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ABSTRACT

The strong barrier of well dispersed graphene provides excellent labyrinth effect in organic coating. However, the
high conductive graphene sheets are prone to forming conductive path in coating matrix with corrosive medium,
resulting in serious micro current corrosion. Although a large number of methods to reduce the conductivity of
graphene have been reported, how to balance the conductivity of graphene, the affinity between filler and resin,
and the self-healing property of coating are major issues for researchers to consider. Here, we have developed a
strategy for insulating graphene with layered double hydroxides via sulfonated polyaniline mediated self-
assembly approach. Graphene sheets were stripped by sulfonated polyaniline to improve the interlayer
spacing of graphene followed by covered with layered double metal hydroxide (LDH) via ionic crosslinking,
which reduced the conductivity of graphene and improve the interfacial compatibility between the fillers and the
resin. At the same time, the electroactive polyanilines between the graphene layers afford the coating with self-
healing effect. The novel graphene-LDH nanohybrid material was incorporated into the waterborne epoxy resin
to prepare corrosion resistant coatings with a thickness of about 70 & 5 pm. The electrochemical and self-healing
properties of the prepared composite coating were characterized by EIS, Tafel and LEIS techniques. This novel
sulfonated polyaniline crosslinked graphene-LDH nanohybrid expands in the research and development of gra-
phene based high performance anticorrosive coatings.

1. Introduction

ovalene[19]) and conductive polymers (such as polyaniline [7,20-22],
polypyrrole [5,23], polythiophene [24], polydopamine [25] and so on)

Graphene exhibits outstanding impermeability, large specific surface
areas and high aspect ratios, which can be the ideal physical barrier [1-4].
When added to the organic resin, graphene can remedy the micro-pores at
lower loading capacity and improve the barrier property of organic
coatings [5-8]. However, there are two disadvantages of graphene used
for anticorrosion, one is the case of agglomeration that could introduce the
defects and free volumes in the coating, the other is the acceleration of
corrosion caused by high conductivity of graphene sheets [9-11].

In order to address these issues, researchers have made use of the
n-n* interactions between graphene and electroactive substances
including polycyclic aromatic hydrocarbons (such as pyrene [12-14],
naphthalene [15], anthracene [16], tetracene [17], coronene [18] and

* Corresponding authors.

to achieve the exfoliation of graphene sheets and enhance the chemical
compatibility with coating matrix, conductive polymers also contribute
to the formation of passivation oxides layers on the steel surface to
decrease the local electrochemical activity of the steel.

The above methods mainly solve the problem of graphene agglom-
eration, while it also couldn’t be omitted that graphene possesses high
conductivity, which can accelerate charges transfer and form graphene-
metal micro-galvanic cell corrosion at the coating defects [26]. In order
to reduce the conductivity of graphene, nanoscale SiO, was used to
encapsulate reduced graphene oxide (rGO), the nanoscale SiOy grown
on the surface of graphene could prevent graphene from contacting
metal [27]. This measure could effectively eliminate graphene-metal
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micro-galvanic cell corrosion. In addition to the in-situ synthesis of
inorganic nanoparticles, organic insulative polymers (such as perni-
graniline [28], (3-aminopropyl)-triethoxysilane (APTES) [29]) could
also attach to the surface of graphene or graphene oxides to cut down the
conductivity of graphene. The presence of these organic polymers could
effectively encapsulate graphene and avoid direct contact between
graphene and metal interface. Furthermore, furan epoxide was selected
as the insulating packaging material to prepare furan-graphene com-
posites by the Diels-Alder reaction [30]. The prepared composites
decreased the electrical conductivity and exhibited outstanding
compatibility with polymer.

Meanwhile, the conductivity of graphene can also be decreased by
elements doped method. Fluorinated graphene was prepared by liquid
phase stripping successfully, which was significantly lowering the con-
ductivity of graphene [31]. In order to reveal the mechanism of different
elements, B-doped and N-doped graphene by thermal stripping of gra-
phene oxide were obtained [32]. There are significant differences in
electronic properties of doped materials. Results show that B atom acts
as an electron acceptor reduces the conductivity of graphene, but the
doped of electron donor N improves the conductivity of graphene
[32-33]. However, the element doped method is complicated in oper-
ation and not suitable for large-scale production.

Layered double hydroxide (LDH) is a kind of insulating two-
dimensional nanomaterial, which is composed of positively charged
main laminates, the interlayer anions and water molecules overlap each
other. In order to achieve the exfoliation of graphene and the reduction
of conductivity, we designed a sandwich structure of graphene-LDH
hybrids using sulfonated polyaniline (SPANI) as noncovalent
dispersing agent and ionic interacting agent for LDH as shown Fig. 1.
First, thin layers of graphene with large amounts of negative charges on
the surface were generated by the n-n* interaction between SPANI and
graphene sheets. LDH sheets were then assembled on the surface of
graphene surface by ionic crosslinking of SPANI and LDH. This prepa-
ration process was simple and did not destroy the original structure of
graphene. Further, the surface adsorbed LDH contained a large amount
of hydroxyl groups, which improved the solubility of the composite
nanomaterial in the resin and prevented graphene from interconnecting
to form a conductive path. The structure and morphology of G-SPANI-
LDH composites were characterized by Raman, XRD, XPS, SEM, TEM.
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Whereafter, the nanocomposites were dispersed in a resin to prepare
anticorrosive coatings, with the thicknesses of the coatings about 70 + 5
um. The self-healing and anticorrosive properties of as prepared coatings
were investigated by LEIS, EIS, potentiodynamic polarization curves and
salt spray test.

2. Experiment part
2.1. Materials

Graphene was bought from Ashine New Carbon Material Co., Ltd.
Magnesium nitrate hexahydrate, aluminum nitrate nonahydrate, urea,
sodium chloride, aniline, 2-aminobenzenesulfonic acid, sodium persul-
fate and polyether amine D230 were purchased from Aladdin Reagent
Co. Ltd., all of them were directly used without further purification.
Waterborne epoxy was purchased from Shenyang Baichen Chemical
Technology Co. Ltd. The Q235 mild steel (contact area of 1 cm?) elec-
trodes were acquired from Shengxin Technology Co., Ltd. The carbon
steel with an area of 1 cm x 1 cm was polished with 400 and 800C
sandpapers and cleaned in ethanol and acetone by ultrasonic vibration.

2.2. Material synthesis and coating preparation

2.2.1. Synthesis of sulfonated polyaniline

Sulfonated polyaniline (SPANI) was obtained by the following steps.
Firstly, 4.3 g of aniline and 2.3 g of 2-aminobenzenesulfonic acid were
completely dissolved in 500 mL of 1 M HCl aqueous solution. 500 mL of
1 M HCI solution with 11.4 g (NH4)2S20g were added into the above
prepared mixed solution. Subsequently, the reaction was carried out at
0 °C for 24 h without interference. The green and black products were
collected by filtration, washed repeatedly with deionized water, and
finally dried in a vacuum oven at 60 °C for 12 h.

2.2.2. Synthesis of LDH

2 mmol of Mg(NO3)2-6H20, 1 mmol of AI(NO3)3-9H20 and 7 mmol
of CO(NH>), were dissolved in 70 mL of deionized water and taken to
react in a tetrafluoroethylene reactor at 140 °C for 8 h. After the reac-
tion, the obtained product was centrifuged, washed and dried in an oven
at 60 °C for 12 h.
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Fig. 1. Schematic preparation of graphene-LDH nanohybrid via sulfonated polyaniline mediated self-assembly approach and G-SPANI-LDH epoxy coating.
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2.2.3. Synthesis of G-SPANI-LDH

A certain amount of graphene and sulfonated polyaniline (with a mass
ration of 1:2) were dissolved in 100 mL of deionized water under ultra-
sonic irradiation of 60 W for 20 mins, and LDH was dispersed in the above
solution (mypy:mg = 5:1) and stirred for 2 h at 300 rpm (mg:mspan:MipH
= 1:2:5). Afterwards, the hybrids were centrifuged at 6000 rpm, washed,
and finally dried at 60 °C for 12 h. Graphene is easy to agglomerate,
sulfonated polyaniline is used to peel graphene to improve the interlayer
spacing of graphene. After graphene was stripped by SPANI, LDH was
coated on the surface of G-SPANI to prepare G-SPANI-LDH.

2.2.4. Preparation of coatings

The prepared G and G-SPANI-LDH were weighed (0.5 wt% per
sample) and dissolved in 1 mL of ethanol. In order to obtain uniform
dispersion, ultrasonic treatment was performed for 5 mins. Then, 1 g of
polyether amine D230 was added to the above mixed solution and
stirred violently for 20 mins. After that, 5 g of waterborne epoxy resin
was mixed into the above mixture and stirred for 10 mins. Before using,
the residual ethanol was evaporated at 60 °C by a rotary evaporator. The
resin was coated on the surface of Q235 steel with a wire rod, and the
dry film thicknesses were 70 + 5 pm after curing reaction. Besides, pure
epoxy coatings were selected as blank samples (EP). To distinguish the
composite coatings, they were represented as pure-epoxy coating, G-
epoxy coating and G-SPANI-LDH-epoxy coating.

2.3. Characterization method

2.3.1. Characterization of materials

The chemical structure of G-SPANI-LDH was characterized by Raman
spectroscopy (Renishaw invia reflex) from 3000 cm™ to 400 cm™. The
crystal structures of G, G-SPANI and G-SPANI-LDH were characterized by
X-ray diffraction (D8 advance, Bruker). The XRD patterns were obtained
by using monochromatic Cu Ko radiation in the range of 5-60° at a rate of
3°/min. X-ray photoelectron spectroscopy (XPS, axis ultra, DLD) was used
to detect chemical composition and element analysis. The thermal prop-
erties of the materials were tested by diamond TG/DTA. The test tem-
perature range was 30-800 °C, and the heating rate was 10 °C/min. The
structure and morphology of G-SPANI-LDH were studied by scanning
electron microscopy (SEM, Hitachi S4800) and transmission electron
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microscopy (TEM, TECNAI F20). SEM (Hitachi S4800) and TEM (JEOL
2100) were used to identify the fracture surface morphology and the
distribution of coating fillers. The dispersion of fillers was characterized by
inVia Raman microscope (Renishaw PLC). The excitation wavelength was
785 nm, the scanning area was 50 pm x 50 pm, and the step size was 1 pm.
. The conductivities of the samples were obtained by measuring five
different positions using four-probe conductivity meter (CRESBOX). The
sample powders were pressed into thin plates with radius of 0.5 cm x 0.5
cm and thicknesses of 1mm.

2.3.2. Electrochemical performance test

CHI-660E electrochemical workstation was used to evaluate the
long-term corrosion behavior of coatings in 3.5 wt% NaCl solution. In
this experiment, saturated calomel electrode (SCE) and platinum plate
were used as reference electrode and counter electrode, respectively.
The EIS (electrochemical impedance spectroscopy) data of the prepared
samples were carried out in the frequency range of 10° Hz to 102 Hz
with sinusoidal disturbance of 20 mV amplitude. The potentiodynamic
polarization curves were obtained from cathode to anode (Eqcp + 250
mV) at a scanning rate of 1 mV/s. The thicknesses of samples were 19 +
1 ym and soaked for 15 days. The EIS results were analyzed by Zview
software. The self-healing behavior of the composite coating was
detected by LEIS (localized electrochemical impedance spectroscopy),
which was carried out on Versa SCAN Micro-Scanning Electrochemical
Workshop (AMETEK, USA). During the test, the amplitude was 50 mV
and the test frequency was 10 Hz. According to ASTM B117, salt spray
test was used to study the failure behavior of the defective coating in
extreme environment.

2.3.3. Characterization of corrosion products

SEM (FEI Quanta FEG 250) and energy dispersive spectroscopy
(EDS) were used to examine the long-term corrosion samples. The
chemical structure of corrosion products was characterized by Raman
spectroscopy (Renishaw inVia reflex), and the distribution of corrosion
products on the substrate surface was characterized by inVia Raman
microscope (Renishaw PLC). The excitation wavelength was 532 nm, the
scanning area was 10 pm x 10 pm, and the step size was 0.5 pm.
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Fig. 2. a, b) The SEM and TEM images of G-SPANI-LDH. a;-a4, b1-b4) The energy dispersive spectroscopy of G-SPANI-LDH. c¢) The Raman spectra of SPANI, G and G-
SPANI-LDH. d) The XRD patterns of G-SPANI-LDH. e) The XPS full spectrum of G-SPANI-LDH. f) The thermogravimetric curve of G-SPANI-LDH.
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Table 1
Conductivity of G and G-SPANI-LDH.

Sample Conductivity Average conductivity

S/cm S/cm

166.7

163.9

G 163.9
161.3

163.9

3.0

163.9 £ 1.7

G-SPANI-LDH 2.9 3.0£0.1

3. Results and discussion
3.1. Morphology and structure analysis

As displayed in Fig. 1, graphene was stripped by SPANI by r-n*
interaction to get G-SPANI nanohybrids. Given the abundant negative
charges on the G-SPANI surface, LDH could tightly adsorbed on the
surface of G-SPANI through electrostatic interaction after modification
to obtain G-SPANI-LDH nanohybrids. The nanohybrid coatings were
prepared after the curing reaction.

The morphology of the G-SPANI-LDH composites is shown in Fig. 2a
(SEM) and Fig. 2b (TEM) and the element distribution on the surface is
shown in Fig. 2al-2a4 and Fig. 2b1-2b4. As can be seen, LDH is uni-
formly adsorbed on the graphene surface in hexagonal shape, and the
dendritic SPANI is distributed in the middle of graphene and LDH. As
shown in Fig. 2¢, in Raman spectra, the peaks at 1488 and 1580 cm™
correspond to the benzene and quinone deformation of the SPANI ring
[34-36], and the peak at 1345 cm’! is ascribed to the stretching mode of
C-N" radical cation in the protonated state, which proving that SPANI is
in the conductive state [37-39]. The peak at 1220 cm™ is assigned to C-
N stretching vibration amine type; 1169 cm™ belongs to asymmetric
0=S=0 stretching vibration peak [40], 416 and 526 cm™? belong to out
of plane ring deformation [41]. As shown in Fig. 2¢, the D and G peaks of
G-SPANI-LDH become wider than that of graphene, which are mainly
affected by the SPANI peak.

Graphene was stripped by SPANI. As shown in Fig. 2d XRD pattern,
the 26 peak of graphene appears at 26.6°, and the corresponding layer
spacing is 0.33 nm (according to Bragg equation). After graphene is
stripped, 20 moves to 26.3° and the layer spaces increase to 0.34 nm. As
displayed in Fig. 2d, there are (003), (006), (012), (015) and (018) peaks
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in G-SPANI-LDH [42], indicating that LDH distributed on the surface of
graphene nanosheets. In order to further explain, we did XPS for element
analysis. Fig. 2e shows the full spectrum of G-SPANI-LDH, in which 532
eV belongs to O 1s peak, 400 eV attributes to N 1s peak, 284 eV vests in C
1s peak; 74.5 and 118.5 eV peaks are attributed to Al 2p and Al 2s, while
49.6 and 88.5 eV peaks belong to Mg 2p, Mg 2s [26].

The thermal property of G-SPANI-LDH was analyzed by DTA as
shown in Fig. 2f. At the temperature of 100-200 °C, water molecules
interacted in LDH are mainly lost; in the temperature range of 200-400
°C, weight loss corresponds to the removal of interlayer hydroxyl and
the decomposition of carbonate, 436 °C may be attributed to the fracture
of C-S bond on the main chain of SPANI and the carbonization of
polymer molecular chain [43-44]. Above 500 °C, LDH completely de-
composes and forms bimetallic oxides.

3.2. Test of sample conductivity

As shown in Table 1, the average conductivity of graphene is 163.9
S/cm. After being coated with LDH, the average conductivity of G-
SPANI-LDH decreases to 3.0 S/cm, indicating that the conductivity of
graphene is significantly reduced after LDH modifications.

3.3. Characterization of coating cross section morphology and filler
dispersion

It is well known that the protective and impermeable properties of
composite coatings are related to the dispersion of nanofillers in organic
resin matrix [45-47]. In order to observe the dispersion of G-SPANI-LDH
nanohybrid in the composite coatings, the fracture surfaces of the coatings
were characterized by SEM. As displayed in Fig. 3al-3c2, the surface of
pure epoxy resin is smooth, microcracks would expand rapidly without
hindrance. However, added nanofillers provide high and low gullies to the
coatings, which can hinder the propagation of microcracks. The compat-
ibility between nanofillers and epoxy is significant, the poor compatibility
greatly affects the barrier performance of composite coatings. It can be
seen from the brittle fracture section of G-epoxy coating that graphene is
clustered in the epoxy, which influencing the barrier performance of
coating. G-SPANI-LDH nanofillers are evenly distributed in the resin. The
ratio of the peak at 1605 cm™ of epoxy resin [48] to 1350 cm™ of graphene
represents the density of graphene in epoxy. The color depth of different
areas represents the relative content of fillers in the epoxy. It can be seen
that the distribution of G-SPANI-LDH in the matrix (Fig. 3e) is more uni-
form than graphene in Fig. 3d, which is consistent with the transmission
electron microscopes in Fig. 3f-3g.

Fig. 3. SEM of brittle fracture interface for a;, a5) pure-epoxy coating, by, by) G-epoxy coating, ¢, c3) G-SPANI-LDH-epoxy coating. Raman mappings of d) G-epoxy
coating and e) G-SPANI-LDH-epoxy coating specimen. The TEM images of f) G-epoxy coating and g) G-SPANI-LDH-epoxy coating.
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3.4. Long term corrosion resistance of composites coatings

In order to evaluate the long-term corrosion resistance of nano-
composite coatings in 3.5 wt% NacCl solution, EIS measurements were
carried out at different immersion times.

Firstly, the OCP of three coatings was obtained at 1, 10, 30, 50 and 70
days to measure whether it is steady in corrosive environment. OCP can
be regarded as the “indicator light” of coating corrosion tendency
(Fig. S1, Supporting Information). With the increase of immersion time,
the OCP of the pure-epoxy coating decreased rapidly, indicating that
corrosive medium can penetrate into the interior of pure-epoxy coating
quickly. Added G and G-SPANI-LDH nanofillers can apparently improve
the OCP of coatings. However, it was found that the OCP of G-epoxy
coating was lower than that of pure-epoxy coating at 30 days, this
phenomenon might be ascribed to the agglomeration of graphene. For G-
SPANI-LDH-epoxy coating, the good dispersion of graphene could not
introduce micropores into epoxy and show a good shielding effect. Even

(a4)
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when soaked for 70 days, the OCP of G-SPANI-LDH-epoxy coating was
—0.200 V, which was higher than that of pure-epoxy (-0.565 V) and G-
epoxy coating (-0.446 V). This evidence indicates that G-SPANI-LDH-
epoxy coating can be applied to long-term anticorrosion.

EIS can show the barrier effect of the coating more intuitively. As
displayed in Fig. 4al-4c2, during the initial soaked stage, the coatings
were complete and defect free, and there was no water penetration. Low
frequency impedance shows that G-SPANI-LDH-epoxy coating has the
highest impedance modulus, while pure-epoxy coating has the lowest
impedance modulus. With the prolongation of immersion time, the
barrier effect of pure-epoxy coating is gradually weakened. When pure-
epoxy coating was soaked for 70 days, the second time constant of epoxy
coating appeared gradually, which indicated that water and chloride
ions had already penetrated into the interface between coating and
metal. The equivalent circuit changed from Fig. 4g1 to Fig. 4g2, water
seepage occurred in the epoxy coating and emerged charge transfer
resistance (R¢) and electric double-layer capacitance (Qq), and the

(c4)
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Z|s—0.0112) and f) breakpoint frequency (fy) of different samples with time. The equivalent circuits (model g;, g,) are used to fit the EIS results of the coatings.
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resistance of pure-epoxy coating decreased from 7.176 x 108 Q cm? (10
d) to 8.679 x 10° Q@ em? (70 d).

For G-epoxy coating, the barrier performance is better than pure-
epoxy coating, but the impedance of G-epoxy coating was even lower
than pure-epoxy coating at 30 days. Because graphene is not dispersed
totally in the epoxy resin, the aggregation phenomena and barrier
shielding effect of graphene compete with each other, which influence
the anticorrosion properties of the coating.

For G-SPANI-LDH-epoxy coating, a large number of hydroxyl groups
on the surface of LDH improved the interface combination between G-
SPANI-LDH and epoxy (the cross-section morphology of the coating also
confirmed this point). The coating has not been observed water seepage
in long-term service. Both G-epoxy coating and G-SPANI-LDH-epoxy
coating have not appeared one new relaxation time, which indicated
their excellent barrier properties and good intactness on the steel sub-
strate. The equivalent circuit of G-epoxy coating and G-SPANI-LDH-
epoxy coating is shown in Fig. 4g1.

The coating resistances were obtained from the equivalent circuits,
which could express the barrier effect of the coating roughly. As shown
in Fig. 4d, the resistance of G-SPANI-LDH-epoxy coating was always
higher than that of pure-epoxy and G-epoxy coatings. However, the
resistance of G-epoxy was lower than pure-epoxy at 30 days, which is
consistent with OCP. Due to the agglomeration of graphene, the resis-
tance of G-epoxy coating was reduced. With the extension of immersion
time, the barrier performance of graphene gradually takes the upper
hand, and the OCP and coating resistances of G-epoxy coating are
gradually higher than that of pure-epoxy coating. Fig. 4e shows the
impedance changes with time at 0.01 Hz for the three different coatings.
The impedances at 0.01Hz are positively correlated with the barrier
performance of the coatings, and the G-SPANI-LDH-epoxy coating al-
ways keeps the highest impedance. The breakpoint frequency (f) is the
frequency at -45 phase angle, which can be obtained from the Bode
diagram to evaluate the protective performances of the coatings
[49-51]. The breakpoint frequency (f) is positively correlated with the
delamination of the coating. The breakpoint frequencies of the three
coatings are shown in Fig. 4f. With the prolongation of immersion time,
pure-epoxy coating has the highest breakpoint frequency, indicating the
delamination phenomenon is most serious. However, the G-SPANI-LDH-
epoxy coating has the lowest breakpoint frequency, which are primarily
ascribed to two points. On the one hand, G-SPANI-LDH can prevent the
penetration of corrosive medium; on the other hand, it can accelerate
the formation of passive film, prevent the diffusion of electrolyte to the
coating/metal interface, and effectively delay the delamination of
coating.

The polarization curves of the samples with thickness of 19 + 1 pm
after soaking for 15 days are measured in Fig. 5. According to the for-

— Akor (A is the molar mass of Fe, ico is the corrosion current

mula Veorr= 5 il

during polarization, the chemical valence (n) of Fe is 2, the density (p) of
Q235 is 7.85 g/cm®, and F is the Faraday constant (F = 96485 C/mol)).
As shown in Table 2, the Ecor of epoxy is -596 mV, which is more pos-
itive than the Ecor of Q235 (-745 mV). Moreover, the higher E oy (-574
mV for G-epoxy and -531 mV for G-SPANI-LDH-epoxy) indicates that
nanofillers can provide better barrier performance. Corrosion current is
positively correlated with corrosion rate. The G-SPANI-LDH-epoxy has
the lowest corrosion current (4.921 x 10 A/cm?), while the icopr of
pure-epoxy is 5.527 x 10°® A/cm?. The corrosion rate of the sample can
be calculated by the following formula: Veorr(Q235) > Veorr(EP) > Veorr(G/EP)
> Veorr(G-sPANI-LDH/EP). The inhibition efficiency is calculated by the
ihort —icorr

jbare
corr

following formula: IE= x 100%, the corrosion inhibition effi-

ciency of G-SPANI-LDH-epoxy coating is the highest.

3.5. Self-healing performance and salt spray resistance of scratch coating

To investigate the protection mechanism of G-SPANI-LDH hybrids,
the artificial scratches were made on the surfaces of the composite

Chemical Engineering Journal 426 (2021) 131269

log(i/A)

blank
-9 - G
G-SPANI-LDH

'10 T T T T T T
09 -08 -0.7 -0.6 -0.5 -04 -0.3 -0.2

Potential/V

Fig. 5. The polarization curves of pure-epoxy coating, G-epoxy coating and G-
SPANI-LDH-epoxy coating.

Table 2
Electrochemical parameters of Q235 electrodes without and with coatings
immersed in 3.5 wt% NacCl solution.

Sample Ecorrvs SCE icorr Veorr 1E/%
mvV A/em? mm/year

Bare Q235(5] —745 7.455 x 10°  0.869 \

Pure-epoxy —596 5.527 x 10  6.443 x 102 92.586

G-epoxy —574 1.956 x 10°  2.280 x 102 97.376

G-SPANI-LDH-epoxy —531 4921 x 10® 5737 x10*  99.934

coatings and the self-healing performance was evaluated by LEIS tech-
nique. The defective coatings were immersed in 3.5 wt% NaCl solution
for 30 h and tested at 1, 15 and 30 h. As shown in Fig. 6al-6¢3, all the
coatings are presenting low in the middle and high on the both sides,
which demonstrating that the resistances of scratch areas are lower than
the intact parts. For pure-epoxy and G-epoxy coatings, due to lack of
coating protection, the scratches are corroded at the beginning of
immersion.

As the soaking time increases, the scratches of pure-epoxy and G-
epoxy coatings are severe corroded. Meanwhile, oxygen, water and
chloride ions can permeate into the coatings through the scratches, so
the resistances of the coatings are decreased synchronously. Because of
lacking nanofillers in the pure-epoxy coating, the resistance of pure-
epoxy coating is lowest after being soaked for 30 h.

For G-SPANI-LDH-epoxy coating, the resistance of scratch is higher
than that in G-epoxy and pure-epoxy coatings. This phenomenon is
mainly owing to the passivation of scratched area by SPANI nano-
particles to form an oxide layer which decreases the local electro-
chemical activity of the steel. In horizontal comparison of Fig. 6¢1,
Fig. 6¢2 and Fig. 6¢3, we find the corrosion is slowly happening and the
whole resistance of the G-SPANI-LDH-epoxy coating is gradually
decreasing. In vertical comparison of Fig. 6(al-a3), Fig. 6(b1-b3) and
Fig. 6(c1-c3), the corrosion condition of G-SPANI-LDH-epoxy coating is
least. These phenomena indicate that the passive film can slow down the
corrosion process by reducing regional electrochemical activity.

Fig. 6d and Fig. 6e show the average resistances and minimum re-
sistances, the average resistances describe the average resistances of
thescratched area and the intact area near the scratch and the minimum
resistances represent the minimum resistances of the scratched area. As
shown in Fig. 6d, the average resistances of G-SPANI-LDH-epoxy coating
always keep the highest, which are consistent with the LEIS mappings.
In Fig. 6e, the minimum resistance of G-SPANI-LDH-epoxy coating is
higher than that in pure-epoxy and G-epoxy coatings after 30 h
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immersion, which revealing the passivation film can delay corrosion.
As shown in Fig. 7, pure-epoxy coating was corroded rapidly at the
defect in the atmosphere of high salt and high humidity. A large number
of corrosive media got into coatings along the defects, causing the
coating bubble, interface delamination and coating failure after 250 h.
Compared with the pure-epoxy coating, it was found that the corrosive
conditions of G-epoxy coating and G-SPANI-LDH-epoxy coating were

not obvious, especially G-SPANI-LDH-epoxy coating was more
prominent.

3.6. Analysis of corrosion products

After 70 days immersion in 3.5 wt% NaCl solution, the coatings
covered on the steels were removed and the substrates were cleaned by

ethanol three times to eliminate the contaminants. The surface mor-
phologies of substrates were characterized by SEM, the compositions
and distributions of corrosion products were analyzed by Raman spec-
troscopy. As shown in Fig. 8a, the surface of pure-epoxy coating becomes
uneven and appears corrosion pits. The surface of severe corroded steel
is mainly composed of Fe, O and C elements. For G-epoxy coating, the
surface of steel becomes smooth, indicating the high impermeability of
graphene can prevent oxygen infiltration. Surprisingly, the surface of G-
SPANI-LDH-epoxy coating become glossier and the proportion of Fe and
O is the highest. It might be attributed to the outstanding dispersion of
graphene and the passivation of conductive polymer SPANI.

In order to further analyze the corrosion phenomena, we charac-
terized the corrosion products. As shown in Fig. 8b, the corrosion
products of pure-epoxy coating are made up of a-FeOOH (396 cm ™)),
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y-FeOOH (1300 cm™!), Fey03 (285 cm™1) and Fe304 (545 cm ™!, 668
em™ 1) [52]. For G-epoxy coating, the contents of a-FeOOH (396 em ™)
and y-FeOOH (1300 cm 1) are gradually decreased, and the content of
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Fe;03 (285 cm ) is improved. Furthermore, the peaks of a-FeOOH
(396 cm™1), y-FeOOH (1300 cm™!) are nearly disappearing in G-SPANI-
LDH-epoxy, the contents of Fe;O3 (285 cm ) and Fe304 (545 cm’l,
668 cm™!) are significantly increased, which indicating that graphene
can prevent oxygen from permeating and doped conductive polymers
oxidize iron to form Fe;O3 and Fe304.

The distributions of corrosion products in the pure-epoxy, G-epoxy
and G-SPANI-LDH-epoxy coatings are described by Raman mapping in
Fig. 8c. For pure-epoxy coating, the a-FeOOH is intently distributed on
the substrate, and the Fe;O3 and Fe3O4 are like “isolated island” inter-
spersed on the steel. The “islands” of Fe;O3 and Fe304 are enlarged and
the content of a-FeOOH is lower in the G-epoxy coating. For G-SPANI-
LDH-epoxy coating, the Fe;O3 and Fe3Oy4 are distributed over the entire
surface, the a-FeOOH is only existed sporadically.

3.7. Protection mechanism of coating

As shown in Fig. 9, the protective mechanism of G-SPANI-LDH-epoxy
coating is split into two periods: in the beginning of immersion, the intact
coating acts as a “protective cover” to prevent external substances from

G-SPANI-LDH-epoxy

B8 g : & & E E

Pure-epoxy

2 8 3 E E E B

5 Yo

G-SPANI-LDH-epoxy  G-epoxy

Fig. 8. a) The SEM and EDS of corrosion product, b) the Raman spectra of corrosion product, c¢) the Raman mappings of corrosion product.
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Fig. 9. The protection mechanism of G-SPANI-LDH-epoxy coating.

contacting the metal substrate. Once the organic coating is immersed in
salt water for a long time, chloride ions, water and oxygen will penetrate
into the coating, which will easily lead to microcracks and micropores. At
this time, the modified filler G-SPANI-LDH mainly plays a triple role: 1.
The unprecedented barrier property of graphene can extend the diffusion
path, and LDH on the surface can improve the compatibility between the
composite and resin. 2. Galvanic corrosion consists of four elements:
cathode, anode, electrolyte and conductor. When one of these links dis-
appears, corrosion stops immediately. The surface insulation can prevent
charge transfer and avoid the formation of conductive path, galvanic
corrosion would not occur. 3. Conducting polymer passivates the sub-
strate. Sulfonated polyaniline, as a conductive polymer, can accept the
electrons released by metal dissolution and reduce it from oxidation state
(doped form) to reduced state (undoped form), and the increasing iron
ions (Fe?* and Fe®*) change into passive Fe;O3 and Fe3O4 oxide layers
[22,53]. The corrosion resistance of the composite coating was improved
by the synergistic action of the three elements.

4. Conclusion

In summary, we report an environmentally friendly water-based
epoxy coating which combines the sulfonated polyaniline-
functionalized graphene sheet with LDH insulation package. TEM,
SEM, XRD, Raman and XPS analysis confirmed the successful encapsu-
lation of graphene nanosheets by LDH. Compared with the conductivity
of original graphene, the surface coated LDH can effectively reduce the
conductivity of graphene, and also significantly improves the interfacial
compatibility between the material and the resin. The long-term elec-
trochemical results show that the corrosion resistance of G-SPANI-LDH-
epoxy is obviously improved compared with pure-epoxy and G-epoxy
without SPANI and LDH, which is attributed to the enhanced barrier
property of G-SPANI-LDH-epoxy, the strong interface bonding between
G-SPANI-LDH and epoxy matrix, and the passivation effect of interlayer
SPANIL. In addition, through the surface morphology and distribution of
corrosion products, it can be found that the metal substrate under pure
epoxy coating is seriously corroded due to the penetration of corrosion
medium; while the sample with G-SPANI-LDH filler increases the con-
tent of ferric oxide, and dense oxide films formed on the surface can
protect the metal from corrosion. In short, this novel sulfonated poly-
aniline assisted hierarchical assembly of graphene-LDH nanohybrid
based epoxy coating combines the reduced conductivity of graphene, the
improved affinity between the fillers and resin, with the realization of
self-healing performance in anticorrosive coatings.
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