ray diffraction (XRD) measurements. The anti-corrosion performance of
EP/GPP coatings were tested by electrochemical methods and salt spray experiments.
The mechanical properties, hydrophilic and hydrophobic properties, and adhesion properties of the coatings were tested by impact resistance, contact angle and adhesion tests.
The GO-PANI-PDA (GPP) coating we prepared here will not only play the sheet barrier
role of GO prolongs the diffusion path of corrosive substances, but also avoid forming
galvanic corrosion.
2. Experimental Section
2.1. Materials
GO was purchased from Shenzhen Tulingjinhua Tech. Co., Ltd. (Shenzhen, China).
Dopamine was procured from Bomei Biotechnology Co., Ltd. (Hefei, China). Xylene
was obtained from Yongbang Chemical Technology Co., Ltd. (Jinan, China). Acetone
was supplied from Jiujia Chemical Co., Ltd. (Suzhou, China). Concentrated hydrochloric
acid (HCl) was obtained from Shenzhen Qihongyuan Technology Co., Ltd. (Shenzhen,
China). Sodium chloride was procured from Yatai United Chemical Co., Ltd. (Wuxi,
China), Ethanol (C2 H5 OH, 99.5%) was obtained from Linshi Chemical Reagent Co., Ltd.
(Guangzhou, China). Aniline (AN) and ammonium persulfate (APS) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Epoxy resin (E−44) and
curing agent (polyamide 650) were supplied from Liangli Electronic Commerce Co., Ltd.
(Shanghai, China). The deionized water was used throughout the experiments.
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3. Results and Discussion
3.1. Morphology Analysis
To analyze the microstructure of the prepared nanocomposites, SEM images were
taken. Figure 3a,b show SEM images of pristine GO and PANI, which are sheet-like
aggregates and a fine fiber structure, respectively. After in situ polymerization on the
surface of graphene, the diameter and the length of the GO-PANI becomes thicker and
shorter as shown in Figure 3c, which is consistent with the reported literature [40]. The
PDA materials were found to be spherical particles [41] (Figure 3d). Interestingly, the
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morphological changes were observed significantly as the PDA-to-GO-PANI weight ratio
changes. When the ratio is 1:2, button-like PDA aggregate appears on the surface of GOPANI, while when the ratio increases to 2:1, the GPP21 shows a cross-linked structure
composed of more smaller nanoparticles, as displayed in Figure 3e,f. This result is probably
due to the deposition of PDA that has strong adhesion on the surface of GO-PANI.

Figure 3. SEM images of (a) GO, (b) PANI, (c) GO-PANI, (d) PDA, (e) GPP 21, and (f) GPP 12.

Some pores and agglomeration defects were present in the epoxy coatings filled with
GO-PANI (GP) in Figure 4a, which is attributed to the poor compatibility of GO-PANI and
epoxy resin. Therefore, GO-PANI nanocomposites cannot perfectly exert to the inherent
barrier performance and corrosion resistance. On the contrary, modification of PDA on
GO-PANI might help to achieve uniform dispersion of GO-PANI in epoxy resin as it is
indicated from the fact that the fracture surface of epoxy coatings filled with GO-PANIPDA nanocomposites (Figure 4b) is uniform without agglomeration, displaying the good
compatibility and laying a solid foundation for corrosion resistance.
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3.3. FT-IR Analysis
The FT-IR spectra of PDA, GO, GO-PANI and GO-PANI-PDA are shown in Figures 6 and S2.
The bands found at 1505 cm−1 and 1121 cm−1 are related to the stretching vibration of
N-H bond and C-N bond, respectively. The peak at 3411 cm−1 is caused by the O-H
stretching vibration of GO-PANI-PDA [33]. The C=C stretching vibration in PDA is found
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the anti-corrosion performance of the coating was greatly improved, while it turned to
decline with the further increase the ratio of PDA. Interestingly, we found that the EP/GPP
21 coating has the best anti-corrosion performance among all coatings. The impedance of
the coatings undergoes a similar trend as shown in Figure 7b, indicating that the corrosion
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rosion resistance of coatings is significantly affected by the weight ratio between GOPANI and PDA. When the ratio of PDA to GO-PANI increases from 1:4 to 1:2 (GPP41 to
GPP21), the anti-corrosion performance of the coating was greatly improved, while it
turned to decline with the further increase the ratio of PDA. Interestingly, we found that
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Polarization Curves
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Polarization Curves
The polarization
experiments
of
EP/GPP
nanocomposite
coatings in 3.5 coatings
wt% NaCl
The polarization experiments
of EP/GPP nanocomposite
in 3.5 wt%
solution were carried
out.
The
corresponding
Tafel
curves
and
specific
data
are
shown
solution were carried out. The corresponding Tafel curves and specific
data are sh
in Figure 9 and Table 1. Compared with the anodic and cathodic polarization curves of
Figure 9 and Table 1. Compared with the anodic and cathodic polarization cur
EP/GP coatings, the curves of EP/GPP coatings are shifted positively, which means that
EP/GP coatings, the curves of EP/GPP coatings are shifted positively, which mea
EP/GPP coating exhibits high corrosion potential during anodic and cathodic polarization.
EP/GPP coating exhibits high corrosion potential during anodic and cathodic polari
The cathodic and anodic branches are extrapolated to their intersections to obtain the
The cathodic and anodic branches are extrapolated to their intersections to obtain t
corrosion current (Icorr), the corrosion potential (Ecorr) and the corrosion rate (CR) [51].
rosion current (Icorr), the corrosion potential (Ecorr) and the corrosion rate (CR) [5
The corrosion potential of EP/GPP21 coating (−0.51 V) is shifted to the positive direction
corrosion potential of EP/GPP21 coating (−0.51 V) is shifted to the positive directio
than that of EP/GP coating (−0.64 V). Its corrosion current density (3.83 × 10−8 A/cm2 ) is−8
that of EP/GP coating (−0.64 V). Its corrosion current density (3.83 × 10 A/cm2)
also nearly an order of magnitude lower than that of EP/GP (7.05 × 10−7 A/cm2−7), and the
nearly an order of magnitude lower than that of EP/GP (7.05 × 10 A/cm2), and the c
coating exhibits the smallest current density during cathodic polarization, corresponding
exhibits the smallest current density during cathodic polarization, corresponding
to the corrosion rate of 4.50 × 10−4 mm/year
is also an order of magnitude lower than that
corrosion
rate of 4.50 × 10−4 mm/year is also an order of magnitude lower than
−
3
of EP/GP of 8.27 × 10 mm/year. These results indicated that the passivation zone was
EP/GP ofcoating
8.27 ×has
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mm/year.
Theseresistance.
results indicated
that results
the passivation
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formed and EP/GPP21
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and
EP/GPP21
coating
has
the
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The
similar
result
Tafel analysis also suggested the same conclusion as that obtained by the EIS analysis.
Tafel analysis also suggested the same conclusion as that obtained by the EIS analy
Table 1. The summarized Tafel plot data for the different coatings.
Table 1. The summarized Tafel plot data for the different coatings.
Sample
EP/PDA
EP/GP
EP/GPP41
EP/GPP21
EP/GPP11
EP/GPP12
EP/GPP14

Eccor (V)

Sample

−0.873

EP/PDA
EP/GP −0.637
EP/GPP41−0.737
EP/GPP21−0.509
EP/GPP11−0.550
EP/GPP12−1.029
EP/GPP14
−0.810

Iccor (A/cm2 )

Eccor (V)

1.78 × 10−5

−0.873
7.05 × 10−7
−0.637
9.90 × 10−8
−0.737
3.83 × 10−8
−0.509
−0.550
3.92 × 10−7
−1.029
2.80 × 10−6
−0.810
−5
1.12 × 10

Corrosion Rate
Corrosion R
2)
(mm/year)
Iccor (A/cm
2.08
× 10−1
−5

1.78 × 10
−3
8.27
−7 × 10
7.05 × 10
−8 × 10−3
1.16
9.90 × 10
−8 × 10−4
4.50
3.83 × 10
−7
3.92 × 10
4.60 × 10−3
−6
2.80 × 10
3.29 × 10−2
1.12 × 10−5
−1
1.31 × 10

(mm/year
2.08 × 10−
8.27 × 10−
1.16 × 10−
4.50 × 10−
4.60 × 10−
3.29 × 10−
1.31 × 10−
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PANI-PDA and improves the corrosion resistance of the coating. As a result, the
EP/GPP21 has a highest corrosion inhibition efficiency. It is worth noting that the thickness of the electrode coating is very critical when making the electrode coating, and finding a more accurate coating thickness control method will be of great help to the experiment.
10 of 16
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from
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effect”
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of the
coating.than
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has a highest
corrosion
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worth
noting EP/GPP21,
that the thickness
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corrosion
and rust.
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EP/GPP41,
of the electrode coating
when
making
the
electrode
and
finding a
and EP/GPP11coatings
shown is
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surface
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of
great
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with less corrosion lines and reduced corrosion degree. Among them, the surface of the
EP/GPP21 coated steel plate (Figure 10D) exhibited the smoothest surface without corro3.4.3. Salt Spray Tests
sion product stripes detected, indicating that EP/GPP21 coating has the best corrosion resistance. For the salt spray tests, each sample was coated with two thicknesses of 100 µm and
200 µm, and placed in a salt spray test box after edge sealing. Figure 10 showed the optical
images of the panels coated with EP/GP, EP/PDA, EP/GPP14, EP/GPP12, EP/GPP11,
EP/GPP21 and EP/GPP41 over 7 days after salt spray. We saw the occurrence of corrosion
in all samples, especially for EP/GP, EP/PDA, EP/GPP12, EP/GPP14 coatings shown
in A, B, F, and G of Figure 10. Their distribution of corrosion products is greater than
other coatings having obvious corrosion and rust. However, in the case of EP/GPP41,
EP/GPP21, and EP/GPP11coatings shown in C, D, and E in Figure 10, the surface was
relatively clean with less corrosion lines and reduced corrosion degree. Among them, the
surface of the EP/GPP21 coated steel plate (Figure 10D) exhibited the smoothest surface
without corrosion product stripes detected, indicating that EP/GPP21 coating has the best
corrosion resistance.
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3.5. Adhesion Test
3.5. Adhesion Test
Next, to evaluate the adhesion performance of the coating, we applied sufficient force
Next, to evaluate the adhesion performance of the coating, we applied sufficient force
to completely break the coating and check the scratch on the surface of the substrate to see
to completely break the coating and check the scratch on the surface of the substrate to see
whether the nearby coating falls off. Figure 12a,b show the optical images of the EP/GPP
whether the nearby coating falls off. Figure 12a,b show the optical images of the EP/GPP
coating before and after cross-cut stripping experiments. After the EP/GPP is peeled off
coating before and after cross-cut stripping experiments. After the EP/GPP is peeled
by the tape, the grid does not appear to fall off or leave residues, indicating that the coating
off by the tape, the grid does not appear to fall off or leave residues, indicating that the
has a good adhesion. According to the ASTMD3359-97 standard, the adhesion level of our
coating has a good adhesion. According to the ASTMD3359-97 standard, the adhesion
coating reaches the level of 5A. This is because the catechol group of the PDA coating has
level of our coating reaches the level of 5A. This is because the catechol group of the PDA
a strong metal coordination ability, which can promote the in situ deposition of metal
coating has a strong metal coordination ability, which can promote the in situ deposition of
oxides
under under
the coating
on theon
surface
of theof
material,
and the
binding
ability
immetal oxides
the coating
the surface
the material,
andgood
the good
binding
ability
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the
interaction
between
the
nano-hybrid
material
and
the
metal,
giving
rise
to
improves the interaction between the nano-hybrid material and the metal, giving rise to aa
reasonable
reasonable stability.
stability.
3.6. Conductivity Measurement
It can be seen from Figure 13 that the resistivity of GO-PANI and PDA is 0.227 Ω·cm−1
and 803 Ω·cm−1 , respectively. After polymerization, the resistivity of GO-PAN-PDA is
close to that of PDA, which is much larger than that of GO-PANI. This result suggests
that the addition of PDA to GO-PANI not only maintains the sheet-like barrier properties
of GO-PANI, but also increases the resistivity of the material and reduces the corrosion
current, thereby enhancing the anti-corrosion performance of the composite. However,
when the amount of doped PDA is small, the resistivity is relatively large. It can be
reasonably explained that the excessive addition of PDA in the anti-corrosion performance
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that the hydrophobicity was greatly improved after the integration of PDA to GO-PANI.
With the water-resistant barrier effect enhanced, the increased hydrophobicity of the
14 of 16
EP/GPP coating could be beneficial for preventing the penetration of corrosive medium,
leading to its good performance in the corrosion resistance test.

Figure 14. The contact angle results of (a) EP/PDA
and (b)
(b) EP/GPP
EP/GPPcoating.
coating.
EP/PDA and

4. Conclusions
4. Conclusions
GO-PANI-PDA nanocomposites were successfully synthesized as an ideal filler to imGO-PANI-PDA nanocomposites were successfully synthesized as an ideal filler to
prove the anticorrosion properties of epoxy coatings. The GO-PANI-PDA nanocomposites
improve the anticorrosion properties of epoxy coatings. The GO-PANI-PDA nanocompowere characterized by FT-IR, SEM and XRD, which proved that the PDA and GO-PANI
sites were characterized by FT-IR, SEM and XRD, which proved that the PDA and GOwere completely incorporated without changing the structure of GO-AN nanocomposites.
PANI were completely incorporated without changing the structure of GO-AN nanocomThe corrosion resistance behavior and mechanism of the EP coatings filled with GO-PANIposites. The corrosion resistance behavior and mechanism of the EP coatings filled with
PDA nanocomposites were systematically studied by EIS, Tafel polarization curves and
GO-PANI-PDA nanocomposites were systematically studied by EIS, Tafel polarization
salt spray experiments. The results showed the EP/GPP21 coating had the best corrosion
curves and salt spray experiments. The results showed the EP/GPP21 coating had the best
resistance with the positive corrosion potential (−0.51 V) shifted compared with that of
corrosion resistance with the positive corrosion potential (−0.51 V) shifted compared with
the EP/GP coating (−0.64 V). The corrosion current density (3.83 × 10−8 A/cm2 ) was
that of the EP/GP coating (−0.64 V). The corrosion current density (3.83 × 10−8 A/cm2) was
also nearly an order of magnitude lower than that of EP/GP (7.05 × 10−7 A/cm2 ), which
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