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Abstract: Graphene oxide (EGO) was prepared via an electrochemical exfoliation method and mod-
ified with dopamine and tannic acid, and it was then incorporated into epoxy resins to enhance
their barrier, self-healing and anticorrosion performances. The morphologies, structures and com-
positions of the HGO (GO prepared via Hummers’ method), EGO and MGO (modified EGO) were
characterized via SEM, TEM, AFM, Raman spectroscopy and XPS. The protective performances of
the epoxy varnish coatings, EGO/epoxy coatings and MGO/epoxy coatings with different contents
of MGO were evaluated via EIS measurements, and the role played by MGO on the coating defects
was determined via LEIS and salt spray tests on the scratched coatings in a 3.5% NaCl solution.
The results show that the dopamine and tannic were successfully grafted onto the EGO surface via
π–π interactions and chemical bonding, and that the dispersibility of the MGO in the epoxy resins
was facilitated. The epoxy coatings with a 0.1% addition of MGO possessed the best anticorrosion
properties (|Z|0.01Hz > 1010 Ω cm2 after 70 days immersion in 3.5% NaCl solution) in comparison to
the other coatings due to the “labyrinth effect” formed by the uniformly dispersed MGO. Meanwhile,
the grafted tannic acid was released at the coating defects and provided inhibition functionalities for
the substrate. As a result, the corrosion of the carbon steel was significantly decreased. This work
provides a new perspective on the efficient modification of electrochemically exfoliated GO epoxy
coatings for metals by combining the advantages of dopamine and corrosion inhibitors.

Keywords: corrosion protection; carbon steel; graphene; organic coatings; self-healing

1. Introduction

Mild steel is commonly used in a wide variety of sectors, such as heavy machinery,
transportation and drilling platforms in marine environments, due to its low price, good
malleability and formability, and adjustable surface hardness. However, the severe corro-
sion of mild steel becomes a major concern when the steel is exposed to harsh environments.
Approximately USD 900 million in economic losses are caused by corrosion each year. Coat-
ings are the most effective way to protect metals against corrosion among all the protection
methods because of their easy-to-prepare, universal and cost-effective characteristics [1–4].

Recently, graphene and its derivatives have been utilized as functional fillers to en-
hance the shielding effect of organic coatings due to their high chemical stability and strong
barrier property [5–7], especially when used in water-based coatings, because graphene
oxide (GO) has excellent dispersibility in water solvents with plenty of oxygen-containing
functional groups (hydroxy, carboxy and epoxy groups) on its surface and edges [8,9].
However, the anticorrosion performance of water-based coatings is limited because of the
presence of hydrophilic hydroxyl, carboxyl and epoxy groups on the resin structure, which
allow for the rapid permeation of corrosive media into coatings. Compared with water-
based coatings, organic coatings are able to achieve excellent protective effects because of
their dense crosslinking structure, but dried GO appears to be gelatinous (including via the

Coatings 2023, 13, 1809. https://doi.org/10.3390/coatings13101809 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings13101809
https://doi.org/10.3390/coatings13101809
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-6738-6388
https://doi.org/10.3390/coatings13101809
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13101809?type=check_update&version=2


Coatings 2023, 13, 1809 2 of 16

freeze-drying and stove-drying methods), and it is difficult to dissolve or disperse again
in organic solvents, leading to aggregations and cracks in the coatings, which could cause
a numbers of defects and deteriorate the anticorrosion performance of GO organic coat-
ings [10–12]. Moreover, the commonly used Hummers method to prepare GO consumes a
large amount of strong oxidizing chemicals, such as concentrated sulfuric acid and potas-
sium permanganate, and causes a waste of water resources because a great deal of distilled
water is needed to clean the prepared GO. Moreover, there is even a risk of explosion.

Very recently, the electrochemical exfoliation preparation of GO (EGO) has received
considerable attention because it is environmentally friendly, allows for mass produc-
tion [13–16] and also accommodates the requirements for large quantities of GO fillers
in organic coatings. However, EGO has a low degree of oxidation but high conductiv-
ity, leading to poor dispersion stability in organic resins and the “corrosion promotion”
effect after long-term service, which still restrict the practical application of graphene
composite coatings. Accordingly, attempts have been made to enhance the corrosion
protection performance of organic coatings in various ways. Many nanofillers, such as
clay nanocomposites [17], SiO2 [18,19], polyaniline (PANI) [20–22], etc., have been inves-
tigated to improve the anticorrosion performance of graphene coatings. However, the
complicated fabrication process of water-dispersible graphene and the limitation of its
corrosion protection owing to its high electrical conductivity make the effectiveness of it as
an additive controversial.

Chemicals with inhibition abilities (phytic acid, tannic acid, imidazole, etc.) [23,24]
are able to graft to GO with many oxygenated functional groups (especially prepared via
Hummers’ method), which not only improves the dispersibility of GO in organic coat-
ings, but also ensures the self-healing ability of the obtained coatings, improving their
barrier property and avoiding the “corrosion promoting effect” of GO, thereby allowing
them to achieve a superior anticorrosion performance [25,26]. Nonetheless, how to graft
substances with corrosion inhibition abilities onto GO surfaces or edges needs to be ad-
dressed. Particularly, dopamine has the characteristics of self-polymerization and can be
connected between GO layers owing to π–π interactions as well as covalent bonding, which
reduce the interlayer force of the GO and promote its dispersion in organic coatings [27,28].
Furthermore, as a novel covalent linker, dopamine is a perfect candidate to enhance the
connection of GO with inhibition substances and organic resins [29,30]. Therefore, there is
immense potential in exploiting the synergistic effect between EGO, inhibition chemicals
and dopamine in order to realize EGO organic coatings that possess superior anticorrosion
properties and inhibition functionalities. Unfortunately, such reports are very scarce in the
literature, and there is no relevant method to modify the electrochemical exfoliation of GO.
Ultimately, this highly promising method for preparing GO anticorrosion coatings has not
achieved widespread application.

In this study, we attempted to design an eco-friendly and cost-effective method to
prepare graphene oxide composite coatings with excellent inhibition functionalities and
outstanding anticorrosion performances by using an electrochemical exfoliation method
to prepare EGO (electrochemically exfoliated GO) and then modifying the EGO with
dopamine and tannic acid and incorporating it into epoxy coatings. For comparison,
HGO (GO prepared via Hummers’ method) and HGO organic coatings were prepared. The
microstructures and chemical compositions of the HGO, EGO and MGO were characterized.
The corrosion performances of the as-prepared coatings (epoxy coatings, EGO/epoxy
coatings and MGO/epoxy coatings with different additions of MGO) were monitored via
electrochemical measurement and the salt spray test. The optimal amount of MGO was
determined, and the anticorrosion mechanisms of the coatings were also clarified.

2. Materials and Experiments

In this study, Q235 carbon steel was utilized as the substrate metal and underwent
pretreatment based on prior research [12]. HGO was synthesized via the modified Hum-
mers’ method [31,32] and centrifuged to clean the solution with a pH greater than 5. The
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preparation process for EGO was carried out in accordance with the report in [13]. Follow-
ing the electrochemical exfoliation process, the pH of EGO solution was adjusted to above
5 through continuous centrifugation. Subsequently, EGO suspensions were prepared by
adding Tris-buffer solution (10 mM, pH = 8.5) via sonication for 30 min. Then, 800 mg of
dopamine hydrochloride and tannic acid was added, and this was stirred vigorously for
24 h at room temperature to obtained tannic acid- and dopamine-modified EGO (MGO).
After the reaction, the MGO was centrifuged and washed with distilled water several
times to remove any unreacted dopamine and tannic acid. The HGO, EGO and MGO
solution obtained was subsequently freeze-dried and stored in a brown bottle for the
following experiments.

Preparation of the composite coatings: EGO and MGO powders were added to an
epoxy/xylene solution and ultrasonicated for 30 min. Polyamide curing agents were then
introduced to the mixture, resulting in the preparation of EGO/epoxy and MGO/epoxy
coatings. The proportion of epoxy, xylene and curing regent was 10:5:8. The coatings were
applied to the Q235 carbon steel electrode via manual brushing and cured in an oven at
40 ◦C for 4 h and 60 ◦C for 20 h. The dry film thickness of the coatings was measured using
a hand-held electronic gauge (PosiTector 6000, Defelsko, NY, USA) in accordance with ISO
2808-1997. The dry film thickness of all coatings was maintained at 100 ± 10 µm. It is
worth noting that EGO/epoxy coatings with a 0.1% EGO content and 0.05 MGO/epoxy,
0.1 MGO/epoxy and 0.2 MGO/epoxy coatings—with MGO contents of 0.05%, 0.1% and
0.2%, respectively—were fabricated. Additionally, epoxy varnish coatings without any GO
fillers were prepared to serve as a basis for comparison.

The morphologies and microstructures of the HGO, EGO and MGO were analyzed
by utilizing a field-emission scanning electron microscope (FE-SEM, SU8010, HITACHI,
Tokyo, Japan) and a transmission electron microscope (TEM, Tecnai G2 F30, FEI, Hillsboro,
OR, USA and F200, JEOL, Tokyo, Japan). To determine the thicknesses and heights of
HGO, EGO and MGO, an atomic force microscope (AFM, Dimension ICON, Bruker, Luken,
Germany) test was conducted. A Raman spectrometer (invia Raman Microscope, REN-
ISHAW, London, Britain) with a 532 nm laser as an excitation source was utilized to assess
the graphitization characteristics of the nanosheets. Additionally, an X-ray photoelectron
spectroscope (K-Alpha, Thermo Fisher Scientific, Waltham, MA, USA) was employed to
analyze the surface chemical composition of the HGO, EGO and MGO nanosheets acquired.

Electrochemical impedance spectroscopy (EIS), localized EIS measurements (LEIS)
and salt spray tests evaluated the protective properties of the coatings. The working
electrode consisted of coated Q235 steel and scratched coated Q235 steel, a platinum plate
(2 cm × 2 cm) served as the counter electrode and a saturated calomel electrode (SCE) was
the reference electrode. The testing adhered to a standard three-electrode cell. EIS results
were taken between 100 kHz and 10 mHz using a sinusoidal voltage with an amplitude
of 10 mV at the open-circuit potential (OCP) on a CHI 760E electrochemical workstation
(Chenhua, Shanghai, China). A Faraday cage was utilized to minimize external noise during
tests, while sealing films were placed on the electrolytic cell opening to prevent water
evaporation during immersion in a 3.5% NaCl solution. The solution was changed every
10 days. LEIS (BioLogic, Grenoble, France) was employed to access the localized corrosion
behavior of the scratched coatings. Electrochemical signals were collected over a working
area measuring 0.3 × 0.3 cm2. Salt spray experiments were carried out in compliance with
ASTM B117 international standard [33]. To conduct EIS and LEIS measurements, 0.5 cm
long artificial scratches were made on the coatings’ surfaces. For salt spray tests, a 4 cm
long scratch was used. A stereoscopic microscope (VHX, KEYENCE, Osaka, Japan) was
employed for capturing images of the coated Q235 steel surfaces after conducting salt
spray tests.
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3. Results and Discussions
3.1. Morphologies and Dispersibility

The freeze-dried nanosheets and their dispersibility into epoxy/xylene solution were
analyzed in this study. Three types of nanosheets, HGO, EGO and MGO, were dispersed in
the solution and left to stand for 15 days. The resulting settlement behavior was captured
in images of the inverted sample bottles, as shown in Figure 1. The freeze-dried HGO
was observed to be gelatinous and difficult to disperse in epoxy/xylene solution. Even
with prolonged ultrasonic processing, it still floated on the solution. After 15 days, severe
settlement occurred. Preparing HGO/epoxy coatings with excellent barrier performance
is challenging because gelatinous HGO can cause significant defects. On the other hand,
EGO and MGO are flaky and can be evenly dispersed through ultrasonic processing. It
appears that dispersing EGO and MGO should be considered for preparing high-quality
coatings. After 15 days of settling, no significant stratification was observed in the EGO
and MGO epoxy/xylene solution. However, when the bottle was inverted, a large number
of large-sized EGO nanosheets were found at the bottom. Obviously, it is challenging to
disperse EGO in epoxy resin, which results in severe aggregation defects in the coatings.
No significant settlement of MGO epoxy/xylene solution was observed at the bottom of
bottle, and the size of MGO appeared smaller. Dopamine is capable of absorbing onto the
surface of EGO, along with the embedding of tannic acid due to self-polymerization and
covalent grafting [28]. Thus, the improvement in the corrosion protection performance
of the MGO/epoxy coatings may be attributed to the following: (1) Well-dispersed MGO
nanosheets can increase the density of the epoxy matrix due to the highly reactive and
adhesive nature of dopamine and polydopamine. These compounds contain functional
groups such as catechol, amine, and imine, which improve the interfacial interactions
between the MGO and epoxy resin. (2) The incorporated MGO nanosheets possess a higher
aspect ratio and excellent barrier properties, which effectively block diffusive paths for
electrolyte permeation. (3) Tannic acid is released at the coatings’ defects and may form
Fe-tannic chelates or complexes to hinder the spread of metal corrosion, thereby protecting
the underlying substrate from corrosion attack [34,35].
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(c) MGO.

The microstructures of HGO, EGO and MGO were analyzed using SEM, TEM and
AFM measurements, as shown in Figure 2. According to the SEM and TEM data, HGO
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possesses a smooth, transparent and thin structure, with fragments interconnected and
no sharp borders. This aligns with the gelatinous structure displayed in Figure 1a. The
enlarged SEM images and TEM images in Figure 2 confirm the characteristic wrinkled
structure of graphene materials, indicating the thinness of HGO. EGO also displays trans-
parency, but seems comparably thicker and smaller than HGO, with observed aggregations.
Nevertheless, after modification, MGO nanosheets exhibit a smaller, thinner and more dis-
persed structure (evident from their wrinkled structure), with the SEM images (Figure 2c)
revealing a separation of MGO nanosheets from the large graphene structures. The small
size of MGO nanosheets also makes them easy to disperse in epoxy resin and provides
superior labyrinth protective effects. AFM findings indicate that the HGO flakes exhibit a
lateral size of approximately 3–8 µm with a thickness of less than 1 nm, suggesting fewer
layers. EGO exhibits some accumulation phenomena, with a lateral size of the flakes of
about 3 µm and a flake thickness of about 10 nm (corresponding to 30 layers of graphene).
However, the MGO exhibits a distinct lamellar structure with negligible accumulation, and
the thickness of the flakes measures about 1.5 nm (equivalent to fewer than five layers
of graphene), indicating a significant improvement in EGO dispersion. The dot-shaped
formations observed in AFM images could be a consequence of tannic acid and dopamine
adhering to the surface of GO.
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3.2. Structure and Composition

Raman spectra were obtained to examine structural variations in the raw graphite,
HGO, EGO and MGO nanosheets. The obtained results are displayed in Figure 3a, where D
and G bands were observed at 1346 cm−1 and 1589 cm−1, indicating the in-plane vibration
of sp2-bonded carbon and the presence of unorganized carbon [36,37]. Furthermore, the
ID/IG ratios (peak intensity ratios between the D band and the G band) associated with
the ordered crystal structures of carbon atoms in graphene-based materials revealed a
substantial increase from 0.04 (graphite) to 0.86 (HGO), 0.41 (EGO) and 1.36 (MGO). The
lower ID/IG ratio of the EGO nanosheets indicates intact graphitic domains within the
structure. This is congruent with the observed greater thickness, as demonstrated by AFM
and TEM results. The thicker structure may contribute to higher aggregations and defects
within the coatings. MGO demonstrates a higher ID/IG ratio of 1.36 in comparison to
HGO (0.86) and EGO (0.41), indicating a decrease in sp2 carbon sites. This is likely due to
the π-π interaction and chemical bonding that occur between graphene oxide nanosheets
and dopamine/tannic molecules during the modification process. As a result of this
modification, excellent dispersion stability may be achieved.
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XPS measurements were conducted to further investigate the chemical bonds of the
as-prepared HGO, EGO, MGO nanosheets and the raw graphite materials. Figure 3b
showcases the outcome of the tests. The O 1s peaks of HGO are strong (indicating a C/O
ratio of 0.91) because several oxide groups (carboxyl, hydroxy and epoxide groups) are
present in HGO, indicating a partial oxidation of HGO during Hummers’ preparation
process. Conversely, the O 1s peaks of EGO and graphite feature weaker values of the C/O
ratio, which are 4.46 and 25. 05, respectively. The degree of oxidation for both is relatively
low, suggesting that the incomplete separation of the graphite layers. However, the value
of the C/O ratio for MGO is significantly higher than that of EGO, demonstrating that
both exfoliation and oxidation processes take place on EGO during its modification with
dopamine and tannic acid.

The high-resolution XPS spectra of C 1s and N 1s revealed the detailed chemical
bonding of EGO and MGO, as displayed in Figure 4. The spectra displayed only two carbon
components, which are C-C and C-O, found at 284.6 eV and 286.6 ± 0.1 eV, respectively.
The high-resolution C 1s spectra of MGO indicated four peaks at 284.6 eV (C-C), 285.5 eV
(C-N), 286.4 eV (C-O) and 288.5 eV (C=O). Further, the high-resolution N 1s spectra reveal
two components, including HN-C=O (399.8 eV) and -N= (401.4 eV) [38,39]. Based on the
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above findings, it can be concluded that dopamine/tannic acid modification increases the
oxygen-containing functional group, which in turn helps in the interlayer exfoliation of
EGO. Moreover, a new chemical bond (C-N) was created through the modification process,
along with the π-π interaction effect, ultimately enhancing the dispersion stability of the
layers of graphene oxide.
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3.3. Surface Morphologies of Coatings

Figure 5 displays the stereomicroscope morphologies and the partial enlargement of
the epoxy varnish coatings, also including the 0.1EGO/epoxy coatings and MGO/epoxy
coatings (with MGO content at 0.05%, 0.1% and 0.2%). The transparent epoxy varnish
coatings allow all of the dispersed colored fillers to be observed. Many bubbles are visible
on the surface of epoxy varnish coatings, which could be a result of rapid solvent evap-
oration during the curing process. The defects in bubbles create paths for the corrosive
media to permeate and accelerate the degradation of epoxy coatings on metal substrates.
Following the addition of GO fillers, the quantity of bubbles defects on the surface of
coatings diminishes. However, we observed significant aggregations on the surface of
EGO/epoxy coatings, largely attributed to the incomplete exfoliation of graphene lamellas
and their low dispersibility, as demonstrated by Figures 1 and 2. No apparent bubbles are
detected after adding MGO to the mixture, and the MGO fillers are evenly dispersed in the
0.05 MGO/epoxy and 0.1 MGO/epoxy coatings. However, there are some minor aggrega-
tions observed in the 0.2 MGO/epoxy coatings as depicted in the partially enlarged image
(Figure 5j). The smooth surface of the 0.05 MGO/epoxy and 0.1 MGO/epoxy coatings is
precisely due to the modification effects. The presence of dopamine, polydopamine and
tannic acid promotes the exfoliation of EGO through both π-π interactions and chemical
bonding during the modification process. As a result, the compatibility between MGO
and epoxy resin is improved. These uniformly dispersed MGOs can form a “ labyrinth
shielding” effect, which extends the diffusion path of corrosive media. This leads to a better
barrier and protective effect of MGO/epoxy coatings [40,41].
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3.4. Anticorrosion Performance

EIS measurements can characterize the alterations in the protective performance of
organic coatings during immersion in corrosive media [42–45]. The anticorrosion efficacy
of epoxy varnish coatings, EGO/epoxy coatings and different MGO/epoxy coatings were
evaluated by submersing them in 3.5% NaCl solution for 25 days, and the Nyquist and
Bode plots after 1-day and 25-day immersion are presented in Figure 6a–d. Figure 6e shows
a partial enlarged view of Nyquist plots after 25-day immersion to assess the protective per-
formance. In Figure 6f, the impedance modulus of 0.01 Hz of the coatings after 1-day and
25-day immersion is presented. The addition of MGO significantly enhanced the protective
ability of the MGO/epoxy coatings in comparison to the epoxy varnish coatings. This was
observed in all tested concentrations, including 0.05 MGO/epoxy coatings, 0.1 MGO/epoxy
coatings and 0.2 MGO/epoxy coatings (the |Z|0.01Hz of epoxy coatings increased from
5.87 × 109 Ω cm2 to 2.24 × 1010 Ω cm2, 3.52 × 1010 Ω cm2 and 3.66× 1010 Ω cm2, respec-
tively). The addition of the difficult-to-disperse EGO decreased the anticorrosion perfor-
mance due to the presence of aggregation defects. The Nyquist plots reveal a capacitive
semicircle, whose diameter indicates the barrier property and anticorrosion performance of
coatings [43]. The results show that the EGO/epoxy coatings exhibit the lowest semicircle
diameter after 1-day and 25-day immersion, implying severe corrosion occurs beneath the
coatings. This is attributed to the difficulty in dispersing EGO, which results in aggregations.
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However, the barrier properties of the coatings declined slightly with the addition of 0.05%
and 0.1% MGO, while a considerable reduction was observed for 0.2 MGO/epoxy coatings
after long-term immersion. These findings reveal that that the inclusion of a large amount
of MGO promotes aggregation formation. Additionally, the |Z|0.01Hz of 0.05 MGO/epoxy
and 0.1 MGO/epoxy coatings remains above 1010 Ω cm2, even after 25-day immersion in a
3.5% NaCl solution (specifically, 2.16 × 1010 Ω cm2 and 2.32 × 1010 Ω cm2, respectively).
Generally, the impedance modulus at low frequency decreases below 108 Ω cm2 (it is two
orders of magnitude lower compared to our MGO/epoxy coatings) after immersion and
causes a loss protection property, again indicating a superior anticorrosion performance
of the 0.05 MGO/epoxy and 0.1 MGO/epoxy coatings [44,45]. Conversely, the coatings
of epoxy varnish, the EGO/epoxy coatings and the 0.2 MGO/epoxy coating have values
of 6.58 × 108 Ω cm2, 1.05 × 106 Ω cm2 and 6.46 × 107 Ω cm2, respectively. To further
determine the protective properties of the 0.05 MGO/epoxy and 0.1 MGO/epoxy coatings,
longer EIS tests were carried out on the coated system. Figure 7 displays the Nyquist and
Bode plots of the 0.05 MGO/epoxy and 0.1 MGO/epoxy coatings after 70-day immersion.
It is apparent that the capacitive arcs have a large radius and the low-frequency impedance
modulus exceeds 1010 Ω cm2, indicating their excellent barrier performance, which can be
attributed to the uniformly dispersed MGO. However, the addition of 0.1% MGO to the
epoxy coatings resulted in a higher impedance modulus at low frequency compared to the
coatings containing 0.05 MGO, indicating improved shielding ability. Thus, incorporating
0.1% MGO can significantly enhance the protective property of the epoxy coatings. The
anticorrosion performance of coatings improves due to the strong barrier properties of
layered materials such as graphene. Graphene can disperse uniformly in the epoxy resin,
forming a “labyrinth effect “ that extends the diffusion path of corrosive media [46,47]. This
facilitated improvements in the coatings’ anticorrosion performance.

To further evaluate the protective efficacy of the coatings and determine the function
of EGO/MGO fillers in epoxy coatings, we immersed scratched epoxy varnish coatings,
0.1 EGO/epoxy coatings and 0.1 MGO/epoxy coatings (with a scratch length of 0.5 cm)
in a 3.5% NaCl solution for one day. Figure 8 shows the collected Nyquist and Bode
plots and fitting data (fitted to the equivalent circuit presented in Figure 9). The Nyquist
plots for all coatings exhibit a double capacitive arc, suggesting that the substrate metal
corroded because the metal under the coating’s scratch came into contact with the corrosive
medium once placed in the solution. The EIS results were fitted using the equivalent
circuit depicted in Figure 9a, which includes solution resistance Rs, coating capacitance Qc,
coating resistance Rc, double-layer capacitance Qdl and charge transfer resistance Rct. The
values of Rct obtained are depicted in Figure 9b. Generally, a higher Rct value indicates a
slower corrosion rate for the substrate metal. However, the corrosion rates for both the
epoxy-coated and EGO/epoxy-coated carbon steel clearly increase, as demonstrated by
the reduced Rct. Furthermore, the Rct of the EGO/epoxy coating decreases more, which is
likely due to the “corrosion promoting effect” of EGO (EGO is conductive and has positive
potential compared to metal) [5,6]. The measured Rct of the scratched MGO/epoxy-coated
steel increases from 3.035 × 104 Ω cm2 to 3.805 × 104 Ω cm2 within 1 h to 1 day of immer-
sion. This suggests a decrease in the corrosion of the metal. The superior anticorrosion
performance of the MGO/epoxy coating may be attributed to the corrosion inhibition effect
of tannic acid. Tannic acid can form dense and insoluble chelate compounds with carbon
steel, which effectively counteracts the corrosion-promoting effect caused, as reported
by [48,49].
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Figure 9. (a) Equivalent circuit of the scratched coated Q235 steel, including solution resistance
Rs, coating capacitance Qc, coating resistance Rc, double-layer capacitance Qdl and charge transfer
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To better determine the corrosion protection mechanism of the coatings and clarify the
corrosion inhibition effect of MGO, we performed a LEIS test by artificially introducing
scratches on their surface [20,39]. Subsequently, the coatings were immersed in 3.5% NaCl
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solution for 5 days, and the admittance values of the area (3 × 3 mm2) surrounding the
scratches were measured at 1 h, 1 day and 5 days, respectively, as depicted in Figure 10.
The tannic acid that was released from the MGO and the coatings reacted with metal
substrate when it was placed in the solution. However, tannic acid would eventually
diffuse into the solution over time, causing the inhibitory effects to gradually weaken
and disappear. Consequently, the LEIS measurements were conducted only for 5 days.
The figure displays admittance values that classify corrosion degree into three regions,
differentiated by the color of the LEIS images: the whole coating (red area), the coating–
scratch interface (green area and adjacent region) and the scratch area (purple area) [20].
The distribution admittance of various coatings within the scratch indicates a considerable
shift over the immersion period. Over time, immersion caused the epoxy varnish coating to
change from light blue to deep blue, and in the center of the scratch it even transformed to
deep purple. Furthermore, the admittance value also underwent significant modification,
aligning with the expansion of the artificial scratch area and elevated levels of corrosion,
consistent with Figure 10. Around the scratch, the EGO/epoxy coatings also shifted from
light blue to dark purple, and the corrosion spread even further throughout the artificial
scratch area. The incorporation of EGO nanosheets is believed to harm the corrosion
resistance of epoxy coatings because of the “corrosion promotion effect” of conductive
graphene materials. On the other hand, the 0.1MGO/epoxy coatings displayed no notable
color changes, unlike the epoxy varnish coatings and EGO/epoxy coatings. Furthermore,
the admittance value of the 0.1 MGO/epoxy coating’s scratch even slightly rises from 1 h
to 1 day before declining from 1 day to 5 days of immersion time. This is attributed to the
self-healing ability of tannic acid, which greatly hinders metal corrosion and enhances the
coating’s anticorrosion capabilities. These findings align with the preceding EIS analysis.
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The visual performance of the epoxy, EGO/epoxy and various MGO/epoxy coatings
when subjected to salt spray tests for 168 h is shown in Figure 11. Following corrosion tests,
substantial amounts of reddish-brown corrosion products, potentially Fe2O3, accumulated
around the scratches and permeated deeply within the epoxy coatings and EGO/epoxy coat-
ings. Corrosion pits can form around scratches in EGO/epoxy coatings. This is because the
conductive EGO acts as a cathode phase and promotes the corrosion of carbon steel [6,26].
Severe corrosion is also observed on the 0.2 MGO/epoxy coatings, where reddish-brown
corrosion products appear in the scratch, and black and reddish corrosion products diffuse
inward into the coatings. This may be due to the promotion of corrosion medium diffusion
by MGO aggregations at the scratch. The black deposits of corrosion are caused by the
reaction between tannic acid and carbon steel. Subsequently, the 0.2 MGO/epoxy coatings
also suffered considerable corrosion. However, it is encouraging to note that the addition of
0.05% and 0.1% MGO significantly reduced the corroded area around the coating scratches.
The effect was especially pronounced in the corrosion of 0.1 MGO/epoxy coatings, where
only a small amount of red and black corrosion products was detected at and around the
scratch. Uniformly dispersed MGO has outstanding corrosion inhibition ability and the
resulting corrosion products further hinder the corrosion process.
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Figure 11. Visual performances of the coatings: (a) epoxy varnish coatings, (b) EGO/epoxy coatings,
(c) 0.05 MGO/epoxy, (d) 0.1 MGO/epoxy and (e) 0.2 MGO/epoxy coatings after 168 h exposure to
salt spray test, the scratch (5 cm in length) was produced using a sharp blade.

In summary, Figure 12 displays the protection mechanism diagram for the MGO/epoxy
coatings. The 3.5% NaCl solution, acting as corrosive medium, penetrates the epoxy coat-
ings and causes significant corrosion of the carbon steel in a relatively short amount of
time (as shown on top). After modification and the addition of the well-dispersed MGO
(bottom), the corrosive medium is unable to pass directly through MGO and must diffuse in
other directions due to the strong barrier properties of graphene materials. This results in an
extended and multi-directional diffusion path, which causes the corrosive medium to take
a much longer time to diffuse on the substrate surface. As a result, the corrosion of metal is
inhibited. This “labyrinth effect” is known to greatly enhance the protective performance
of the coatings [40,41]. Moreover, defects in MGO/epoxy coatings allow tannic acid to react
with the substrate steel, creating dense and insoluble Fe-tannic complexes/chelates that
impede metal corrosion [48,49]. Consequently, MGO/epoxy coatings exhibit significantly
enhanced anticorrosion performance.
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4. Conclusions

In this paper, a graphene oxide preparation method using electrochemical exfoliation
was employed due to its safety, cost-effectiveness and potential for mass production. EGO
was modified using dopamine and tannic acid before being integrated into epoxy coatings
for the creation of MGO/epoxy coatings. This study also prepared HGO nanosheets (via
Hummers’ method), epoxy vanish coatings and EGO/epoxy coatings for comparison
purposes. The thin, transparent and wrinkled appearance of MGO is attributed to the
successful connection between dopamine and tannic acid and EGO through π-π interactions
and chemical bonds. This significantly enhances the compatibility of MGO with epoxy
resin and improves the barrier property of the coatings. EIS tests were conducted on both
intact and scratched coatings, with additional salt spray and LEIS tests carried out on the
scratched coatings. The results showed that the anticorrosion properties of the EGO/epoxy
coatings decreased due to the conductive EGO’s corrosion-promotion effects. Conversely,
the protective property of the MGO/epoxy coatings, particularly those with 0.1% MGO,
were significantly enhanced thanks to the excellent barrier performance originating from
the well-distributed MGO, along with the inhibition functionalities of the released tannic
acid. In conclusion, the addition of 0.1% MGO could enhance the barrier and inhibition
properties and anticorrosion performance of epoxy coatings.
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