
metals

Article

Hydrophobic Modification of Graphene Oxide and Its Effect on
the Corrosion Resistance of Silicone-Modified Epoxy Resin

Wei Yuan 1,2, Qian Hu 1,2,*, Jiao Zhang 1,2, Feng Huang 1,2,* and Jing Liu 1,2

����������
�������

Citation: Yuan, W.; Hu, Q.; Zhang, J.;

Huang, F.; Liu, J. Hydrophobic

Modification of Graphene Oxide and

Its Effect on the Corrosion Resistance

of Silicone-Modified Epoxy Resin.

Metals 2021, 11, 89. https://doi.org/

10.3390/met11010089

Received: 19 November 2020

Accepted: 30 December 2020

Published: 5 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 State Key Laboratory of Refractories and Metallurgy, Wuhan University of Science and Technology,
Wuhan 430081, China; yuanwei_wust@sina.com (W.Y.); zj2020wust@163.com (J.Z.); liujing@wust.edu.cn (J.L.)

2 Hubei Engineering Technology Research Center of Materials and Service Safety,
Wuhan University of Science and Technology, Wuhan 430081, China

* Correspondence: huqian@wust.edu.cn (Q.H.); huangfeng@wust.edu.cn (F.H.)

Abstract: This study modified graphene oxide (GO) with hydrophilic octadecylamine (ODA) via co-
valent bonding to improve its dispersion in silicone-modified epoxy resin (SMER) coatings. The struc-
tural and physical properties of ODA-GO were characterized by field-emission scanning electron mi-
croscopy (FE-SEM), X-ray diffraction analysis (XRD), Fourier transform infrared spectroscopy (FT-IR),
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and contact angle tests. The ODA-GO
composite materials were added to SMER coatings by physical mixing. FE-SEM, water absorption,
and contact angle tests were used to evaluate the physical properties of the ODA-GO/SMER coatings,
while salt spray, electrochemical impedance spectroscopy (EIS), and scanning Kelvin probe (SKP)
methods were used to test the anticorrosive performance of ODA-GO/SMER composite coatings
on Q235 steel substrates. It was found that ODA was successfully grafted onto the surfaces of GO.
The resulting ODA-GO material exhibited good hydrophobicity and dispersion in SMER coatings.
The anticorrosive properties of the ODA-GO/SMER coatings were significantly improved due to
the increased interfacial adhesion between the nanosheets and SMER, lengthening of the corrosive
solution diffusion path, and increased cathodic peeling resistance. The 1 wt.% ODA-GO/SMER
coating provided the best corrosion resistance than SMER coatings with other amounts of ODA-GO
(including no addition). After immersion in 3.5 wt.% NaCl solution for 28 days, the low-frequency
end impedance value of the 1 wt.% ODA-GO/SMER coating remained high, at 6.2 × 108 Ω·cm2.

Keywords: graphene oxide; octadecylamine; silicone-modified epoxy resin; scanning Kelvin probe;
electrochemical impedance spectroscopy

1. Introduction

The economic losses caused by metal corrosion are huge. Coating metals with organic
polymers is one of the most common anticorrosive measures [1,2]. In the anticorrosion field,
the application of silicone-modified epoxy resin (SMER) is developing rapidly. For example,
Kumar et al. [3] found that composite coatings consisting of epoxy resin and silicone
polymer have high hydrophobicity and corrosion resistance. In the present study, SMER
was used as an organic film-forming agent for the preparation of anticorrosive coatings.
However, pure SMER coatings may form defects, such as micropores, during the process
of solvent evaporation, which can weaken their corrosion resistance. Related studies have
shown that the addition of nanoparticles can effectively improve the corrosion resistance
of the coating by filling defects in the coating, extending the diffusion path of the corrosive
medium in the coating, and increasing the interfacial adhesion inside the coating [4–9].

Graphene oxide, a derivative of graphene, is a nanoparticle that has attracted increas-
ing research attention for its excellent mechanical and physical properties [10,11]. On the
one hand, the addition of graphene oxide (GO) can improve the anti-corrosion properties of
polymer coatings by lengthening the diffusion path of the corrosive species and providing a
good physical barrier against corroding agents [12]. On the other hand, the poor dispersion
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of GO in coatings due to the many hydrophilic oxygen-containing groups on its surface
increases the number of defects in the coating and weakens its physical barrier effect.
Although these oxygen-containing groups cause GO agglomeration in coatings, they can
still work as suitable active sites to functionalize GO more easily through covalent or
non-covalent methods. In fact, many studies report that modified GO can be converted into
hydrophobic nanosheets, and the dispersion of GO is remarkably improved in the organic
matter [13]. Ruoff et al. [14] revealed that GO that is covalently modified by isocyanate can
be stably dispersed in various organic solvents, such as N, N-dimethylformamide (DMF).
Besides, Haddon et al. [15] showed that GO modified by octadecylamine (ODA) can be
dissolved in organic solvents such as tetrahydrofuran (THF). What is exciting is that Lin
et al. found that composite films consisting of GO and ODA can have contact angles of up
to 163.2◦ [16]. Then, Yun et al. [17] intercalated GO with ethylenediamine, diethylenetri-
amine, and triethylenetetramine, and found that the longer the molecular chain, the larger
the interlayer distance of the modified GO. The modification of GO with octadecylamine
can effectively improve the hydrophobicity of GO. Therefore, the functionalized GO has
a larger specific surface area through the increase of the interlayer distance and higher
compatibility with organic polymers, which is more conducive to improving the corrosion
resistance of the coating.

However, there are few studies on composite materials consisting of GO and ODA.
It is not known whether such materials can retain the physical properties of their respective
components and provide synergistic improvement to the anti-corrosive properties of
SMER coatings. Existing related research has mainly focused on the effects of ODA-GO
on the mechanical and other physical properties of epoxy resin [18]. Furthermore, GO
is a nanoparticle with excellent physical and mechanical properties. Therefore, it is of
great significance to study the effect of GO modified by ODA on the corrosion resistance
of SMER.

This study aimed to develop a SMER-based nanocomposite coating with enhanced
corrosion protection properties by employing modified GO. First, GO was hydrophobically
modified by ODA. Then, ODA-GO and SMER were mixed by physical methods to prepare
a composite coating. In addition, ODA-GO/SMER were characterized by physical methods,
and the corrosion resistance of the ODA-GO/SMER coating was studied by electrochemical
impedance spectroscopy (EIS), salt spray testing, and scanning Kelvin probe (SKP). The anti-
corrosion mechanisms of SMER composite coatings with additions of various amounts of
ODA-GO were also studied, providing a basis for the use of ODA-GO/SMER in marine
environments.

2. Experimental
2.1. Materials

Natural graphite was purchased from Qingdao Tengshengda Carbon Machinery Co.,
Ltd. (Qingdao, China). H2SO4 (98%), H3PO4, and HCl were purchased from Pingmei
Shenma Group Kaifeng Dongda Chemical Co., Ltd. (Kaifeng, China). KMnO4, H2O2
(30%), ethanol, and DMF were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Silicone-epoxy resin was purchased from Hubei Sihai Chemical Co.,
Ltd. (Xiangyang, China) The curing agent was a Silane coupling agent (KH-550) purchased
from Nanjing Chengong Silicone Material Co., Ltd. (Nanjing, China).

2.2. Modification of GO with ODA

A schematic diagram of the preparation of ODA-GO is shown in Figure 1. A prepa-
ration of 100 mL 0.01 g/mL GO (GO was prepared by the Hummers method in the
laboratory [19]) DMF dispersion and a 100 mL 0.005 g/mL ODA absolute ethanol dis-
persion were mixed and magnetically stirred at 95 ◦C in a water bath for 12 h. After the
reaction was completed, the product was vacuum filtered and washed with hot absolute
ethanol several times to remove unreacted ODA. Then, the product was dried at 40 ◦C for
24 h and ODA-GO was obtained.
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2.3. Preparation of ODA/SMER Coating

The steel sample used in this study was made of Q235 carbon steel. First of all, the
steel samples were ground with 240 grit abrasive SiC paper, degreased by acetone, rinsed
with deionized water, and dried under airflow.

To prepare ODA-GO/SMER and the other composite coatings, we first weighed
a certain amount of homemade GO and ODA-GO to ensure that the content of GO in the
coating was 2 wt.% and the ODA-GO contents were 0.5 wt.%, 1 wt.% or 2 wt.%. Then,
the GO and ODA-GO were separately dispersed in DMF to obtain a suspension with
a concentration of 1 mg/mL, which was then separately ultrasonically dispersed (120 W,
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30 min) and vacuum filtered to obtain wet GO and ODA-GO. Then, the wet nanosheets
were added into the SMER and the composite coatings were magnetically stirred at 120 W
for 30 min. Furthermore, a curing agent was added to the composite coatings at an SMER:
curing agent ratio of 5:1 (w/w), and the prepared composite coatings were mechanically
stirred for 5 min. Then, the composite coatings were degassed in a vacuum chamber for
10 min and coated on the steel samples prepared previously. Finally, the coatings were
cured at room temperature (25 ± 2 ◦C). The thicknesses of the dry coating films were
measured as 200 ± 10 µm by a MiniTest 3100 tester (EPK, Germany). A schematic diagram
of the preparation of the ODA-GO/SMER coating is shown in Figure 2.
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Figure 2. Schematic diagram of the preparation of ODA-GO/silicone-modified epoxy resin (SMER) coatings.

2.4. Characterization and Measurement
2.4.1. Characterization of ODA-GO Nanosheets and ODA-GO SMER Coating

The phase crystalline structures of the functional GO nanosheets were characterized
by X-ray diffraction analysis (XRD) (Philips X Pert Pro, PANalytical, Almelo, Netherlands)
within the range of 1~50◦ (2θ) with a Cu Kα radiation source. Fourier transform infrared
spectroscopy (FT-IR) spectra were recorded at 4000~400 cm−1 with an FT-IR spectrometer
(Perkin-Elmer, Waltham, MA, USA) at room temperature. Raman spectra were measured
with an optical maser with a wavelength of 780 nm and power of 24 mW by a Raman
spectrometer (Thermal DXR, ThermoFisher, Waltham, MA, USA). X-ray photoelectron
spectroscopy (XPS) spectra were recorded by a Specs EA 10 Plus with an Al Kα radiation
source at a pressure of 10−9 mbar after Ar-ion bombardment.

A field-emission scanning electron microscopy (FE-SEM) (Nava 400 NanoSEM, FEI,
Hillsboro, OR, USA) equipped with energy disperse spectroscopy (EDS, Oxford, Oxford,
UK) was used to investigate the surface morphology of the ODA-GO and the cross-sectional
morphology of the composite SMER coatings. The hydrophobicity of the SMER composite
coatings was tested by a contact angle measuring system (OCA15PRO, DATAPHYSI,
Filderstadt, Germany) at 25 ± 2 ◦C. A water absorption test of the SMER composite
coatings (200 ± 10 µm in thickness) was carried out according to ASTM D570.

In addition, the water absorption was measured as:

Tw =
mt −m0

m0
× 100% (1)

where m0 and mt are the masses of the coatings before and after immersion in deionized
water, respectively, and t is the immersion time. The coated samples were immersed in
deionized water for 12 days and their masses were measured at intervals of 24 h.
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2.4.2. Salt Spray Test

The corrosion resistance of the coated steels (dimensions 5 mm × 70 mm × 150 mm)
was investigated by salt spray tests in a Q-FOG Cyclic Corrosion Tester (Q-Lab, Westlake,
OH, USA) according to the ASTM B117-09 standard. The coated steels were scratched
and then exposed to a 5 wt.% NaCl fog (pH 6.5~7.2) at a constant temperature of 35 ◦C
for 720 h.

2.4.3. Electrochemical Measurements

Electrochemical measurements of the composite coatings were made by electrochemi-
cal impedance spectroscopy (EIS) using an Autolab PGSTAT302F electrochemical work-
station on a three-electrode cell. The coated steel, a saturated calomel electrode (SCE),
and a platinum sheet were used as the working electrode, reference electrode, and counter
electrode, respectively. After the coated steels were immersed in 3.5 wt.% NaCl solution for
different times (1, 3, 7, 14, and 28 days), EIS tests were conducted with a potential distur-
bance of ±10 mV in the frequency range of 10−2 to 105 Hz. All EIS tests were performed at
the open-circuit potential (OCP) of the coated steels.

A VersaSCAN scanning Kelvin probe system (SKP; Princeton, NJ, USA) was used
to measure the Volta potential distribution on the different coated samples with artificial
scratches (0.25 mm in width and 10 mm in length). A tungsten filament microelectrode
with 250 µm diameter was used. Before measurement, the coated samples were immersed
in 3.5 wt.% NaCl solution for a certain time period, then taken out of the solution, rinsed
with distilled water for 5 s, and dried in high-purity nitrogen (99.999%). Then, SKP
measurements were conducted with a 1428-point mesh across the coated sample surfaces
at room temperature (about 25 ◦C).

3. Results and Discussion
3.1. Characterization of ODA-GO Nanosheets

Figure 3 shows the XRD spectra, FTIR spectra, and Raman spectra of GO and ODA-
GO. It can be seen from the XRD patterns (Figure 3a) that the GO sheets at 10.18◦ with the
d-spacing of 8.68 Å indicate the complete oxidation of graphite [20]. The diffraction peak
of ODA-GO is observed at 7.59◦ with the d-spacing of 11.62 Å. The significant increase
of d-spacing in ODA-GO compared to GO can be ascribed to the ODA chains present
between the intergalleries of the GO sheets because of the covalent bonding of ODA with
the GO surface and almost vertical configuration of ODA on the surface of ODA-GO [2].
In addition, a broad and low characteristic diffraction peak appeared at around 22◦ at 2θ
in the XRD spectra of the ODA-GO, which is close to the characteristic diffraction peak of
natural graphite (26◦). This can be attributed to the reduction of the oxygen-containing
groups in GO by the amine groups in ODA.

Figure 3b shows the FT-IR spectra of GO and ODA-GO. Characteristic vibration
absorption peaks of oxygen-containing functional groups, such as O-H bonds at 3427 cm−1,
C=O bonds at 1727 cm−1, and C-O-C bonds at 1052 cm−1, can be clearly observed in the
GO FT-IR spectrum. In the ODA-GO FT-IR spectrum, the appearance of new vibration
absorption peaks characteristic of N-H bonds at 1571 cm−1 and C-N bonds at 1210 cm−1

and the decline in the intensity of peaks of C-O-C bonds at 1052 cm−1 and C=O bonds
at 1727 cm−1 indicate that there was a chemical reaction between the oxygen-containing
functional groups of the GO nanosheets and the amine groups of ODA [2,6,12].

Figure 3c shows the Raman spectra of GO and ODA-GO. GO exhibits the G band
at 1646 cm−1 and D band at 1396 cm−1, respectively [21]. After modification with ODA,
the D band shifts from 1396 cm−1 to 1417 cm−1. The ID/IG ratio, which characterizes the
crystal structural integrity of the ODA-GO composites was higher than that of GO, present
a slight increase from 1.36 for GO to 1.40 for ODA-GO, indicating that no more defects
are introduced after the modification of GO with ODA and the GO preserves its basic
structural properties [22,23].
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The XPS results for GO and ODA-GO are shown in Figure 4. Compared with the
full XPS spectrum of GO, the appearance of N1s in the full XPS spectrum of ODA-GO
(Figure 4a) demonstrates that the presence of GO functionalized with ODA on the sample
surface [2]. Furthermore, the addition of C-N located at 285.1 eV and the disappearance
of C=O located at 288.3 eV [7,24] in the high-resolution spectra of ODA-GO (Figure 4c)
compared with those of GO (Figure 4b) indicate that oxygen-containing groups in the
GO nanosheets were chemically reduced by amine groups in ODA, and then ODA was
successfully grafted onto the surface of GO.
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3.2. Physical Performance Measurements of the ODA-GO Nanosheets

Figure 5 shows the surface observation of GO and ODA-GO at different magnifications.
There were many wrinkles on the surface of GO, which were produced by the oxidation of
graphite by strong oxidants (Figure 5a,b). However, the surface of ODA-GO was smoother
than that of GO and some acicular nanoparticles on the ODA-GO surface can be observed.
Generally speaking, a rougher surface possesses better hydrophobicity. Hydrophobic ODA,
however, dominated the hydrophobicity of ODA-GO rather than the surface roughness.
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Contact angle tests were performed on the film surfaces of GO and ODA-GO (Figure 6).
The contact angle of ODA-GO was 50◦ greater than that of GO, which indicates that GO
had been converted into hydrophobic nanosheets after modification by ODA. The higher
the roughness of the micromorphology of the materials, the higher their hydrophobic-
ity [25]. Therefore, the roughness of ODA-GO was greater than that of GO due to a large
number of long-chain alkyl functional groups being grafted onto the GO surfaces.
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Consequently, in order to verify that ODA-GO has higher hydrophobicity than GO,
ODA-GO and GO were dissolved in deionized water, absolute ethanol, and DMF, respec-
tively, and dispersed ultrasonically for 30 min. Then, all the suspensions were left to stand
for 24 h. Images of the sedimentation tests of GO and ODA-GO are shown in Figure 7.
The dispersion of GO was better in water than in absolute ethanol or DMF. However, the
dispersion of GO modified by ODA was worst in water. These results demonstrate the GO
modified by ODA has high hydrophobicity. In addition, the sedimentation test results are
consistent with those of the contact angle tests.
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3.3. Interfacial Adhesion Properties of ODA-GO/SMER Coatings

Figure 8 shows the microstructure of cross-section and component analysis of the mag-
nified area of five coatings. C, O, and N elements aggregated in the three ODA-GO/SMER
coatings, but not Si. Combined with the other characterization results (Figures 3 and 4),
which illustrated that the nanoparticles in the specific regions would be ODA-GO. At the
same time, in the pure SMER coating, C, N, O, and Si elements were evenly distributed
(Figure 8f). Besides, there was only an enrichment of C and O elements in the GO/SMER
coating (Figure 8g), which infers that the nanoparticles in the specific regions were GO,
and GO aggregated in the SMER due to a large number of hydrophilic oxygen-containing
functional groups on its surface (Figures 3 and 4). Thus, the size of GO nanoparticles
(Figure 8g) was greater than that of ODA-GO in the 0.5 wt.% and 1 wt.% ODA-GO/SMER
preparations (Figure 8h,i). Furthermore, with increases in the content of ODA-GO in the
SMER coating, the size of the nanoparticles increased (Figure 8h–j), indicating that the hy-
drophobic ODA-GO (Figures 6 and 7) was well dispersed in the organic coating; however,
when the content of ODA-GO in the SMER coating reached 2 wt.%, agglomeration could
occur (Figure 8j).
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It can be seen that the interfacial adhesion of the 1 wt.% ODA-GO/SMER coating was
the highest and that the ODA-GO possessed good compatibility in 1 wt.% ODA-GO/SMER.
This was due to the reduction of the oxygen-containing groups on the surface of GO by
ODA, which made it easier to be dispersed in the organic polymer matrix. On the one hand,
when the addition of ODA-GO in the SMER coating was 0.5 wt.%, although ODA-GO
could be well dispersed in the coating, it did not completely fill the defects in the SMER
coating. On the other hand, with the addition of 2 wt.% ODA-GO in the SMER coating,
it would agglomerate and lower the coating’s interfacial adhesion. Therefore, the addition
of 1 wt.% ODA-GO can effectively fill the defects in a SMER coating and ensure high
compatibility and high interfacial adhesion between nanosheets and coatings.

3.4. Hydrophobicity and Water Absorption Properties of the ODA-GO/SMER Coating

Figure 9 shows the contact angle values for the five different coatings. All coat-
ings were hydrophobic due to their contact angle values larger than 90◦. It can be seen
from Figure 9a,b that the contact angle values of the pure SMER, GO/SMER, and ODA-
GO/SMER composite coatings were very close, indicating that the hydrophobicity of
the SMER did not change significantly after the addition of GO and ODA-GO. All five
composite coatings had good hydrophobicity.
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Figure 10 shows the water absorption time-dependence of the five organic coatings.
When soaking began, the water absorption of the pure SMER and GO/SMER coatings
was high due to many defects existing in the coatings. In the ODA-GO/SMER coatings,
however, the water absorption was lower than that of the other two coatings due to its
good dispersion in the organic polymer matrix caused by the hydrophobic functional
groups on the ODA-GO surface. When the addition of ODA-GO in SMER was less than
0.5 wt.%, most defects in the coating were not effectively filled. As the additive amount of
ODA-GO in SMER increased to 1.0 wt.%, the defects in SMER coatings can be effectively
filled without agglomeration of ODA-GO. When the additive amount of ODA-GO in SMER
reached 2.0 wt.%, agglomeration of ODA-GO occurred in SMER coating and the water
absorption increased again. Therefore, 1 wt.% ODA-GO/SMER coating has the lowest
amount of water absorption.
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3.5. Effect of ODA-GO on SMER Coating Corrosion Resistance

Figure 11 shows macroscopic topographic photos of the pure SMER, GO/SMER,
0.5 wt.% ODA-GO/SMER, 1 wt.% ODA-GO/SMER, and 2 wt.% ODA-GO/SMER coated
samples at different salt spray times. Pure SMER and GO/SMER exhibited blistering at
200 h. With further exposure time, the blistering and corrosion products of pure SMER
and GO/SMER increased. The ODA-GO/SMER-coated samples were also exposed to
salt spray testing. Although the corrosion products near the scratches in the 1 wt.% and
2 wt.% ODA-GO/SMER samples increased with exposure time, those of the 1 wt.% and
2 wt.% ODA-GO/SMER samples did not blister after 720 h exposure to salt spray. After
exposure to salt spray for the same time, the amount of corrosion products in the 1 wt.%
ODA-GO/SMER sample was less than that in the 2 wt.% ODA-GO/SMER. In the 0.5 wt.%
ODA-GO/SMER-coated sample, not only did corrosion products appear near the scratches
but blistering was also observed after 720 h exposure to salt spray. Based on the above
results, the corrosion resistance of the five different types of coatings was comprehensively
evaluated. The anti-corrosion performance of ODA-GO/SMER coatings was better than
that of pure SMER and GO/SMER coatings. Among the three ODA-GO/SMER coatings,
the anti-corrosion effect of the 1 wt.% ODA-GO/SMER coating was better than that of
the 0.5 wt.% and 2 wt.% ODA-GO/SMER coatings. This indicates that as the amount of
ODA-GO added to the SMER coating increases, its corrosion resistance increases and then
declines, with the optimum amount of ODA-GO in SMER being 1 wt.%.

Figures 12 and 13 show the Bode plots and low-frequency end resistance statistics (Z)
of EIS for the five coated samples in 3.5 wt.% NaCl solution at different times. The equiv-
alent electrical circuit is shown in Figure 12, where Rs is the solution resistance, i.e.,
the resistance between the working and reference electrodes. Rc and CPEc are the coating
resistance and the non-ideal capacitance of coating, Rct is the charge transfer resistance
and CPEdl is the non-ideal capacitance of double layer. It can be seen from the figures
that as the immersion time increases, the low-frequency end impedance values and the
high-frequency phase angles of the various coated samples continuously decrease, indi-
cating that the corrosive medium gradually permeates into the coatings. After 28 days of
soaking in 3.5 wt.% NaCl solution, the low-frequency end impedance of the GO/SMER-
coated sample dropped below 105 Ω·cm2, which means that its physical barrier property
is poor. The low-frequency end impedance of the pure SMER sample also dropped to
about 1.0 × 105 Ω·cm2, indicating that it had a certain physical barrier property. Compared
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with the three ODA-GO/SMER-coated samples, the low-frequency end resistance value
of 0.5 wt.% ODA-GO/SMER-coated sample was about 4.2 × 106 Ω·cm2 in the early stage
of soaking and decreased to 7.8 × 105 Ω·cm2 after 28 days of immersion. For the 2 wt%
ODA-GO/SMER sample, the low-frequency end impedance value was 1.72 × 108 Ω·cm2

at the early stage of soaking and decreased to 5.6 × 106 Ω·cm2 after 28 days of soaking.
The low-frequency end impedance of the 1 wt.% ODA-GO/SMER sample maintained
a high value during the immersion experiment. The low-frequency end impedance value
of the 1 wt.% ODA-GO/SMER sample was 6.2 × 108 Ω·cm2 on the first day and was
about 108 Ω·cm2 on the 28th day. Hence, the coating effectively delayed the permeation
of the corrosive medium into the steel matrix and provided good protection. According
to the above results, the anti-corrosion performance of the ODA-GO/SMER coatings was
better than that of the GO/SMER and pure SMER coatings. The physical barrier effect of
the ODA-GO/SMER coatings increased with the amount of ODA-GO added to the SMER.
The anti-corrosion performance of the organic coating was best with 1 wt.% ODA-GO in
the SMER.
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coatings after 200 h, 480 h, and 720 h exposure to salt spray.
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3.6. Cathodic Anti-Peeling Performance of the ODA-GO/SMER Composite Coatings

Scanning Kelvin probe (SKP) tests were performed on the SMER-, GO/SMER-, and
1 wt.%ODA-GO/SMER-coated steel samples after immersion in 3.5 wt.% NaCl solution
for various times at the artificially defective Volta potential. The results are shown in
Figure 14. The SKP is a non-contact and non-destructive technology. There is a linear
relationship between the measured Volta potential and the corrosion potential between
metals. In the same measurement system, a lower Volta potential corresponds to the anode,
and a higher Volta potential corresponds to the cathode. As the coating is immersed in
3.5 wt.% NaCl solution for an extended period of time, the potential boundary between
the complete coating and defective coating will move to the coating side. According to the
displacement of its potential boundary, the anti-cathode peeling performance of the coating
can be evaluated [26]. Therefore, SKP is widely used to measure degradation processes at
the interface between a coating and a metal substrate, including coating peeling, anodic
dissolution of the metal substrate, and formation of corrosion products.

After artificial defects were scratched onto the surfaces of the three coated steel plates,
they were immersed in 3.5 wt.% NaCl solution. Due to the influence of corrosive media,
such as water and oxygen, slow corrosion will occur at the defects. At this time, the coating
defects serve as anodes and the complete coating areas serve as cathodes. The reactions
occur as follows:

(1) Anodic reaction: Fe—2e→ Fe2+

(2) Cathodic reaction: O2 + 2H2O + 4e→ 4OH−

(3) Secondary corrosion reaction: Fe + 2OH−→ Fe(OH)2 The Fe(OH)2 formed at the steel
matrix is easily oxidized to Fe2O3 and FeOOH.

(4) 2Fe(OH)2 + 1/2O2 → 2FeOOH + H2O
(5) 4Fe(OH)2 + O2 → 2Fe2O3 + 4H2O

When the three different coatings applied on the steel samples were soaked in 3.5 wt.%
NaCl solution for 24 h, they were taken out and dried under airflow, and the defects were
found to be covered by large amounts of rust. When the Volta potential map of the local
defects in the coatings was measured in air, it was found that the potential distribution was
reversed. The local defects with high potential serve as cathode areas, and the complete
coating areas serve as anode areas. This may be due to the large potential difference
between complete and defective coatings [27], which causes a coupling effect. When the
FeOOH rust covering a defect contacts the steel substrate underneath a complete coating
area, FeOOH acts as a cathodic reactant and is reduced to Fe3O4, which also stimulates the
formation of new anodes under the coating. Therefore, the defects covered by Fe3O4 serve
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as cathode areas and the steel substrate close to the potential boundary under the complete
coating area will occur anodic dissolution. The reaction occurs as follows:

(6) Anodic reaction: Fe—2e→ Fe2+

(7) Cathodic reaction: 8FeOOH + Fe2+2e→ 3Fe3O4 + 4H2O
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After extended immersion times of 48 h and 96 h, the coated steel was taken out
and air-dried. The reaction between the coating defects and the complete coating was
the same as that at 24 h in air. SKP tests were performed on the three coated steel plates
in air. By observing the SKP potential diagrams of the three coatings at 24 h, 48 h, and
96 h, and by comparing the displacements of their potential boundaries, it was found that
the anti-peeling performance of the 1 wt.% ODA-GO/SMER coating was better than those
of the GO/SMER coating and SMER coating. It is known that the higher the anti-peeling
performance between a coating and steel substrate, the more conducive to improving
the corrosion resistance of the coatings [2].

3.7. Mechanism by Which ODA-GO Improves Corrosion Resistance in SMER Coatings

Previous studies revealed that the addition of nanosheets to organic coatings can
improve their corrosion resistance in the following five aspects: (1) Interface defects
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between nanoparticles and coatings can be reduced by changing the nanoparticle-organic
polymer compatibility. (2) The bonding strength between an organic coating and its
metal substrate can be enhanced by adding nanoparticles with certain functional groups.
(3) By adding nanoparticles with special structures, the diffusion path of the corrosive
medium immersing the coating can be effectively extended. (4) A good corrosion inhibition
effect can be achieved by adding nanoparticles with special properties and constructing
a highly hydrophobic surface by certain physical or chemical methods. (5) The addition of
nanoparticles with special physical and chemical properties can effectively inhibit charge
transfer at the metal/electrolyte interface [12,28–31].

For ODA-GO nanoparticles, good hydrophobicity led to good dispersibility in the
SMER coating and effectively filled defects existing inside the SMER coating. This signifi-
cantly reduced the water absorption of the coating (Figure 10). Moreover, the ODA-GO
nanoparticles had high compatibility with the silicone-epoxy polymer matrix, which im-
proved their interfacial adhesion and effectively enhanced the barrier effect of the coating
(Figure 11). In addition, the ODA-GO nanoparticles had the advantages of high specific
surface area and good dispersibility in the coating, which can lengthen the diffusion path of
the corrosive medium into the interior of the coating and significantly enhance the physical
barrier effect of the coating. At last, the anti-peeling performance of the coating applied on
the steel is another important parameter determining the resistance of an organic coating to
a corrosive medium. The ODA-GO coating had better cathodic disbonding resistance than
the GO/SMER and pure SMER coatings, which also proves that the addition of ODA-GO
can improve the coating’s corrosion resistance. The schematic diagram of the anticorrosion
mechanism for different coatings was shown in Figure 15.
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Figure 15. Schematic diagram of anti-corrosion mechanism for SEMR, GO/SMER and ODA-GO/SMER applied on the
steel substrate.

Therefore, the ODA-GO/SMER coating exhibited better physical barrier properties
in the EIS and salt spray tests than the GO/SMER coating and pure SMER coating. Addi-
tionally, it still had a higher low-frequency end impedance value and higher phase angle
after 28 days of soaking in 3.5 wt.% NaCl solution (Figures 12 and 13). The results also
show that a 0.5 wt.% addition of ODA-GO to SMER will not effectively fill the interfacial
defects existing in the coating, while a 2 wt.% addition of ODA-GO to a SMER coating is
prone to agglomeration. When 1 wt.% ODA-GO was added to the SMER coating, it had
excellent physical barrier properties, good interfacial compatibility, and exhibited the best
anticorrosive properties.
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4. Conclusions

(1) XRD, FT-IR, Raman, XPS, SEM, and other characterization methods confirmed that
the ODA successfully grafted onto the GO surfaces by chemical bonding with oxygen-
containing groups of the GO, which gave the ODA-GO material high hydrophobicity
and good dispersibility in SMER coating.

(2) The good compatibility of ODA-GO with the SMER coating effectively enhanced
their interfacial adhesion, reduced the water absorption of the coating, prolonged the
diffusion path of the corrosive medium inside the coating and strengthened the anti-
peeling performance of the coating applied on the steel. Hence, the physical barrier
effect and corrosion resistance of the SMER coating were comprehensively improved.

(3) With 1 wt.% addition of ODA-GO to SMER, the composite coating on the carbon steel
matrix gave the best anticorrosive effect.
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