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ARTICLE INFO ABSTRACT

Keywords: The special “brick-mud” layered micro-nano structure of nacre has undergone millions of years of biological
Bioinspired design evolution, which can withstand the corrosion of seawater in different environments, and has both high strength
Graphene and toughness. Inspired by mussels and natural nacre, we successfully designed a bionic epoxy-(graphene-
Is)slf)_zll?;;em dopamine),-epoxy sandwich composite coating. Not only does dopamine act as a binder to improve the inter-
Sandwich coating facial compatibility and adhesion between epoxy resin and graphene, but due to the hydrogen bonding and the
Anticorrosion electrostatic interaction of -COO~ and -NH3, graphene interlayers is parallel to the substrate and arranged

between two epoxy coatings. This not only gives full play to the barrier effect of graphene, but also shielding the
galvanic corrosion by avoiding direct contacting with the substrate. The results show that the composite coating
prepared 10 scanning of dopamine functionalized graphene oxide has a low-frequency impedance of 1.30 x 10°
0O cm? after immersion in 3.5 wt% NaCl solution for 90 days, which is three orders of magnitude higher than that
of pure coating, revealing remarkable long-term anticorrosion. We consider that our strategy can be readily
extended to the self-alignment of a variety of two-dimensional nanofillers to facilitate the development of long-

term corrosion resistant coatings.

1. Introduction

Electrodeposition of aqueous organic coatings are extensively
employed in the automobiles and ships owing to their advantages of
environmental friendliness, high degree of automation, supernal coating
utilization, and the ability to coat metal substrates with complex shapes
[1]. However, during the long-term service in the harsh marine envi-
ronment, corrosive media (such as Hy0, Os, Cl, etc.) will have a high
permeability to the organic coating, resulting in the interface peeling of
the coating and the serious corrosion of the substrate [2,3]. Two
dimension graphene sheets have the advantages of high aspect ratio,
high specific surface area, excellent barrier properties, and can effec-
tively inhibit the penetration and diffusion of corrosive substances [4-8].
These excellent properties have led researchers to conduct a lot of
research on the potential applications of graphene in anticorrosion
coatings [9-11]. Kirill I. Bolotin et al. found that graphene prepared by
chemical vapor deposition (CVD) can be used as a metal protective film

due to its excellent barrier properties [12]. Schriver and co-workers
demonstrated that graphene films can act as effective barriers to mole-
cules such as O, and H,0 [13]. However, the graphene film grown by
the CVD method has many defects, which reduces the long-term corro-
sion resistance of the graphene film. Singh Raman and colleagues re-
ported that it was possible to achieve long-lasting corrosion resistance to
metal substrates by using multilayer graphene sheets instead of single
sheet of graphene [14-16]. This is because the defects in a single gra-
phene sheet are covered via other covering layers, further providing
good corrosion protection for the metal.

Graphene can be used not only as a metal protective film directly, but
also as a nano-filler additive in polymer matrix [17-19]. Chang et al.
incorporated functionalized graphene into the polymer, and the results
show that the addition of graphene enhances the barrier properties of
the composite material and improves the anticorrosion of the coating
[20]. In our previous studies, it was also reported that hydrophilic
polypyrrole modified graphene nanosheets can improve the
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anticorrosion of waterborne epoxy (EP) coatings [21]. Compared with
pure epoxy coatings, the as-prepared graphene/EP nanocomposite
coatings have excellent barrier properties to corrosive media. Addi-
tionally, Mai and colleagues calculated the effect of nanosheets with
different orientations on the barrier properties of the coating [22].
Studies have shown that in-plane parallel-oriented nano-sheets have a
higher aspect ratio and can significantly enhance the barrier effect
perpendicular to the orientation direction. Despite the excellent barrier
properties of graphene-modified polymer coatings, graphene promotes
corrosion of metals due to its high electrical conductivity [23-25]. This is
because graphene is the cathode of most metals, leading to micro-
electrical corrosion of the coating between graphene and metal inter-
face at the defect, which will greatly hinder its application in long-term
metal protection [13,25]. Zhou et al. confirmed that the corrosion
enhancement of graphene is ascribed to its high intrinsic conductivity
[26]. Schriver and co-workers also reported that battery circuits formed
at the graphene-metal interface accelerated electrochemical corrosion of
the metal [13]. Therefore, suppression of corrosion lies in inhibition of
an electrochemical reaction path.

At present, the strategies to effectively address aforementioned is-
sues and improve the anticorrosive performance of coatings mainly
include encapsulation and development of new two-dimensional layered
materials with low conductivity [27,28]. Sun et al. encapsulated gra-
phene using a polymer ((3-aminopropyl)-triethoxysilane) through co-
valent interaction, significantly inhibiting its corrosion promoting
activity [2]. This is because the (3-aminopropyl)-triethoxysilane mole-
cule acts as a spacer to cut off the electron transfer path between gra-
phene and the metal. However, it involves complex reaction processes
and the graft rate of polymer chains in graphene is extremely low. In
addition, reducing the conductivity of nanosheets through encapsula-
tion has certain limitations, and to a large extent destroys the thin layer
structure of graphene. Ding et al. found that transition metal dichalco-
genides with low conductivity could not only increase the tortuous path
of corrosion factor diffusion, but also effectively cut off the electron path
of micro galvanic corrosion [29]. Ajayan et al. incorporated boron
nitride (BN), which is hydrophobic, low in conductivity, and inert, into
the polymer to improve the anti-corrosion performance of the coating
[30]. However, such two-dimensional sheet material greatly increases
the thickness of the additive and limits its utilization efficiency in the
coating.

In this research, we designed a new anti-corrosion strategy inspired
by natural nacre and mussels [31,32]. First, pre-deposited a layer of
water-based epoxy resin on the surface of steel by electrophoretic
deposition, then a nacre-mimic graphene oxide interlayers with
controlled thickness was electrodeposited via mussel-inspired dopamine
chemistry, and finally covered it with an epoxy resin by electrophoretic
deposition to obtain a bionic epoxy-(graphene-dopamine),-epoxy
sandwich anticorrosive coating. As a “binder”, DA contains a lot of
amine groups and catechol, which is not only the anchor through which
mussels are able to attach to surfaces, thereby improving the interface
compatibility between epoxy resin and graphene, but also act as a
coating itself to slow the substrate corrosion [33,34]. In addition, the
hydrogen bonding between the ultra-thin GO nanosheets as a “brick”
and DA, and the electrostatic interaction between —-COO~ in GO and
-NH3 in dopamine (pH = 6.7), so that graphene is parallel to the sub-
strate and arranged between two epoxy coatings. Graphene arranged
parallel to the substrate not only effectively impeding the penetration of
corrosive medium, but also gives full play to the extraordinary imper-
meability of graphene. More importantly, the sandwich composite
coating can shield galvanic corrosion by avoiding direct contact with the
substrate. Finally, we control the number of graphene sheets to reveal
the effect of natural nacre and mussel inspired graphene on the long-
term corrosion properties of composite coatings.
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2. Methods
2.1. Materials

Waterborne cathodic epoxy resin electrophoretic emulsion was
provided by Jiangxi Gaojie Technology Co., Ltd. GO was purchased from
Ashine Advanced Carbon Materials (Changzhou) Co., Ltd. Other re-
agents used in this study were purchased from Sigma-Aldrich Co., Ltd.
(China) without further processing. Q235 mild steel was used as the
substrate for composite coatings. Before use, it is polished with 600 and
1200C sandpaper, and then ultrasonically cleaned with acetone and
ethanol for 20 min, respectively. A steel sheet with a size of 2 x 30 x 30
mm? (area of active electrode in electrolyte is 25 x 30 mm?) is used for
electrochemical coating.

2.2. Preparation of graphene oxide/dopamine electrolyte.

The 0.1 M phosphate buffer was prepared by adding an appropriate
0.1 M NaOH solution to the 0.1 M KH,PO4 solution until the pH reached
6.7. The buffer is stored in a dark environment at 4 °C. A solution
containing dopamine hydrochloride with a concentration of 5 mM was
prepared fresh before use, and then GO of the same mass as dopamine
hydrochloride was added.

2.3. Cyclic voltammetry

The cyclic voltammetry was performed by a typical three-electrode
electrochemical circuit on the Gamry electrochemical workstation.
The steel pre-deposited with a layer of epoxy resin (area of active
electrode in electrolyte is 25 x 30 mm?) was used as the working elec-
trode (WE), while the platinum mesh and Ag/AgCl (3 M KCl) electrodes
were used as the counter electrode (CE) and the reference electrode
(RE), respectively. Calibrate the reference electrode before use to ensure
that the same reference potential is applied to each experiment. The
scanning range is 0.1-1.1 V, and the scanning rate is set to 20 mV/s.
Graphene arrangements with different layers are obtained by control-
ling the number of different cycles.

2.4. Characterization

The elemental composition of the samples and corrosion products of
the steel surface were collected by XPS (Axis Ultra DLD, Kratos, UK) and
Renishaw Invia spectrometer (Renishaw, UK). FEI Quanta FEG 250 (FEI)
and S4800 (Hitachi) scanning electron microscopes were used to char-
acterize the structure and morphology of coatings. The scanning probe
microscope (SPM, Dimension 3100) was used to obtain the micro-
morphology and thickness of the sample. The microstructure of the
sample was further obtained by using HRTEM (Talos F200x). The
infrared spectra of rGO/PDA films with different layers are collected on
the micro-infrared spectrometer (Cary660 + 620) with a wave number
range of 500-4000 cm ™. The XRD measurements of different samples
were performed on D8 Advance Davinci (Brook AXS), where Cu-Ka ra-
diation 1 = 1.54178 Z\, and the range is 10° < 20 < 90°.

2.5. Corrosion behavior test of coatings.

The long-term corrosion resistance of different coatings was char-
acterized by EIS testing and salt spray experiments. OCP and EIS tests for
coatings under different immersion times were performed using a con-
ventional three-electrode system at CHI-660E electrochemical work-
station (Shanghai Chenhua, China). The coating, platinum sheet, and
saturated calomel electrode are used as the WE (exposed area is 1 cm?),
CE, and RE of the three-electrode system, respectively. EIS test was
conducted after the OCP was stable, in which the frequency range of EIS
test was 10° to 1072 Hz and the amplitude was set to 20 mV. The data
recorded was fitted and analyzed using ZSimpWin software. After
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immersion for 90 days, the coating on the steel surface was removed and
the composition and distribution of corrosion products on the surface
were evaluated by SEM (FEI Quanta FEG 250) and Renishaw Invia
spectrometer (Renishaw, UK) to reveal the corrosion resistance mech-
anism. To prove the long-term anticorrosion of the coating in industrial
applications, the coating was salt spray tested by spraying 5 wt% neutral
NaCl solution. Before the salt spray test, artificial scratches were intro-
duced to the coating surface with a scalpel.

3. Results and discussion

The schematic diagram of the bionic sandwich composite epoxy
coating preparation process is shown in Fig. 1. The cleaned Q235 steel
and Cu are used as the cathode and anode of electrophoretic deposition
system, respectively. The electrophoretic emulsion of water-based
cathode epoxy resin with 25% solid content was used as the electro-
plating solution, and a layer of epoxy resin was deposited on the surface
of the steel using a direct-current (DC) power at ambient temperature.
Then, graphene interlayer with controlled thickness was prepared by
deposition of graphene oxide/dopamine electrolyte on the surface of the
pre-deposited epoxy resin by cyclic voltammetry (CV). Finally, the upper
epoxy layer coating was formed by electrodeposition and cured at 160
°C for 15 min to acquire the bionic sandwich composite epoxy coating.
For simplicity, we denote the coatings prepared after 0, 1, 5, and 10
scanning cycles of graphene oxide dopamine electrolyte as pure-EP, L1-
EP, L5-EP, L10-EP, respectively.

The graphene oxide/dopamine electrolyte consists of equal masses of
GO and DA dispersed in 0.1 M phosphate buffer (pH = 6.7). Owing to the
electrostatic interaction between -COO~ in GO and -NH3 in dopamine,
the as-prepared GO/DA can be stably dispersed in a buffer solution of
pH = 6.7 without precipitation (Fig. S1, Supporting Information). In
addition, previous work has shown that there are significant differences
in the formation mechanism of polydopamine (PDA) at different pH
values because different dissociates will participate in the dopamine
polymerization process [35]. To suppress the self-oxidation of dopamine
in the solution and avoid side effects (e.g. steel corrosion and water
electrolysis), we set the pH, scan rate, and scan range of GO/DA elec-
trodeposition to 6.7, 20 mV/s, and 0.1-1.1 V, respectively. Fig. 2al-a3
displays the cyclic voltammogram of repeated CV experiments in 0.1 M
phosphate buffer (pH = 6.7). Apparently, the small oxidation peak
appearing in the first cycle indicates that the reduced graphene oxide/
polydopamine (rGO/PDA) was successfully deposited on the steel
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substrate of pre-deposited epoxy resin. However, the reduction peak is
not obvious, indicating that the rGO/PDA deposited on the substrate is
very dense. As the number of cycles increases, the decrease of the anode
and cathode signals indicated the decrease of the GO/DA content in the
solution and the deposition of the polydopamine insulating layer on the
substrate, so there is almost no GO/DA deposition after 10 cycles [36].
Notably, due to the hydrogen bonding between GO nanosheets and DA,
and the electrostatic interaction between —COO™ in GO and -NH3 in
dopamine, graphene can be aligned parallel to the substrate under the
action of an electric field.

The morphology and thickness of initial GO and modified GO/DA are
characterized by TEM and SPM. It can be seen from Fig. 2b1, b2 that the
original GO is complete, smooth, and transparent, and the average
thickness of the single layer is about 0.83 nm, showing excellent dis-
persibility. The dopamine-modified GO still maintains a complete sheet
structure and particles appear on the GO surface (Fig. 2b3), which is
ascribed to the electrostatic interaction between -COO™~ in GO and
—NH4{ in dopamine, resulting dopamine attached to the GO surface. The
SPM results reveal that the average thickness of the modified GO/DA is
about 4.49 nm (Fig. 2b4), indicating that the modified GO/DA still has a
high aspect ratio.

In order to investigate the composition of rGO/PDA deposited on the
surface of epoxy resin, we deposited different layers of rGO/PDA on steel
sheets pre-deposited with an epoxy resin, and then directly cured at high
temperature for Raman, XRD, infrared (IR), SPM, and XPS tests.
Fig. 2c1-c3 collects the Raman and XPS spectra of rGO/PDA films for1,
5, and 10 scanning cycles (For convenience, record as L1-rGO/PDA, L5-
rGO/PDA, and L10-rGO/PDA respectively.). It can be seen from the
Raman spectra (Fig. 2c1) that the typical D and G peaks appear around
1340 and 1580 cm ™! [37]. Where, D peak represents the defect degree of
carbon atom crystal. The fitting results show that the ratios of D peak to
G peak (Ip/Ig) of L1-rGO/PDA, L5-rGO/PDA, and L10-rGO/PDA are
1.14,1.07, and 1.04, respectively, indicating that increasing the number
of graphene layers can effectively reduce the degree of defects in rGO/
PDA films [38]. In addition, the increase in the number of graphene
layers does not change the structure, which can be confirmed from the
XRD spectrum (Fig. S2, Supporting Information). Specifically, graphene
with different numbers of layers all have the (002) crystal plane of
graphene around 26° (JCPDS 01-075-1621), and the intensity of the
peak increases with the increase of the number of graphene layers.

The chemical bonding and composition of the samples can be
analyzed from the XPS. In the C 1s fine spectrum (Fig. 2c2), after
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Fig. 1. Sketch of the preparation process of natural nacre and mussel inspired epoxy coating for sandwich.
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Fig. 2. a) Cyclic voltammograms at different cycles in 0.1 M phosphate buffer (pH = 6.7) of the a;) 1 cycle, a,) 5 cycles, and a3) 10 cycles. b) TEM and SPM pictures
of the by, by) GO and bs, bs) GO/DA dispersion in ethanol. ¢) rGO/PDA with different cycless of ¢;) Raman spectra, c;) XPS C 1s fine spectra, and ¢z XPS N 1s fine
spectra. d) Cross-sectional SEM morphology of the d;) pure-EP, d,) L1-EP, d3) L5-EP, and d4) L10-EP coatings.

Gaussian fitting, L1-rGO/PDA, L5-rGO/PDA, and L10-rGO/PDA samples
all contain five peaks of C-C, C-N, C-O, C=0, and O-C=O0, which are
located near 284.3, 285.5, 286.7, 287.3, and 288.9 eV, respectively
[39]. Only the peak intensities are different, indicating that the structure
of the three samples does not change much, which is consistent with the
results of XRD and IR analysis (Figs. S2 and S3, Supporting Information).
Similarly, the L1-rGO/PDA, L5-rGO/PDA, and L10-rGO/PDA samples all
contained C-N (398.1 eV) and N-H (399.9 eV) peaks in the N 1 s fine
spectrum (Fig. 2¢3) [1]. Moreover, IR proves that the GO nanosheets and
dopamine interact through hydrogen bonds (Fig. S3), and the strength of
the hydrogen bonds increases with the number of cycles. The N — H
stretching peak is slightly shifted from 1568.2 to 1563.7 cm™?, and the
C—O stretching peak is shifted from 1663.4 to 1658.8 cm™!. Finally, we
judged the denseness of the deposited rGO/PDA film through SPM test
(50 x 50 pm), and the result is shown in Fig. S4 (Supporting Informa-
tion). Obviously, the roughness of graphene films deposited with
different numbers of layers increases with the increase of the number of
graphene layers, and all exhibit good compactness. This is beneficial to
enhance the barrier effect of the bionic sandwich coating and extend the

diffusion path of corrosive media.

Fig. 2d1-d4 provides cross-sectional SEM morphology of pure-EP, L1-
EP, L5-EP, and L10-EP coatings. The thickness of all coatings is main-
tained at approximately 23.5 pm via controlling electrodepositon con-
ditions. Clearly, the water-based epoxy coating deposited on the surface
of the steel sheet by electrophoresis is very dense. Fig. 2d1 is a cross-
sectional SEM image of a pure epoxy coating without deposition of
rGO/PDA, in which two layers of obvious epoxy resin appear, and the
thickness of the upper layer of epoxy resin is lower than that of the lower
layer of epoxy resin, which is caused by the decreased conductivity of
the substrate after the deposition of one layer of epoxy resin. For the L1-
EP coating (Fig. 2d2), there is a clear layer of rtGO/PDA between the two
epoxy resin layers, which is about 1.06 pm and is arranged parallel to the
substrate. It is important that as the number of CV experiment cycles
increases, the number of rGO/PDA layers in the coating also increases,
and they are all arranged parallel to the substrate. However, due to the
reduced GO/DA content in the solution and the insulation properties of
the polydopamine, the thickness of the subsequently deposited rGO/
PDA decreased. The arrangement of rGO/PDA parallel to the substrate is
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ascribed to the electrostatic interaction between -COO™~ in GO and
—-NH{ in dopamine. Under the action of an electric field, dopamine de-
posits and adheres to the surface of the epoxy resin. The -NH3 on the
surface of the dopamine will cause electrostatic interaction with -COO™
in GO, so that the graphene is arranged parallel to the substrate. This
kind of graphene arranged parallel to the substrate can fully exert the
interaction between its high surface area and electrolyte, and has better
physical barrier effect. Furthermore, the graphene arranged parallel to
the substrate can more effectively prevent the penetration of the
corrosion medium, and significantly extend the diffusion path of the
corrosion medium, so that the composite coating has superior corrosion
resistance.

To investigate the influence of graphene incorporation on the
corrosion resistance of coatings, the long-term anti-corrosion behavior
of different coatings is compared by EIS and salt spray tests. The coatings
are immersed in homemade simulated salt water (3.5 wt% NacCl, pH =
7), and EIS tests were performed on coatings with immersion times of 1,
10, 30, 60, and 90 days. Before the coating is subjected to the EIS test,
open circuit potential (OCP) testing is performed on the coating to sta-
bilize it in the corrosion solution. The change of the OCP value of the
sample with the immersion time is shown in Fig. S5 (Supporting Infor-
mation). As the immersion time increases, the OCP of pure-EP and L1-EP
coatings becomes negative. The corrosive medium penetrates and rea-
ches the substrate at 30 and 60 days respectively, causing the coating
failure. Compared with pure-EP coating, L1-EP coating reduces the
penetration rate owing to the presence of single-layer graphene. How-
ever, due to the presence of mussel inspired graphene in L5-EP and L10-
EP coatings, the impermeability of the coatings is significantly
improved, and the OCP value is still as high as —0.12 and 0.046 after 90
days of immersion, respectively.

The Bode and Bode-Phase curves of pure-EP, L1-EP, L5-EP, and L10-
EP coatings are listed in Fig. 3a, b. Generally, the higher the impedance
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of the coating at f = 0.01 Hz (|Z]¢,01n2), the better the corrosion pro-
tection effect [40]. In addition, when corrosive substances reach the
substrate and cause metal corrosion, two time constants are generated in
the Bode-Phase diagram [11]. It can be seen from the Bode diagram
(Fig. 3al-a4) that on the first day of immersion, as the number of gra-
phene scans increases, the resistance value of the coating at low fre-
quencies becomes larger and larger. When the number of graphene scans
is 10, the |Z| .01 of the L10-EP coating is 5.25 x 10'° O cm?, one order
of magnitude higher than that of pure coating (4.11 x 10° O ecm?). It
indicates that incorporating the bionic graphene sheet can significantly
enhance the anticorrosion performance of the coating. With the increase
of the immersion time, the |Z|g.01n; Of the pure-EP coating decreases
sharply, and the corrosion rate reached its maximum when the immer-
sion time is 30 days. This can also be seen from the Bode-Phase curve
(Fig. 3b1). When the pure-EP coating is immersed for 30 days, two phase
angle constants appear, showing that the corrosion medium reaches the
substrate and the coating fails. After immersion for 90 days, the |Z|¢.015
of the pure-EP coating decreased to 6.46 x 10° O cm?, which displayed
poor permeability resistance.

The |Z|0.011z of L1-EP coating after immersion for one day is 9.12 x
10° 0 cm?. After 90 days, the |Z| 0011z decreased to 6.17 x 107 O em? It
can be seen from the Bode-Phase curve (Fig. 3b2) that the L1-EP coating
has two phase angle constants when it is immersed for 60 days, which
indicates that the L1-EP coating has failed at 60 days. Compared to the
pure-EP coating, the impedance modulus value of the doped graphene
coating increases, and the corrosion rate becomes slower. This shows
that the incorporation of graphene arranged parallel to the substrate into
the coating can significantly enhance the barrier effect of the biomimetic
sandwich coating, thereby slowing down the penetration of corrosive
substances and enhancing the anticorrosion of the coating. In terms of
L5-EP coating, the initial |Z|g,o1s is 3.63 x 10'° O ecm?. After 90 days,
the |Z|g.011; remains at 5.13 x 10% O cm?, and the Bode-Phase curve
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(Fig. 3b3) only displays one phase angle constant, indicating that the
corrosive substance has not yet reached the surface of the steel substrate.
It shows that the increase in the number of graphene layers is beneficial
to further improve the corrosion resistance of the biomimetic sandwich
coating and reduce the corrosion rate. This is due to the increase in the
number of graphene layers can fill the defects in single-layer graphene,
which is more conducive to the use of graphene’s impermeability. Sur-
prisingly, after being immersed for 90 days, the |Z|o.015; of the L10-EP
coating is still up to 1.32 x 10° O cm?, showing extraordinary corro-
sion resistance. Moreover, it can be seen from the Bode-Phase curve
(Fig. 3b4) that the phase angle of the L10-EP coating has been kept
below —80° in the high frequency region, indicating that the corrosive
substances is far from the substrate. The improvement of the anticor-
rosion of the composite coating is attributed to the graphene arranged
parallel to the substrate, which effectively prevents the penetration and
prolongs the diffusion path of corrosive media, and give full use of the
extraordinary impermeability of graphene. More importantly, the bionic
sandwich composite coating can shield galvanic corrosion by avoiding
direct contact with the substrate.

The Nyquist diagrams of pure-EP, L1-EP, L5-EP, and L10-EP coatings
under different immersion times are listed in Fig. S6 (Supporting In-
formation). It can also be seen that the pure-EP coating (Fig. S6a-ii) and
L1-EP coating (illustration in Fig. S6b) have two time constants after 30
and 60 days, respectively, indicating that the corrosive medium has
reached the substrate [41,42]. Generally speaking, the analog circuit
can be divided into two stages according to whether the corrosive sub-
stance reaches the substrate. When corrosive substances reach the sur-
face of the steel substrate, as shown in Fig. 3¢2, otherwise it is shown in
Fig. 3cl [43]. In the equivalent circuit model diagram, R, represents
solution resistance, R, and R represent the resistance and charge
transfer resistance of the coating, respectively, and Q. and Qg are the
capacitance and double layer capacitance of the coating, respectively
[44]. In general, the impedance arc radius in the Nyquist diagram re-
flects the corrosion resistance of the coating. Previous studies have
shown that the larger the arc radius of the impedance, the better the
coating’s corrosion resistance [45]. The |Z|¢.011, and R, values obtained
through fitting are shown in Fig. 3d, e. Obviously, the anti-corrosion
performance of the coating decreases as the immersion time increases.
Pure coating and L1-EP coating have the fastest rate of decrease in R, at
30 and 60 days, respectively, which also proves that corrosive sub-
stances penetrate to the substrate. However, the corrosion reduction rate
of L10-EP coating is the slowest, and the R, is still up to 1.30 x 10° O
after 90 days, which indicates that the addition of graphene can
significantly reduce the penetration rate of corrosive media. This is due
to the fact that the multi-layer graphene can fill the defects in the single-
layer graphene, which is more conducive to exerting the impermeability
of graphene and enhancing the physical barrier effect of the coating.
Therefore, the coating shows satisfactory anti-corrosion performance.

To study and compare the influence of different number of graphene
sheets on the impermeability of the coating, we calculated the water
absorption of the bionic sandwich coating by Brasher-Kingsbury formula
(Eq. (1)) [46-48]. The calculated result is shown in Fig. 3f.

Ce ()

08¢, 0)
X% = —% 0y 100 1
= 10g(80) M

In the formula, X, (%) is the volume fraction of water in the coating,
and C. (0) and C, (t) are the dry film capacitance and instantaneous
capacitance respectively. Clearly, the change law of the water absorp-
tion of the bionic sandwich coating is opposite to the change law of the
corrosion resistance. The results show that graphene arranged in parallel
can significantly improve the coating’s resistance to water penetration.
Furthermore, the water absorption of pure-EP and L1-EP coatings
increased sharply at 30 and 60 days, respectively. This corresponds to
the failure time of the coating, indicating that the failure of the coating is
caused by the penetration of corrosive media into the substrate. Notably,
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as the number of graphene scans increases, the barrier properties of the
coatings increase significantly. Especially L10-EP coating, even after
soaking for 90 days, the water absorption rate is only 3.82%, showing
outstanding physical barrier effect.

To demonstrate the long-term anticorrosion of the bionic sandwich
coating in industrial applications, salt spray tests are performed by
spraying a 5 wt% neutral NaCl solution. Artificial scratches are intro-
duced into the coating surface with a scalpel prior to salt spray testing.
Fig. 4a provides optical images of pure-EP, L1-EP, L5-EP, and L10-EP
coatings tested at 0, 120, 240 and 480 h. The pure-EP coating
(Fig. 4al) is tested for 120 h, the area around the scratch is almost
completely covered by rust. After 240 h of testing, the corrosion around
the scratch further spread outward, and corrosion spots appeared on the
coating surface, showing that the corrosive medium has reached the
substrate, causing steel corrosion. After the 480 h test, the coating
corrosion became more and more serious, and bubbles appeared on the
surface of the coating, indicating that the coating began to fall off, with
little protective effect. For the L1-EP coating (Fig. 4a2), only a few rust
spots appeared around the scratches at 120 h. After 240 h of testing, only
the corrosion around the scratch became serious, and the coating surface
remained intact. However, after 480 h, corrosion spots began to appear
on the coating surface, demonstrating the penetration of the corrosive
medium. Comparing L1-EP coating and pure-EP coating, it is found that
the incorporation of graphene can significantly intensify the imperme-
ability and corrosion resistance of the coating. In particular, after the L5-
EP and L10-EP coatings (Fig. 4a3, a4) are subjected to a salt spray test for
480 h, the coating surfaces remained intact. Moreover, the corrosion
rate of L10-EP coating is slower than that of L5-EP coating, which is
consistent with the conclusion obtained by EIS test. This is because
multilayer graphene sheets can fill defects in single graphene sheet,
which is more conducive to exerting the impermeability of graphene and
enhancing the barrier effect of the bionic sandwich coating. In addition,
natural nacre and mussel inspired graphene can further extend the
diffusion path of corrosive substances, and the coating exhibits unex-
pected anticorrosive properties.

To compare the influence of different numbers of graphene sheets on
the biomimetic sandwich coating. We used SEM, XPS and Raman tests to
analyze the corrosion products of the coating substrate surface after 90
days of immersion in simulated seawater. Before analysis of corrosion
products, the coating on the substrate surface was removed and washed
with ethanol. The SEM images and corresponding element distributions
of the corrosion products on the carbon steel surface of pure-EP, L1-EP,
L5-EP, and L10-EP coatings are shown in Fig. 4b. The surface of carbon
steel under pure coating is severely corroded and almost completely
covered by corrosion products (Fig. 4bl). The surface is mainly
composed of Fe, O and a few Cl elements, manifesting that the corrosive
material passes through the defects of the coating surface and triggers
the oxidation reaction of the substrate surface. For the L1-EP coating
(Fig. 4b2), most of the surface of the carbon steel is also covered by
corrosion products. The main elements are still Fe, O, and a little Cl,
which is related to its poor protective performance. However, compared
to pure-EP coatings, corrosion products are reduced. Some corrosion
products appeared on the surface of the carbon steel under L5-EP coating
(Fig. 4b3), mainly composed of Fe and a few O elements. This may be
that after 90 days of immersion, the corrosive medium just reached the
substrate, but it has not caused the coating failure. Nonetheless, the
carbon steel surface of the L10-EP coating has almost no corrosion
products (Fig. 4b4), and is mainly composed of Fe elements. Exhibits
extraordinary impermeability and outstanding corrosion resistance.

To further determine the composition of corrosion products on the
steel surface, XPS and Raman tests are performed on the samples, as
shown in Fig. 5a. For pure-EP and L1-EP coatings, after Gaussian fitting,
the Fe element in the corrosion products can be fitted to five peaks,
including Fe (707.0 eV), Fe 2P3 » in Fe503/Fe304 (708.6 eV), Fe 2P3 5 in
Fe (II) (e.g., FeO or FeCly) (715.6 eV), Fe 2Py /5 in Fex03/Fe304 (721.4
eV), and Fe 2Py /5 in Fe (III) (729.3 eV). This is because pure-EP and L1-
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Fig. 4. a) The optical images of the a;) pure-EP, a,) L1-EP, ag) L5-EP, and a4) L10-EP coatings tested at 0, 120, 240, and 480 h. b) SEM image of steel surface and
corresponding element distribution after 90 days immersion of the by) pure-EP, by) L1-EP, bs) L5-EP, and b,) L10-EP coatings.

EP coatings have poor permeability to the corrosive medium, reaching
the substrate at 30 and 60 days, respectively, resulting in coating failure.
Therefore, after 90 days of immersion, there are a lot of corrosion
products on the surface of the carbon steel, and it is mainly composed of
FeCly and FepO3/Fe304. However, after 90 days of immersion in the L5-
EP coating, the corrosive medium (especially H2O) just reached the
substrate but did not cause the coating to fail. Therefore, the carbon steel
surface is mainly composed of Fe;03/Fe304 and a small amount of FeCl,
[49,50]. For the L10-EP coating, the corrosive substances are still far
away from the substrate due to the excellent barrier properties and
“maze effect” of parallel arrangement of graphene, so only FeoO3/Fe304
signal peak is detected on the surface of carbon steel. This is probably
caused by the oxidation of exposed steel in the air.

Fig. 5b shows the Raman test results of corrosion products on the
steel surface. The peak position of the corrosion products of the pure-EP
coating is very obvious, indicating that the content of corrosion products
is large, and is mainly composed of y-FeOOH (215.8 and 1289.3 cm™ 1)
[51], a-FeOOH (282.8 cm ') [52], f-FeOOH (395.1 and 600.1 cm™)
[50,53], and Fe304 (671.7 cm‘l) [54,55] composition. The corrosion
products of L1-EP coating are almost the same as those of pure-EP
coating, except that the characteristic peak intensity is reduced,
showing that the content of corrosion products is reduced. For the L5-EP

coatings, characteristic peaks are observed around 215.8, 282.8, 395.1,
and 719.3 cm™!, which correspond to y-FeOOH, a-FeOOH, (-FeOOH,
and Fe30yq, respectively, and the characteristic peak intensity is reduced.
However, only characteristic peak of Fe3O4 is found at 719.3 cm in the
L10-EP coating, which indicates that the corrosive solution has not
reached the substrate, exhibits extraordinary resistance to water pene-
tration. In general, the anions in p-FeOOH body-centered cubic meters
are arranged at a relatively low density, which is easy for electro-
chemical reduction and accelerates metal corrosion in environments
containing chloride ions [56]. It is worth mentioning that compared
with other similarly published works, the L10-EP coating shows better
corrosion resistance under different immersion times (Fig. 5c)
[1,11,17,21,42,57-60].

The anti-corrosion mechanism sketches of pure-EP, L1-EP, L5-EP and
L10-EP coatings are shown in Fig. 6. The coating will prevent the cor-
rosive substances from penetrating into the surface of substrate ac-
cording to its resistance to permeability during the long immersion
process of the corrosive solution (e.g-H20, O, and Cl7). The corrosion
process of the coating is an electrochemical reaction involving both
anode and cathode reactions. As the immersion time continues, more
corrosive media pass through the coating and reach the substrate to
undergo the following electrochemical reactions (Egs. (2)—(7)).
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For the pure-EP coating, due to the poor barrier property of the
water-based epoxy resin itself, after 30 days of immersion, the corrosive
medium reached the surface of the substrate. An electrochemical reac-
tion occurs on the steel surface to form pitting pits, which further ac-
celerates corrosion and invalidates the coating. Due to the presence of
more corrosive media (H20, Oy), the surface of carbon steel is mainly
composed of FeOOH or FeCl, and Fe;O3/Fe304. However, owing to the
addition of rGO/PDA in the composite coating, the permeability of the
coating is improved and it shows good anticorrosion. In the case of L1-EP
coatings, the addition of single-layer rGO/PDA prevents part of corro-
sive media penetration and prolongs the diffusion path of the corrosive
media. In addition, the -NH3 on the PDA can adsorb Cl~ in the corrosion
solution and slow down the coating corrosion. But because there are
many defects in the single-layer rGO/PDA, the coating fails after 60 days
of immersion. Similarly, there are more corrosive media on the surface
of carbon steel after 90 days of immersion, so the surface of carbon steel
is also mainly composed of FeOOH or FeCl, and Fe;O3/Fe304. For L5-EP
coating, multilayer graphene sheets can fill defects in single graphene
sheet, which is more conducive to exerting the impermeability of gra-
phene and enhancing the barrier effect of the bionic coating. Therefore,
the coating has not failed after 90 days of immersion, and shows
excellent corrosion resistance. Surprisingly, the L10-EP coating exhibits
satisfactory corrosion resistance, which can be attributed to three rea-
sons. Firstly, the graphene arranged parallel to the substrate not only
gives full play to the interaction between its high surface area and
electrolyte to achieve the barrier limit of graphene, but also effectively
prevents the penetration of the corrosive medium and prolongs the
diffusion path of the corrosive substances. Secondly, the bionic sand-
wich composite coating can shield galvanic corrosion by avoiding direct
contact with the substrate. Finally, the presence of dopamine enhances
the interfacial compatibility between graphene and epoxy matrix, and
gives graphene bionic nacre structure to achieve long-term protection of
the substrate.

4. Conclusions

In this work, inspired by nature mussels and nacre, a sandwich-like
anticorrosive epoxy coating containing dopamine functionalized gra-
phene interlayers was successfully by electrodeposition methods. The
presence of dopamine enhances the interfacial adhesion and compati-
bility between graphene and epoxy matrix, and gives graphene bionic
nacre structure to achieve long-term protection of the substrate. Due to
the electrostatic interaction between -COO™ in graphene oxide and
-NH3 in dopamine (pH = 6.7) and the hydrogen bonding between GO
and DA, graphene interlayers are parallel to the substrate and arranged
between two epoxy coatings. The graphene sheets arranged parallel to
the substrate effectively prevents the penetration and prolongs the
diffusion path of corrosive media, and give full use of the extraordinary
impermeability of graphene. More importantly, the bionic sandwich
composite coating avoids the direct contact between graphene and the
substrate, thereby shielding the galvanic corrosion. The results show
that the composite coating prepared by 10 scanning cycle’s graphene
interlayers exhibits the most superior anticorrosion. Therefore, this
study highlights a potential strategy to prepare biomimetic coatings
with outstanding long-term anticorrosion.
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