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ARTICLE INFO ABSTRACT
Keywords: Designing coatings with long term anticorrosion performance remains a great challenge. Herein, a newfangled
Graphene oxide cationic dopamine-reduced graphene oxide (DRGO™) nanosheet is prepared as a filler for epoxy coating via
Dopamine simple dopamine oxidative self-polymerization and ionization reaction. DRGO™ can be dispersed stably in
Self-alignment

commercial water-based cathodic epoxy emulsion for more than 45 days without precipitation. Due to the
presence of -NHs* in DRGO*, it can be self-aligned parallel arrangement in the composite coating (DRGO * /EP
coating) under the electric field. This highly parallel DRGO* nanosheets tremendously improve the physical
barrier effect of the coating and prolong the penetration path of the corrosive medium. Electrochemical im-
pedance spectroscopy (EIS) test showed that the initial low-frequency impedance modulus of 0.5%-DRGO* /EP
coating is as high as 4.79 x 10'° Q cm? when the content of DRGO ™ is 0.5 wt%, which is an order of magnitude
higher than that of pure epoxy coating (4.07 x 10° Q cm?), exhibiting extraordinary corrosion resistance.
Finally, the protective mechanism of composite coating is revealed by the identification of corrosion products
and local-EIS techniques. In view of the validity of DRGO*, this work highlights the potential route for the large-
scale preparation of coatings with superior long-term anti-corrosion.

Electrophoresis
Anti-corrosion

1. Introduction demand for marine resources, various marine facilities, ships and metal
components are facing severe marine environmental corrosion issues
With the rapid development of the marine industry and its strong [1-4]. So far, in addition to reasonable selection of materials, effective
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measures to prevent and mitigate marine corrosion rely on coating
technology and surface treatment [5,6]. Among them, organic coatings,
such as epoxy resin, acrylic resin, and polyurethane, are widely used in
metal anticorrosion owing to their good physical barriers [7-9]. In
particular, water-based cathodic epoxy electrophoretic emulsions are
not only green and environmentally friendly (meet the requirements of
low volatile organic compounds emissions), but also has desirable ad-
hesion and extensively employed in mainstream automobile and ship
coatings [2,10]. However, organic coatings have a certain permeability
to H,0, O, and Cl” in corrosive media [11,12]. Accordingly, a great deal
of work has focused on improving the impermeability of organic
coatings to enhance their corrosion resistance [13-16].

Layered nano-fillers (i.e., clay, boron nitride, graphene, and so
forth), with high aspect ratio and good ability to restrain corrosive
substances' penetration and diffusion, can effectively address afore-
mentioned issues [17-19]. Pinnavaia et al. reported the greatly reduced
the oxygen permeability of the composite coating by adding mon-
tmorillonite clay to the epoxy resin [20]. Husain et al. mixed boron
nitride with polymer to form hybrid coating, and further improved the
corrosion resistance of the composites coating by virtue of the hydro-
phobic, inert and dielectric properties of boron nitride [21]. Qiu et al.
prepared graphene-epoxy resin composites coating on steel surface,
showing that the addition of graphene can effectively enhance the anti-
corrosion of the coating [7]. Nevertheless, because of the van der Waals
force between the layered nano-fillers, it is easy to aggregate in the
polymer matrix [16], so the preparation of well-dispersed nano-fillers is
the key to improve the anti-corrosion of the composite coatings.

Graphene oxide (GO), a momentous ramification of graphene, is
more easily functionalized covalently and/or noncovalently owing to
the presence of functional groups such as hydroxyl, carboxyl, and epoxy
groups, leading to improved compatibility between the GO and sol-
vents/polymers [22-24]. In addition, GO has a high aspect ratio, a high
specific surface, and an outstanding ability to block the penetration of
corrosive substances, so it is easy to be applied in the anti-corrosion
field. Zhang et al. prepared a GO-based sulfonated oligoaniline coating
by combining 3-aminobenzenesulfonic acid with oligoaniline on the
surface of carbon steel. With the synergistic effect of GO and SAT, the
diffusion path of corrosive media in the coating was longer and more
tortuous, so as to improve the corrosion resistance of the composite
coating [25]. Ramezanzadeh et al. improved the ionic resistance and
barrier properties of epoxy coatings by using polyaniline to functiona-
lize the graphene oxide amino group, thereby improving the corrosion
resistance of the composite coating [26]. In addition, Lu et al. calcu-
lated that the nanosheets with high aspect ratio and in-plane alignment
can further improve the barrier properties perpendicular to the
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alignment direction [27]. Li et al. investigated the effect of 3D random
distribution of graphene and in-plane arrangement of graphene on the
corrosion performance of the coating, the results showed that the par-
allel arrangement of graphene in coating has better physical barrier
effect and corrosion resistance [13]. Inspired by their work, the pre-
paration of nanosheets with good dispersibility and parallel arrange-
ment in the coating can significantly improve the barrier properties and
corrosion resistance of the coating. Notably, electrophoretic deposition
technique can enables the charged nanosheets in the electrolyte to be
move towards the metal substrate under the electric field forces and
deposit in parallel to the surface of the substrate. Therefore, obtaining
charged GO nanosheets that can be stably dispersed in a water-based
epoxy emulsion is the key to this study.

Dopamine (DA) is rich in catechol and amine groups, which can be
used as the active site for covalent modification with the required
molecules [28]. Hence, in this work, we prepared a novel cationic do-
pamine-reduced graphene oxide (DRGO*) nanosheet by a simple oxi-
dative self-polymerization and ionization reaction. Due to the presence
of -NH3;™ in DRGO™, it can be dispersed stably in commercial water-
based cathodic epoxy emulsion. In addition, under the action of electric
field, DRGO" is moved to the surface of the cathode (Q235 carbon
steel) by electrophoretic deposition technology to form composite
coating, and then the distribution of RGO in the composite coating with
different DRGO™ contents and its influence on the corrosion perfor-
mance are compared. Finally, local electrochemical impedance spec-
troscopy (LEIS) techniques, electrochemical impedance spectroscopy
(EIS) test, salt spray experiments and corrosion products analysis are
used to reveal the corrosion mechanism of the coating. The corrosion
resistance of the composites coating is significantly improved attribute
to the close self-aligned parallel arrangement of DRGO* nanosheets in
the epoxy coating.

2. Experimental section
2.1. Materials

GO was supplied by Suzhou Carbon Graphene Technology Co., Ltd.
Water-based Cathodic epoxy resin electrophoresis emulsion (solid
content: 35%) was purchased from Jiangxi Gaojie Technology Co., Ltd.
Tris-buffer, dopamine hydrochloride (98% pure), ethanol, acetone
(AR), and acetic acid (99.9% pure) were purchased from Aladdin
Industrial Corporation without further treatment. Corrosion studies
were carried out using Q235 carbon steel substrate (3 X 3 x 0.2 cm®).

DRGO"

Fig. 1. Schematic diagram of cationic dopamine-reduced graphene oxide (DRGO™) synthesis and electrophoretic deposition process.
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2.2. Synthesis of DRGO™

DRGO* was synthesized via a simple dopamine oxidative self-
polymerization and ionization reaction (Fig. 1). Specifically, 0.5 g of
GO was added to 250 mL of Tris-buffer solution (10 mM, PH = 8.5) and
ultrasonically dispersed for 30 min at 100 KHz. Then 1.5 g of dopamine
hydrochloride was added to the above suspension and stirred at am-
bient temperature for 24 h. The resulting mixture was centrifuged,
washed three times with water and ethanol, and dried in a vacuum oven
at 40 °C for 24 h to obtain dopamine-reduced graphene oxide (DRGO).
Finally, DRGO™" is obtained by ionization of DRGO. Typically, 1 g of
DRGO was added to 40 mL of acetone and sonicated for 30 min. Then
2.7 g of acetic acid was slowly added into the above solution and stirred
at 28 °C for 3 h. The obtained mixture was centrifuged and dried, and
then dispersed in deionized water for further use.

2.3. Preparation of electrophoresis emulsion

The 10.0 g of DRGO™ aqueous dispersion (0.5 g of DRGO™*) was
slowly added into the 90.0 g of cathodic epoxy resin electrophoresis
emulsion containing 15% solid content. After vigorous stirring for
30 min, it was dispersed by ultrasound for 2 h to produce gray dis-
persion without precipitation. The mixed emulsion is very stable, and
has no obvious precipitation after standing for 45 days (as shown in
Supporting Information Fig. S1). For the convenience of comparison,
mixed emulsions with different DRGO™ contents (0 wt%, 0.25 wt%,
and 1.0 wt%) were prepared by the same method.

2.4. Fabrication of coatings

In this study, Q235 low carbon steel was used as the substrate for
the epoxy coating. Prior to electrophoretic deposition, all Q235 surfaces
were sequentially polished using 400, 800, and 1500 C sandpaper, then
ultrasonically washed in ethanol and blown dry with nitrogen. The
mixed emulsion was placed in a 200 mL beaker and pretreated copper
and steel were used as the anode and cathode, respectively. The coating
was deposited by electrophoresis at 60 V and room temperature for
5 min. The coated sample is then washed several times with deionized
water to remove residual emulsion from the surface. Finally, the coated
sample was dried at 150 °C for 20 min to obtain epoxy composite
coating. For convenience, the coatings obtained by emulsion deposition
with different DRGO* contents were labeled as pure-EP, 0.25%-
DRGO*/EP, 0.5%-DRGO ™ /EP, and 1.0%-DRGO * /EP, respectively.

2.5. Characterization

The Fourier transform infrared (FTIR) spectra of GO and synthesized
samples were collected on the FTIR spectrometer (Nicolet 6700), and
the wavenumber range was 500-4000 cm~!. The Renishaw Invia
spectrometer (Renishaw, England) and XPS (Axis Ultra DLD, Kratos,
England) were used to obtain the composition and structure of samples.
Thermogravimetric analysis was carried out using a Q500 thermo-
gravimetric analyzer (TA Instruments) under an argon atmosphere
(200 mL/min) at a heating rate of 10 °C min~'. The morphology and
thickness of samples were measured using scanning probe microscopy
(SPM, Dimension 3100). The morphology and structure of samples and
coatings were tested by S4800 (Hitachi) and FEI Quanta FEG 250 (FEI)
scanning electron microscope. The microstructures were further char-
acterized by using high-resolution transmission electron microscope
(HRTEM) (Talos F200x). XRD measurements were presented on D8
Advance Davinci (Bruker AXS), where Cu-K, radiation A = 1.54178 10\,
ranging from 10° < 20 < 90°.

2.6. Corrosion test of coatings

The corrosion performance of the coatings were tested by EIS test,
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salt spray experiments, and LEIS techniques. The open circuit potential
(OCP) and EIS tests of different coatings at different immersion times
were evaluated on a CHI-660E electrochemical workstation (China).
The electrochemical workstation adopts the conventional three-elec-
trode system, in which the coatings serves as the working electrode
(exposed area is 1 cm?), the saturated calomel serves as the reference
electrode, and the platinum slice of 2.5 cm? serves as the counter
electrode. The EIS tests were conducted in a frequency range of
10°-10~2 Hz with an amplitude of 20 mV. Finally, ZSimpWin software
was used to fit the recorded data. Furthermore, the microstructure and
composition of the corrosion products on the coatings surface were
identified by SEM (FEI Quanta FEG 250) and XRD. The salt spray and
LEIS tests were used to present the corrosion speed and corrosion de-
gree of the artificial scratch on the coating. The salt spray test was
carried out by spraying 3.5 wt% NaCl solution (pH = 7) according to
ISO 3768-1976 and GB 6458-86 standards. LEIS measurements were
collected on a VersaSCAN micro-area electrochemical scanning system.
Artificial scratches on the surface of the coating was introduced through
the scalpel. The admittance mapping of the coatings were recorded with

a frequency of 1000 Hz over a region of 3 X 3 mm?.

3. Results and discussion
3.1. Structure characterizations of DRGO™

The schematic diagram of DRGO™ nanosheet synthesis process is
shown in Fig. 1. Firstly, dopamine adheres to the GO surface by oxi-
dation self-polymerization to obtain DRGO. Secondly, DRGO™ with
positive charge is obtained by ionizing DRGO with acetic acid. The zeta
potential of GO and DRGO™* are measured by a Zetasizer Nano ZS (Fig.
S2), the results showed that the potentials of the GO in water dispersion
(0.5 mg/mL) and DRGO™ in water dispersion (0.5 mg/mL) are
—21.1 mV and +26.3 mV, respectively. In addition, the chemical bond
changes of samples can be confirmed by FTIR spectroscopy (Fig. 2a).
Obviously, GO mainly contains five absorption peaks, located at 1055,
1211, 1614, 1725, and 3402 cm ™}, corresponding to the stretching
vibration of C-O bond in epoxy group, C-OH bond, C=C bond in
benzene ring, C=0 in carboxyl group, and O-H bond, respectively
[29,30]. After DA modification, new absorption peaks appeared at 1394
and 1504 cm™! in the FTIR spectrum of DRGO, belonging to C-N
structural vibration and N-H tensile vibration respectively, indicating
that DRGO was successfully synthesized [24,31]. Moreover, it can be
seen from the infrared spectrum of DRGO" that the N-H peak at
1504 cm~! disappears and a new absorption peak appears near
1173 ecm ™!, which also corresponds to the stretching vibration of N-H,
indicating the successful preparation of DRGO™*.

The Raman spectrum of the samples are shown in Fig. 2(b). All three
samples have typical D and G peaks near 1345 and 1600 cm ™! [32].
The Gaussian fitting calculations showed that the I,/Ig ratios (area ratio
of D peak to G peak) of GO, DRGO, and DRGO " samples are 1.12, 1.14,
and 1.15, respectively [33], and the ratio of I,p/ig are 2.24, 2.11, and
2.06, respectively. It shows that DA modified and ionized DRGO did not
introduce any defects and retained the basic structural characteristics of
GO [34]. The elemental composition and chemical bond changes of the
three samples can be reflected from the XPS spectrum (Fig. 2c). The XPS
full spectrum of GO mainly includes the C 1s peak at 284.5 eV and the O
1s at 531.0 eV, while the N 1s near 397.9 eV appear in the XPS full
spectrum of DRGO and DRGO *. In addition, there are four peaks in the
C 1s fine spectrum of GO (Fig. 2d), including C-C (284.3 eV), C-O
(286.7 eV), C=0 (287.3 eV), and O-C=0 (288.9 eV) [35]. However,
there are five peaks in the Cls fine spectrum of DRGO and DRGO*
(Fig. 2e and f), including C-C (284.3 eV), C-N (285.5 eV), C-O
(286.7 eV), C=0 (287.3 eV), and O-C=0 (288.9 eV) [36]. A new C-N
peak appears, and the peaks areas of C-O and C=O0 in the fine spectrum
of C 1s of DRGO and DRGO™ are decreased. The N 1s fine spectrum in
DRGO mainly includes C-N at 398.1 eV and HN-C=O0 at 399.9 eV
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Fig. 3. SEM, TEM, and SPM images of (a—c) GO, (d—f) DRGO, and (g-i) DRGO™" after dispersion in ethanol, respectively.

(Fig. 2g), while the N 1s fine spectrum in DRGO™ has a new amino
group (-NH3 " -) of 399.1 eV (Fig. 2h) [2]. Therefore, we can confirm
that DRGO is ionized by acetic acid to form DRGO*. The existence of
these bonds also indicates the successful synthesis of DRGO and
DRGO™*. This is consistent with the conclusions obtained from the FTIR
spectrum.

3.2. Morphology of DRGO™

The surface topography and morphological changes of GO, DRGO
and DRGO ™ are observed by SEM, TEM and SPM, as shown in Fig. 3. It
can be seen from the SEM (Fig. 3a) and TEM (Fig. 3b) images of GO that
GO is smooth, transparent and thin. In contrast, the surface of DRGO is
more uneven, curly and less transparent (Fig. 3d and e), and there are
obvious particles on the surface, which is attributed to the introduction
of DA. On the other hand, the surface of DRGO ™ is also uneven, curled,
and has lower transparency (Fig. 3g and h). The microstructure is not
changed much compared with DRGO, except that the surface black
particles become uniform. Furthermore, the addition of DA and ioni-
zation hardly affected the structure of GO, which is consistent with the
Raman analysis. SPM further examined the surface topography and
thickness of GO, DRGO, and DRGO™*. Clearly, GO, DRGO, and DRGO™
all exhibit a sheet-like structure. The thickness of GO is about 1.9 nm,
and the thickness of DRGO and DRGO™ are not much different, ap-
proximately 4.6 nm and 4.8 nm, respectively, which is increased
compared with GO, indicating that DA is successfully grafted on the GO
surface.

3.3. Morphology and structure of coatings

The surface and cross-sectional SEM images of pure-EP, 0.25%-
DRGO*/EP, 0.5%-DRGO*/EP, and 1.0%-DRGO*/EP coatings are
shown in Fig. 4(a, e, i, and m) and Fig. 4(b, f, j, and n), respectively.

Obviously, with the increase of DRGO™ content, the roughness of the
coating surface first decreased and then increased, indicating that the
DRGO™ nanosheets is successfully deposited in the coating during the
electrophoretic deposition. In addition, cross-sectional SEM images of
the coating showed that the thickness of the four coatings deposited
under the same conditions is about 25.2 uym. And as the content of
DRGO ™ increases, the cross-sectional of the coating becomes smoother.
This is attributed to the fact that during the electrophoretic deposition
process, the molecular brush of the positively charged DRGO* surface
will accelerate the movement of the emulsion towards the cathode,
resulting the coating denser and smoother. The TEM samples of the
coatings are obtained by taking coatings cross-sectional with a focused
ion beam (FIB) apparatus. The TEM images of the pure-EP coating are
shown in Fig. 4(c and d), and it can be seen that the interior of the pure-
EP coating only exhibits epoxy matrix. From the TEM images of the
0.25%-DRGO* /EP coating (Fig. 4g and h), it can be seen that in the
interior of the coating, in addition to the epoxy matrix, a layered ar-
rangement RGO appeared, which is more pronounced in the HRTEM. It
indicates that DRGO* nanosheets can be self-aligned and parallel ar-
ranged in the coating under the action of electric field, which is bene-
ficial to improve the physical barrier effect and corrosion resistance of
coating. With the increase of DRGO™ content, the layered arrangement
RGO in TEM images becomes more and more obvious and longer, as
shown in Fig. 4(k) and (I). However, when the DRGO™" content in-
creased to 1.0 wt%, small bright voids appeared in the TEM images of
the coating (Fig. 40 and p), which may be the pores generated by the
distribution of graphene in the coating. This will degrade the corrosion
performance of the coating. In this study, the main driving force of self-
alignment is electric field force. The DRGO™ nanosheets uniformly
dispersed in the water-based cathodic epoxy emulsion can move rapidly
toward the cathode under the action of electric field. At the same time,
during the electrodeposition process, DRGO* nanosheets also undergo
self-aligned alignment in the plane in the epoxy. In addition, the
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temperature increase rate of curing temperature is also beneficial to
improve the self-alignment of DRGO™* nanosheets during the coating
formation process. The self-aligned parallel arrangement of DRGO ™ is
conducive to improving the impermeability of epoxy coating, which
can effectively prevent H,O, O5 and Cl~ in the corrosive medium from
penetrating into the substrate, thus vastly improving the corrosion re-
sistance of the composite coating.

3.4. Anti-corrosion performance

In order to evaluate the corrosion resistance of the composite
coatings, the coatings are immersed in a 3.5 wt% NaCl solution for
different times to measure the EIS. The Bode, Bode-Phase, and Nyquist
plots of pure-EP, 0.25%-DRGO*/EP, 0.5%-DRGO*/EP, and 1.0%-
DRGO ™ /EP coatings are shown in Fig. 5. In general, the impedance
modulus (|Z]o.01:) at f = 0.01 Hz in the Bode plot (Fig. 5a, d, g, and j)
reflects the coating's ability to suppress the current between the cathode
and anode regions. The greater the impedance modulus of the coating,
the better the protection [37]. The |Z|¢ 015 values of different coatings
at different immersion times are shown in Fig. 6(c). For the pure-EP
coating, the initial low-frequency impedance modulus is
4.07 x 10° Q cm?, and after 35 days of immersion, it drops sharply to
9.1 x 10”7 Q cm? which is reduced by two orders of magnitude. It
indicates that the corrosive medium has penetrated into the coating
substrate through the defect, resulting in a decrease in the corrosion
resistance of the coating. The initial |Z|g,01x; of the 0.25%-DRGO* /EP
coating is 5.25 x 10° Q cm? and after 35 days of immersion, the
|Z] .01z is 4.07 X 10% Q cm? The value of the impedance modulus is

Chemical Engineering Journal 389 (2020) 124435

o U S ‘ e
Fig. 4. Surface SEM, cross-sectional SEM, TEM and HRTEM images of (a—d) pure-EP, (e-h) 0.25%-DRGO * /EP, (i-1) 0.5%-DRGO * /EP, and (m-p) 1.0%-DRGO* /EP
coatings, respectively.

increased relative to the pure-EP coating and the rate of decline is
slower. It indicates that the incorporation of DRGO™ into the epoxy
coating is beneficial to improve the impermeability of the composite
coating, so that the penetration rate of the corrosive medium in the
coating becomes slower, resulting in an increase in the corrosion re-
sistance of the coating. Surprisingly, the initial |Z| o715, of the 0.5%-
DRGO ™ /EP coating is 4.79 x 10'° Q cm? which is still as high as
7.08 x 10° Q cm? after 35 days of immersion. This is ascribed to the
parallel arrangement of the self-aligned DRGO * nanosheet in the epoxy
coating, greatly improving the ability of the composite coating to resist
the penetration of corrosive media. Likewise, the initial |Z|g.01m, Of
1.0%-DRGO* /EP coating is also as high as 2.19 x 10'° Q cm?, but
decreased than that of 0.5%-DRGO™ /EP coating, which may be the
pores presence between the high content of graphene in the 1.0%-
DRGO* /EP composite coating.

The change of phase angle in Bode-Phase plots can also reflect the
anti-corrosion of coating. Among them, the time constants at low fre-
quencies and high frequencies correspond to the corrosion response of
the metal substrate and the capacitance characteristics of the coating,
respectively. When corrosive ions contact the substrate and cause metal
corrosion, two time constants are generated in the Bode-Phase plots.
The Bode-Phase plots of coatings at different immersion times are
shown in Fig. 5(b, e, h, and k). Obviously, the pure-EP coating showed
two time constants when immersed for 28 days, indicating that the
corrosive medium in the corrosive solution had reached the substrate.
At 35 days, the corrosion rate of the coating is prominently accelerated.
However, the coating doped with DRGO™* nanosheets still only shows
one time constant, showing that the corrosive medium is still some
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Fig. 5. Bode, Bode-Phase, and Nyquist plots of (a—c) pure-EP, (d—f) 0.25%-DRGO * /EP, (g—i) 0.5%-DRGO* /EP, and (j-1) 1.0%-DRGO * /EP coatings in 3.5 wt% NaCl

solution for different immersion times, respectively.

distance away from the interface between the coating and substrate.
The above results indicate that the addition of DRGO™ is beneficial to
improving the barrier performance of the coating.

Fig. 5(c, f, i, and 1) displays Nyquist plots of different samples at
different immersion stages. Generally, it can be divided into two stages
depending on whether the corrosive medium reaches the interface of
the coating and the substrate, which corresponds to the time constant in
the Bode-Phase plots discussed above. When the corrosive medium does
not reach the substrate, its equivalent circuit model diagram is shown in
Fig. 6(a), otherwise, as shown in Fig. 6(b) [38]. Where R is the re-
sistance of the corrosion solution, R, and Q. correspond to the resistance
and capacitance of the coating respectively, and R, and Qg represent
the charge transfer resistance and double-layer capacitance [39]. The
radius of the impedance arc in Nyquist plots can reflect the corrosion
resistance of coating. The larger the radius, the better the corrosion
resistance [40]. It can be seen that the corrosion resistance of all
coatings decreases with the immersion time, but the 0.5%-DRGO* /EP
coating has the slowest rate of decline. In addition, the value of R,
decreases with the penetration of the corrosive medium, which can
reflect the corrosion ease of the coating, the larger the value, the better
the corrosion resistance of coating. The value of R, obtained by fitting
are shown in Fig. 6(d). After 35 days of immersion, the R, of the pure-
EP coating decreased from 4.84 x 10° to 6.3 x 10° Q, especially when
the corrosive medium penetrated the substrate (28 days), the R, of the

coating dropped sharply. However, the composite coating with DRGO*
nanosheet has a slower resistance reduction, indicating a significant
decrease in the penetration rate of the corrosive medium. After 35 days
of immersion, the R, of 0.5%-DRGO*/EP coating is still up to
1.31 x 10 Q. The results show that the tight self-aligned parallel
arrangement DRGO* can significantly improve the barrier performance
of the composite coating. Similarly, the reason for the decrease in the R,
of the 1.0%-DRGO * /EP coating is due to the presence of pores between
the graphene in the coating. Therefore, adding appropriate content of
DRGO™ nanosheet in epoxy coating can observably improve the anti-
corrosion of coating.

In order to verify the effect of the addition of DRGO * nanosheets on
the barrier properties of the coating, the water absorption of the coating
is calculated according to the Brasher and Kingsbury (BK) formula
[41-43], as shown in Eq. (1) and Fig. 7.

Ce (1)
Cc(0)

~ Tog(80)

X, % X 100

@

where X, (%) represent the volume fraction of water in the coating, C.
(t) and C. (0) represent the coating capacitance at time t and initial
time, respectively. Obviously, the addition of DRGO™ nanosheets can
significantly reduce the water absorption of the coating. Furthermore,
the 0.5%-DRGO*/EP coating has the lowest water absorption,
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Fig. 7. Water absorption of coatings under different immersion times.

indicating that it has extraordinary barrier properties. This is de-
termined by the closely self-aligned parallel arrangement of the RGO in
the coating. The parallel arrangement of DRGO ™ nanosheets give full
play to the interaction between graphene's high surface area and elec-
trolyte, significantly improving the physical shielding of the coating
and prolonging the penetration path of corrosive substances, thus
greatly improving the corrosion resistance of the coating. Compared
with other similar published works (Support Information Table S1), this
study also shows better corrosion resistance.

Salt spray tests are employed to assess the anti-corrosion of in-
dustrial coatings. The optical images of pure-EP, 0.25%-DRGO™* /EP,
0.5%-DRGO " /EP, and 1.0%-DRGO*/EP coatings after salt spray ex-
periments at 0, 240, and 480 h are shown in Fig. S3. It can be seen from
the picture after the 240 h salt spray test that the pure-EP coating is
covered with rust around the scratches, and a little rust spots appear in
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Equivalent circuit model diagram of coatings at different stages (a, b); and |Z|.01x (¢) and R, (d) of coatings at different immersion times.

the undamaged area. The surface of the 0.25%-DRGO * /EP coating has
less rust than that of pure-EP coating. However, the surface of the 0.5%-
DRGO " /EP and 1.0%-DRGO* /EP coatings remained intact except for
rust around the scratch. After 480 h salt spray test, the pure-EP and
0.25%-DRGO " /EP coatings are almost completely covered by rust,
except that the 0.25%-DRGO* /EP coating coverage area is less than
that of the pure-EP coating. For the 0.5%-DRGO " /EP coating, black
spots appear around the scratches, but the surface remains intact. The
1.0%-DRGO " /EP coating is covered by black spots around the scratch
and has bright white spots on the surface. The results showed that the
addition of DRGO ™ nanosheet is helpful to enhance the corrosion re-
sistance of pure epoxy coating. When the content is 0.5 wt%, the
composite coating has the best anti-corrosion owing to the tight parallel
arrangement of DRGO™" inside the coating.

In order to better determine the corrosion protection mechanism of
the coatings, the LEIS test was performed by artificially introducing
scratches on the surface of the coatings. The coating is immersed in
3.5 wt% NaCl solution for 24 h, and the admittance values of the area
(3 x 3 mm?) around the scratch are measured at 1 h, 12 h, and 24 h,
respectively, as shown in Fig. 8. The admittance values in the figure can
be divided into three areas: the complete coating, interface between the
coating and the scratch and scratch. Clearly, the admittance distribu-
tion of different coatings near the scratch changes obviously with im-
mersion time. With the increase of immersion times, pure-EP coating
changed from light blue to yellow and then to deep red near the scratch,
and the admittance value changed significantly, corresponding to the
artificial scratch area expansion and depth increase, as shown in
Fig. 8(a—c). For the 0.25%-DRGO " /EP coating, the area around the
scratch changed from light blue to green and then to red, the area and
depth of the artificial scratch area are decreased compared with the
pure-EP coating. It is indicated that the addition of DRGO* nanosheet is
beneficial to enhance the corrosion resistance of epoxy coating. Sur-
prisingly, the vicinity of the 0.5%-DRGO*/EP coating scratches
changed from light blue to light blue and then to green, the area and
depth of the artificial scratched area are vastly reduced. This is ascribed
to the tight self-aligned parallel arrangement of DRGO™ in the
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Fig. 8. LEIS maps of (a—c) pure-EP, (d—f) 0.25%-DRGO * /EP, (g-1) 0.5%-DRGO " /EP, and G-D 1.0%-DRGO* /EP coatings at different immersion times,

composite coating, which immensely improves the barrier performance
of the coating. For the 1.0%-DRGO * /EP coating, the scratches changed
from light blue to green and then to yellow. Compared with the pure-EP
coating, the area and depth of the artificial scratch area are greatly
reduced, but there is still different than that of the 0.5%-DRGO * /EP
coating. This is mainly because with the increase of DRGO ™ content in
the coating, there will be small pores between the DRGO™ in the
coating, so that the corrosion resistance of the composite coating is
reduced. This is consistent with the above EIS analysis.

3.5. Corrosion products analysis

In order to verify the corrosion protection effect of DRGO™ na-
nosheet and reveal the protection mechanism of composite coatings,
XRD and SEM were used to analyze the corrosion products of the
coatings immersed in 3.5 wt% NaCl solution for 35 days. The coating on
the surface of the Q235 carbon steel is removed and cleaned with
ethanol before the corrosion products analysis. Fig. 9 reveals the XRD
patterns of corrosion products on the surface of carbon steel under
pure-EP, 0.25%-DRGO*/EP, 0.5%-DRGO " /EP, and 1.0%-DRGO*/EP
coatings. There are six distinct characteristic peaks in the XRD pattern
of pure-EP coating, including Fe;04 at 29.5°, FeOOH at 31.9°, a-Fe,03
at 37.2°, and Fe at 44.7°, 65.0° and 82.2° [44-46]. It is indicated that
the corrosion products under the pure-EP coating are mainly composed

* Fe;0, ¢ a-Fe,0,
M vFe A FeOOH
-~ *a ¢ v v
= i (| A A
- pure-EP
- ¢
3} A * l * i A
‘@ 0.25%-DRGO'/EP
g
"E e a A
o) 0.50%-DRGO"/EP
e |
1 OO% DRGO'/EP

10 20 30 40 50 60 70 80 90
2 Theta (degree)

Fig. 9. XRD pattern of corrosion products on the surface of carbon steel under
pure-EP, 0.25%-DRGO * /EP, 0.5%-DRGO * /EP, and 1.0%-DRGO * /EP coatings
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Fig. 10. SEM images of corrosion products on the surface of carbon steel under
(a, b) pure-EP, (c, d) 0.25%-DRGO* /EP, (e, f) 0.5%-DRGO*/EP, and (g, h)
1.0%-DRGO* /EP coatings.

of FeOOH and a-Fe,05. In addition, the peak intensity of Fe in the pure-
EP coating is lower than that of other composite coatings, which is
mainly caused by the surface of the carbon steel under the pure-EP
coating being covered by corrosion products. The corrosion products of
0.25%-DRGO " /EP, 0.5%-DRGO * /EP, and 1.0%-DRGO * /EP composite
coatings are mainly composed of Fe30, and Fe;O3 [47,48]. Moreover,
the variation rule of corrosion product Fe,O3 content is consistent with
the variation rule of corrosion resistance of coatings obtained by the
above corrosion test analysis. The addition of DRGO™ nanosheet is
beneficial to improve the corrosion resistance of the coating, but when
the content of DRGO ™ is greater than 0.5 wt%, the corrosion resistance
of the composite coating will decrease.

The SEM images of the corrosion products on the surface of carbon
steel under pure-EP, 0.25%-DRGO " /EP, 0.5%-DRGO* /EP, and 1.0%-
DRGO* /EP coatings are shown in Fig. 10. The surface of the pure-EP
coating is severely corroded, causing corrosion pits and covering a thick
layer of corrosion products. For the 0.25%-DRGO*/EP coating, the
corrosion pits on the surface and the covered corrosion products are
much less than that of pure-EP coating, indicating that the addition of
DRGO™ nanosheet can effectively improve the corrosion resistance of
the coating. However, the surface of the 0.5%-DRGO* /EP coating has

10
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almost no corrosion products covering, except for a few etch pits. This is
attributed to the presence of tight self-aligned parallel arrangement
RGO in the coating, which can efficaciously blocks the penetration of
corrosive media into the steel surface, thereby dramatically improving
the corrosion resistance of the composite coating. For the 1.0%-
DRGO " /EP coating, although there are fewer corrosion pits and cor-
rosion products on the surface, the corrosion resistance of the coating is
lower than that of 0.5%-DRGO ™ /EP coating. This is mainly because
when the content of DRGO™ nanosheet is high, holes will appear be-
tween RGO, which reduces the barrier and anti-corrosion of the coating.

3.6. Corrosion protection mechanism

The corrosion protection mechanism of pure-EP and 0.5%-DRGO*/
EP coatings are shown in Fig. 11. During the preparation of the coating
and long-term immersion in the corrosive solution, defects are in-
evitably generated inside the coating. For the pure-EP coating
(Fig. 11a), corrosive media such as H>O, O,, and Cl~ will penetrate into
the substrate along the defects of the coating, forming microgalvanic
corrosion in local areas, and the following reactions occur (Egs.
(2)-(4)). The formation of pitting pits on the metal surface further ac-
celerates the corrosion and renders the coating ineffective.

Fe — Fe** 4 2e~ 2)
1
H,0 4+ =0, 4 2e~ — 20H~
NG - ®3)
Fe?* + 20H — FeOOH + H* + e~ ()]

As for the 0.5%-DRGO * /EP coating, the addition of DRGO™ will fill
in some defects in the coating or form a barrier network, which tre-
mendously improves the physical barrier effect and anti-permeability of
the composite coating. In addition, when the corrosive medium reaches
the coating substrate, microgalvanic corrosion will also form in the
local area (Egs. (2)-(7)). However, the quaternary amino groups in
DRGO™ can generate electrostatic adsorption with electrons, which
causes Fe2™" to be oxidized to Fe,O3 or Fe;0,4, forming a dense passi-
vation film on the surface of carbon steel.

Fe?* — Fe3* + e~ 5)
2Fe*t + H,O + O, + 2¢e~ — Fe,0; + 2H' 6)
3Fe3* + 2H,0 + O, + 5e~ — Fe;0, + 4H* (@]

Importantly, the RGO itself used in this study is less conductive, and
the -NH;* in DRGO™ can also absorb electrons generated during Fe
oxidation, it does not accelerate the corrosion process of the coating. In
addition, DRGO™ has remarkable dispersion in water-based cathodic
epoxy emulsion and can be self-aligned and parallel arranged in the
coating under the action of electric field, so the uniform orientation of
0.5%-DRGO " /EP coating further increases the tortuous path of the
corrosive medium to the substrate. Moreover, the dense passivation
film of carbon steel surface also can protect substrate from corrosion.
Accordingly, the 0.5%-DRGO* /EP coating exhibits extraordinary long-
term anticorrosive performance.

4. Conclusions

In this study, the newfangled cationic dopamine-reduced graphene
oxide (DRGO™) nanosheets are successfully prepared as a fillers for
epoxy coatings. Due to the presence of -NH;*, DRGO™ can be stably
dispersed in commercial water-based cathodic epoxy emulsion and can
be tight self-aligned parallel arrangement in the composite coating
under electric field. The EIS test showed that the initial low-frequency
impedance modulus of the 0.5%-DRGO*/EP coating is as high as
4.79 x 10'° Q cm?, which is an order of magnitude higher than that of
the pure-EP coating (4.07 x 10° Q cm?). LEIS technology and corrosion
product analysis revealed that the mechanism of anti-corrosion
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Fig. 11. Schematic images of corrosion protection mechanism of (a) pure-EP and (b) 0.5%-DRGO* /EP coatings.

reinforcement of coating is: The addition of DRGO™* can form a barrier
network in the coating, which significantly improves the physical bar-
rier effect of the coating and prolongs the penetration path of the cor-
rosive medium, immensely improving the anti-corrosion of the coating.
In addition, the positively charged -NH3 " on DRGO™ can electrostatic
attract electrons and corrosive negative ions, forming a dense oxide film
(Fe,03/Fe304) on the surface of the substrate. Therefore, this work
provides a potential route to prepare coatings with extraordinary long-
term corrosion resistance on a large scale.
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0.25%-DrGO*/EP, (c) 0.5%-DrGO*/EP, and (d) 1.0%-DrGO™/EP
coatings after salt spray experiments at 0, 240, and 480 h.
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