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Abstract: Throughout millions of years of biological evolution, shell structures have de-
veloped a highly complex layered organic—inorganic structure that makes them effective
against a wide range of external impacts, including mechanical stress and chemical corro-
sion. Therefore, shell-like biomimetic materials are considered to possess high strength and
toughness. Nevertheless, although shell structures have exhibited superior performance
across multiple domains, understanding of their structural complexities and corrosion
protection mechanisms remains relatively limited within the scope of human knowledge. In
this study, alternating ZnO-graphene/epoxy coatings featuring shell-like structures were
synthesized, and their anticorrosion properties were evaluated through the incorporation of
ZnO to enhance the dispersion of graphene. Electrochemical impedance spectroscopy (EIS)
tests showed that with an increased number of ZnO-graphene layers, the coating resistance
of the bionic composite coating also increased: from 8.21 x 10”7 Q2-cm? of the pure epoxy
coating to 7.64 x 10% Q) cm?. The composite coating, comprising three alternating layers
of zinc oxide and four layers of epoxy resin, exhibited an electrochemical impedance two
orders of magnitude greater than that of pure epoxy resin following immersion in a 3.5%
sodium chloride solution, demonstrating excellent corrosion resistance. The results showed
that with increased ZnO-graphene layers, ZnO-graphene disperses more uniformly in
water and has greater rigidity.

Keywords: biomimetic; shell-like structure; graphite; anticorrosion

1. Introduction

Corrosion is defined as the deterioration of metallic materials in an environment
due to chemical reactions on the metal surface or interface, electrochemical processes,
or physical actions. These actions may include the combined effects of mechanical and
biological factors, ultimately leading to changes in the metal’s properties and causing
damage to the metal itself, the surrounding environment, or components of the technical
systems they form. Corrosion annually results in substantial economic losses and extensive
social impacts [1,2]. According to statistics, the direct economic loss caused by metal
corrosion in China is about CNY 500 billion per year, accounting for about 6% of GDP.
Currently, the primary methods for protecting metals encompass cathodic protection,
corrosion-resistant materials, and surface coatings. Among these, the surface coating
method stands out as a highly favored and cost-effective approach, due to its operational
simplicity and superior protective attributes [3-6]. Recent studies have demonstrated
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that incorporating anticorrosion fillers (such as glass flakes, mica sheets, graphite sheets,
and zinc powder) into organic coating matrices not only fills the voids within the coating,
thereby reducing the quantity of resin and solvent required, but also enhances the physical
barrier properties, wear resistance, and mechanical strength of the coating. Graphene (Gr)
is considered by researchers to be the most ideal nanofiller for organic protective coatings
due to its extraordinarily large specific surface area (2630 m?/g), large aspect ratio, excellent
hydrophobicity, lubricity, mechanical properties, and electrical and thermal conductivity [7].
Graphene is distributed in a random manner in polymer resins, giving organic coatings
good surface hydrophobicity and physical barrier effects. The addition of only a small
amount of graphene (<0.5 wt.%) can increase the coating impedance by more than 10 times,
which is superior to other conventional fillers [8].

Graphene compound paint has the advantages of high-barrier, super-hydrophobic,
chemically inert, and friction-resistant properties, and so on, which makes it possible to
enhance the synthesis capability of the organic paint [9-16]. However, aggregation and
galvanic corrosion are the main technical issues in the fabrication of graphene compound
paint. Firstly, it is necessary to get rid of the aggregation of graphene, enhance the dispersity
of the matrix, increase the interfacial compatibility between the lamellae and the resin
matrix, and eliminate the galvanic corrosion effect, in order to achieve the coating’s high
reliability and long-lasting anticorrosion of the coating. Researchers have explored and
developed many different methods to overcome the above bottlenecks, which mainly
include surface modification [9-11], reduction in filler loading [12], and introduction of
active additives (e.g., corrosion inhibitors [13], active metals [14], conductive polymers [15],
and semiconducting materials [16], etc.). Lv et al. [17], by means of ball milling, achieved
the diffusion of graphite in epoxy (EP) paint by controlling the size of nanoplates, thereby
enhancing the anticorrosive properties of the epoxy. Du et al. [18] discovered that PANI is
not only an outstanding disperser of graphene but also an effective anticorrosive agent that
can be used to protect the surface of graphene. In addition, some semiconductor oxides
can also passivate metal surfaces to provide additional protection to the substrate [19,20].
Wang Fuhui of the Shenyang Institute of Metals and his team have verified the synergy of
Co(OH); with graphene [19].

The challenges of life in nature have driven many organisms to evolve remarkable
impermeability and corrosion resistance, offering valuable insights for the structural design
of new high-performance anticorrosion coatings [21-24]. A prime example is found in
mollusks, whose hard shells enable them to endure mechanical impacts and corrosive
environments [21]. The nacre layer of mollusk shells exemplifies a brick-and-mortar
structure: aragonite platelets (“bricks”) are embedded within an organic matrix (“mortar”).
The organic substrate functions as a lubricant, allowing neighboring “bricks” to slide and
prevent excessive slippage between layers, much like glue. The exceptional mechanical
properties, functional barriers, and ionic transport control that arise from the ordered
interlayer structure and the abundant interfacial interactions within the pearl layer [25-27]
provide valuable insights into the creation of high-performance 2D composite coatings. For
instance, Lutkenhaus et al. [28] developed a highly oriented, aligned rGO-PVA structured
coating by spraying a homogeneous mixture of graphene oxide (rGO) and poly(vinyl
alcohol) (PVA), which effectively prevented the infiltration of corrosive media into the
coating and significantly enhanced its physical barrier properties. Zhong Jing et al. [15]
created a bionic compound coating with a 17 pm-thick “anti-pearl” structure using the
layer-by-layer technique based on GO and epoxy resin. This technique improved the
coating’s density and bolstered its barrier and mechanical performance.

In this study, we addressed the issue of graphite agglomeration by synthesizing ZnO-
doped graphene (ZnO-Gr) powders with low defect edges by adding ZnO to graphite.
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Subsequently, we crafted a biomimetic composite coating with a shell-like structure through
the successive application of EP and ZnO-Gr coatings. This coating was named XZG-4EP
(with X representing the number of ZnO-Gr layers, ranging from 1 to 3). The micro-
molecular assembly of ZnO-Gr and EP was achieved via surface deposition, leading
to the formation of a two-dimensional biomimetic composite coating with exceptional
hardness and corrosion resistance. We explored the correlation between the microscopic
arrangement and interfacial structure of the 2D materials and the corrosion resistance, as
well as the mechanical properties of the composite coatings. The corrosion behavior of
both the pure epoxy resin coating and the bionic composite coating on steel was examined
using electrochemical and saltwater immersion tests. The findings indicated that the bionic
coating exhibits significantly enhanced corrosion resistance compared to the pure epoxy
resin coating.

2. Materials and Methods
2.1. Materials

The graphite was provided by Sigma-Aldrich Corporation (Shanghai, China). Nanome-
ter zinc oxide (ZnO, AR) and sodium chloride (99.9%) were bought from Aladdin Holdings
Group (Shanghai, China). The water-borne epoxide dispersion and co-solvent were bought
from Shanghai Macklin Biochemical Company (Shanghai, China). The Q235 steel base
plate (dimensions of 20 mm x 20 mm x 0.3 mm) was first ground using 150-, 300-, and
800-mesh sandpaper, followed by ultrasonic washing in ethanol and then drying at ambient
temperature. None of the reagents was processed.

2.2. Characterization of Samples

The shape of the surface, the cross section, and the element distribution of the specimens
were studied by SEM (SEM, S-4800, Hitachi, Tokyo, Japan). The thickness of the coating
was tested using an ultra-depth field microscope (KEYENCE, Kansas City, MO, USA, VHX-
970F). The XRD patterns were taken at a speed of 5°/min from 5° to 90° of the 20 angle
using an X-ray powder diffractometer with a characteristic wavelength (XRD Terra, Innov-
X, Woburn, MA, USA). The function group and the crystalline structure of the composites
were characterized by FTIR (FI-IR, Shimadzu IRPrestige-21, Kyoto, Japan). A contact angle
gauge (OCAH200, Dataphysics, Filderstadt, Germany) was used to measure the static contact
angle. The anticorrosion performance of the paint was assessed on a DH7000 electrochemistry
station (Jiangsu Donghua Analytical Instrument Company, Taizhou, China). The porosity of
the coating was tested by an RMCT-4000 high-resolution micro-CT detection system (Lima
Precision Measuring Technology, Co., Ltd., Suzhou, China).

2.3. Synthesis of ZnO-Gr Composites

ZnO powder (200 mg) was accurately weighed, 20 mL of ethanol solution added, and
then 20 mg of Gr powder added under continuous stirring for 30 min to make the mixture
homogeneous, and then ultrasonic treatment was carried out for 2 h to obtain the ZnO-Gr
dispersion. Finally, the dispersion was freeze-dried for 12 h to obtain ZnO-Gr.

2.4. Preparation of Anticorrosive Shell-like Coating XZG-4EP (X =1, 2, 3)

EP and ZnO-Gr dispersions were alternately applied on a Q235 steel base plate, with
EP as base and top layer. Firstly, EP was applied to the base material after being solidified
for 12 h at ambient temperature. The ZnO-Gr dispersion was applied to the EP layer and
solidified for 12 h at ambient temperature. The aforementioned procedures were iteratively
executed to achieve ZnO-Gr layers of 1, 2, and 3 in the composite coatings, designated
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XZG-4EP (where X =1, 2, or 3). Additionally, for comparative analysis, four layers of pure
epoxy coatings were applied and labeled 4EP.

2.5. Electrochemical Measurements

Electrochemistry impedance spectrometry (EIS) was performed on the DH7000 elec-
trochemistry station with a typical 3-electrode system in 3.5 wt% NaCl artificially. The
coated steels acted as working electrodes, the platinum plate was a counter electrode, and
the saturated calomel electrode was a reference electrode. Before measurement, the sample
was immersed in 3.5 wt% NaCl solution, and a Tafel polarization experiment was carried
out based on the experimental results. The set rate was 2 mV S~!. Based on the instrument
measurement, the relationship between the corrosion potential (Ecorr) and the corrosion
current density (Icorr) was calculated. In order to guarantee the precision and reliability
of EIS, three sets of parallel specimens were prepared and each set of experiments was
repeated five times.

2.6. Coating Application Performance Test
2.6.1. Coating Porosity Measurement

X-ray computed tomography (X-CT) imaging technology enables non-destructive
scanning of the micro-pore structure of composite materials, allowing for the analysis of
porosity, distribution, and other parameters from X-CT images. In this study, RMCT-4000
equipment was utilized, and the X-CT scanning images were analyzed to determine the
porosity of the cross section.

2.6.2. Coating Adhesion Test

The adhesion strength of coating samples was assessed utilizing the Positest AT-A
automatic pull-off adhesion tester, produced by Delesko (Big Spring, TX, USA). Prior to
testing, the surface of the coating and the test specimen (with a diameter of 20 mm) were
roughened using 600-mesh sandpaper for proper bonding. The coating was then adhered
to the test specimen with fast-setting AB adhesive and allowed to cure at room temperature
for a period of 24 h. The adhesion tester measured the critical tensile force necessary to
detach the coating from the steel substrate, which represented the adhesion force of the
coating on the steel surface. For each component of the coating, five replicate samples were
tested, and the results were averaged to ensure accuracy.

2.6.3. Hardness Test of Coated Pencils

Determination of hardness was conducted in accordance with GB/T6739-2006 [17].
The sample metal plate was placed on a horizontal surface, and the pencil was held
horizontally, ensuring an angle of 45° between the faces. A straight line was then drawn
away from the operator. Starting with the hardest pencil (6H), the hardness was gradually
reduced (6H-6B) until the pencil no longer cut into the coating. The hardness of the coating
was recorded as the hardness of the pencil at that point.

2.6.4. Impact Strength Test of Coating

In accordance with GB/T1732-1993 [17]—Method for Determining the Impact Resis-
tance of Paint Films, a hammer weighing 1 kg was selected to conduct a 50 cm drop test
on the coating. Subsequently, high-magnification observations were performed to assess
whether the coating exhibited any cracking, wrinkling, or peeling.
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3. Results and Discussion

3.1. Characterization of Samples and Coatings
3.1.1. Morphological Characterization of Samples and Coatings

Figure 1 shows the SEM images of Gr and ZnO-Gr. Graphene has a sheet-like structure
with a flat and smooth surface with curved and wrinkled edges (Figure 1a,b). ZnO presented
a petal-shaped spherical structure formed by interspersed nanosheets, with uniform size and
morphology, the diameter of the nanospherical structure was about 4 pm, and the surface
of the nanosheet layer was smooth (Figure 1b). As indicated by the results in Figure 1c,d,
petal-like zinc oxide nanoparticles were dispersed on the graphene surface, forming a cross-
linked network with the graphene. This interaction resulted in a roughened graphene surface,
featuring numerous small protrusions and an increased plane roughness. These SEM images
further corroborated the formation of the ZnO-Gr composite.

Figure 1. SEM of Gr (a), ZnO (b), and ZnO-Gr (c,d) samples.

To validate the multi-layered shell structure, SEM was used to obtain a cross section
of the composite paint, and the EDS line scan method was used to obtain a cross section,
which is illustrated in Figure 2. In Figure 2a, the pure epoxy resin paint exhibits a classic
type of brittle crack with a characteristic slot shape and a flat crack face. The EDS line
scan (Figure 2b) and the mapping (Figure 2c) reveal that the carbon (C) and oxygen (O)
components are evenly distributed in the coating, which means that there is no delamination
in the EP coating. After applying a layer of ZnO-Gr, the coating showed an obvious
delamination structure (Figure 2d), and the EDS line scan results also proved that the
Zn elements were distributed in the coating (Figure 2e). Through EDS mapping analysis
(Figure 2f), it is evident that the C element is uniformly distributed in the coating, which
proves that with the addition of ZnO, the dispersing ability of the graphite powder is
improved and the graphite powder is uniformly dispersed. When the ZnO-Gr addition
was increased to two layers, the cross-sectional view revealed a distinct lamellar structure,
with the lamination of the shell-like configuration being further intensified (Figure 2g). The
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results of the EDS line scanning of Zn also proved the separation between the bilayered
ZnO-Gr coatings and epoxy coatings (Figure 2h), and the EDS mapping results further
demonstrated the formation of the delamination structure and the role of ZnO in making
the graphite powder uniformly dispersed in the coating (Figure 2i). When three layers of
ZnO-Gr were coated, the cross section of the coating formed an obvious shell-like structure,
and the emergence of the layered structure of one epoxy layer-ZnO-Gr coating can be
seen very clearly (Figure 2j). The variations in the C, O, and Zn peaks observed in the
EDS line-scanning results (Figure 2k) provide a clear indication of the coating’s layered
structure. In the EDS mapping result (Figure 21), the Zn element is obviously distributed in
the three-layer structure, while the C element is uniformly distributed in all layers, which
further proves that the formation of the shell-like structure and the incorporation of ZnO
enhance the dispersing ability of the graphite powder, which in turn improves the corrosion
resistance of the coating.

Figure 2. Cont.
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Figure 2. SEM and line-scan mapping images of coating cross sections for (a—c) 4EP, (d—f) 1ZG-4EP,
(g-i) 2ZG-4EP, and (j-1) 3ZG-4EP.

3.1.2. Structural Characterization of Samples and Coatings

The FTIR spectra of ZnO-Gr, 4EP and 3ZG-4EP coatings are shown in Figure 3. As
shown in Figure 3a, the absorption peaks of the ZnO-Gr samples are located at 1090 cm ™!
(C-O stretching), 1627 cm~! (Zn-0), and 3415 cm~! (O-H), which indicate that the ZnO
nanoparticles are distributed in the interstitial space of graphene layers, and the absorption
peak at 453 cm ! is the asymmetric stretching vibration peak of Zn-O bonds [29]. ZnO-Gr
includes the characteristic absorption peaks of ZnO and Gr, and the wave number positions
of the absorption peaks are unchanged [30,31], which indicates that the functional group
structures of both ZnO and Gr remain unchanged, which suggests that ZnO and Gr are

physically bound (physisorbed). In the spectra of the 4EP coatings, the characteristic absorp-
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tion peak at 3386 cm~! corresponds to the O-H groups on the surface of the coatings, the
absorption peak at 2900 cm ™! is related to the C-H stretching vibration, and the absorption
peak at 1619 cm™~! corresponds to the C=C stretching vibration. The peaks in the 4EP
coatings that correspond to C-O are at 1030 and 1080 cm ™!, respectively. Compared with
the original 4EP spectra (Figure 3b,c), a new peak (Zn-O stretching) appears at 1639 cm™!
for 3ZG-4EP, which indicates that the ZnO nanoparticles have been successfully doped into
Gr and stabilized in the 4EP coatings.
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Figure 3. (a) IR spectra of ZnO-Gr; (b) IR spectra of 4EP; (c) IR spectra of 3ZG-4EP; (d) XRD images
of ZnO; (e) XRD images of Gr; (f) XRD images of ZnO-Gr.

Figure 3d illustrates the X ray diffraction patterns of zinc oxide, Gr, and ZnO-Gr. The
diffraction peaks are found in the three axes (100), (002), (101), (102), (110), (103), (112),
(100), (002), (101), (102), (110), (103), and (112). The XRD profile shows that the diffraction
peak is 26.3° at 26, which is the (002) crystalline surface of graphite with no other peaks.
It can be concluded that graphene with high purity was successfully prepared in this
experiment [29,30]. In the XRD spectra of ZnO-Gr, there are characteristic diffraction peaks
of graphite and nano-ZnO, and the position of the diffraction peaks of the two materials
did not change, which proves that the two materials maintained their respective crystalline
surfaces after the composite and the ZnO-Gr composite was successfully prepared in
this experiment.

3.2. Anticorrosion Properties of XZG-4EP Coatings
3.2.1. Electrochemical Test

The electrochemical impedance spectroscopy (EIS) technique is recognized as one
of the most effective methodologies for assessing the corrosion resistance of protective
coatings. Consequently, EIS experiments were performed to validate the corrosion resis-
tance properties of the coatings. To synthesize the durable anticorrosive coating XZG-4EP
(where X =1, 2, 3), alternating layers of EP and ZnO-Gr dispersions were deposited.
To analyze the impact of the shielding effect of the four coatings on the electrochemical
impedance test results, the acquired data were fitted using ZView software (ZView 2.8),
and the circuit diagram presented in Figure S1 was selected for the fitting process. The
EIS spectra are presented in Figure 4, with detailed numerical data provided in Table S1.
In the equivalent circuit, Rs represents the solution resistance, while C and Rp denote the
constant phase angle element coating capacitance and coating resistance, respectively. The
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impedance parameters derived from the fitted circuit are summarized in Table S1. In addi-
tion, the values of the dimensionless parameter n are empirical constants. The value of # is
0 <n <1, which is related to the roughness and homogeneity of the coating. When the
value of n closes to 1, the constant phase element tends to be pure electricity. On the
contrary, the coating approximates pure resistance as the value of n approaches 0. The C
value of the coating is intrinsically linked to its shielding efficacy and serves as a critical
parameter for assessing the coating’s corrosion resistance. A higher porosity in the coating
facilitates more rapid water diffusion into the coating’s interior, thereby degrading its
shielding performance. As water diffuses into the coating matrix, the C value progressively
increases, signifying diminished shielding capability. Throughout the entire immersion
period, the C value of the XZG-4EP composite coating remained consistently lower than
that of the 4EP coating. Despite the gradual increase in the C value due to water diffusion,
the water absorption rate of the XZG-4EP composite coating was notably lower compared
to the 4EP coating. Conversely, the C value of the 3ZG-4EP composite coating exhibited
the lowest values throughout the immersion duration, indicating that both the water ab-
sorption and porosity of this coating were inferior to those of the other three coatings. This
evidence underscores the superior shielding properties of the 3ZG-4EP composite coating.
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Figure 4. Nyquist plots of the four coatings at different immersion times: (a) 3 days, (b) 1 week, and
(c) 2 months. Bode plots of the four coatings at different immersion times: (d) 3 days, (e) 1 week, and
(f) 2 months.

The coating resistance (Rp) is a critical parameter that characterizes a coating’s ability
to resist penetration by corrosive media. A higher coating resistance indicates a stronger
penetration resistance, thereby enhancing the coating’s shielding and corrosion resistance
properties. The corrosion resistance of the coating was evaluated using the data presented
in Figure 4a—c and Table S1. 3ZG-4EP showed a maximum electrical resistance value of
7.64 x 10% Q cm? after three days of immersion in a 3.5 wt.% NaCl solution (Figure 4a),
nearly 10 times higher than that of the pure EP (8.21 x 107 Q) cm?), which indicates that the
3ZG-4EP coating has excellent anticorrosion properties. Furthermore, when compared to
pure EP coatings, the impedance diameters of 1ZG-4EP and 2ZG-4EP are notably larger,
demonstrating that ZnO-Gr can fill in some micro-pores, block the diffusion channel,
and enhance the anticorrosive properties of the water-epoxy based paint. This evidence
suggests that ZnO-Gr provides the highest resistance to erosion. The resistance profiles
of the 3ZG-4EP coatings were similar to those obtained at 3 days of immersion in 3.5 wt%
NaCl (Figure 4b) and 60 days later (Figure 4c). All of the 3ZG-4EP coatings exhibited
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the greatest resistance sizes, which were greater than those of 4EP paint, demonstrating
that as the amount of ZnO-Gr coats increased, ZnO-Gr dispersed more uniformly in
waterborne epoxy resin, and the compound paint had a higher density and could effectively
resist penetration of corrosives into the substrate. The coating resistance (Rp) serves
as a critical indicator of a coating’s ability to resist penetration by corrosive media. A
higher coating resistance signifies enhanced penetration resistance, thereby improving
the coating’s shielding and corrosion resistance properties. As illustrated by the data
analysis presented in Figure 4a—c and Table S1, the Rp value generally exhibits a decreasing
trend over prolonged immersion time due to electrolyte penetration through the coating’s
pores. Notably, the Rp value of the 3ZG-4EP composite coating remains consistently the
highest throughout the entire immersion period, indicating its superior shielding effect and
effective inhibition of corrosive medium penetration, thus enhancing the overall corrosion
resistance of the composite coating.

The Bode diagram of all the paint soaked in 3.5 wt% NaCl in Figure 4d—f illustrates the
status of the paint in various phases, and it is common for an organic corrosion resistant
paint with a high Bode module to have excellent corrosion resistance. The 3ZG-4EP
coating, after soaking for three days in 3.5 wt% NaCl (Figure 4d), had a log | Z| value of
10° O cm?, which was much greater than that of EP paint (log| Z| = 108 Q cm?), showing
that 3ZG-4EP, 1ZG-4EP, and 2ZG-4EP paint all have log|Z | values of 108 O cm?2, which
is lower than 3ZG-4EP paint, indicating that penetration of corrosives into the substrate
becomes stronger as the number of ZnO-Gr layers increases, and this is consistent with
EIS rules. After soaking for seven days in 3.5 wt% NaCl (Figure 4e) and 60 days thereafter
(Figure 4f), 3ZG-4EP coatings exhibited the largest resistance diameters. These findings
suggest that the density of the composite coatings increases with the addition of ZnO-Gr,
thereby enhancing their anticorrosion properties.

To validate the anticorrosive properties of the paint, the Tafel equation was employed
to test various coatings. The results are presented in Figure S2, and the details are given in
Table S2, where Ecorr denotes the corrosion potential, icorr signifies the corrosion current
density, and 7% represents the corrosion inhibition efficiency. The value of 7% can be
determined using the following formula:

. 0 -
g = 1cor.r —10corr < 100% 1)
icorr
where icorr represents the corrosion current density of Q235 steel.

Coatings with higher corrosion voltages and smaller corrosion currents have higher
corrosion resistance [32-35]. After 60 days of immersion in 3.5 wt% NaCl solution, all the
samples containing ZnO-Gr had higher Ecorr values than 4EP and all the samples contain-
ing ZnO-Gr had lower Icorr values than 4EP, which indicated that the composite ZnO-Gr
coating was more effective in retarding corrosion than the pure 4EP coating. 3ZG-4EP
exhibited the largest Ecorr (—386.6 mV) with the smallest Icorr (8.081 x 108 A cm?), which
proved it had the best corrosion protection. The Icorr of 3ZG-4EP (8.081 x 108 A cm?) was
almost an order of magnitude lower than that of 1ZG-4EP (1.366 x 10~7 A cm?), indicating
that ZnO enhances the dispersion of Gr, which reduces the agglomeration of graphene
significantly with the increase in the number of layers and fills more microcracks, effec-
tively inhibiting the diffusion of the corrosive medium. Furthermore, the % efficiencies of
4EP and 3ZG-4EP, as calculated using Formula 1, were 80.12% and 99.14%, respectively.
These results are in close agreement with the corresponding EIS test measurements, thus
providing robust evidence that 3ZG-4EP demonstrates superior corrosion resistance.
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3.2.2. Saltwater Immersion Experiment

To validate the outcomes of the electrochemical tests, four distinct coatings were
applied to the Q235 steel plates to assess the corrosion resistance of the substrate under
various coatings in a simulated seawater environment, as illustrated in Figure 5. During the
initial phase of a one-day immersion test, the surfaces of pure 4EP, 1ZG-4EP, 2ZG-4EP and
3ZG-4EP exhibited smoothness and demonstrated excellent corrosion resistance. After one
week of immersion, the cross section of pure 4EP displayed evident signs of corrosion and
the coating began to delaminate from the steel substrate. In contrast, the 1ZG-4EP, 2ZG-4EP,
and 3ZG-4EP coatings remained unaffected by the corrosive environment. It has been
demonstrated that the addition of ZNO-Gr can occupy a limited number of micropores,
hinder the diffusion pathway, and improve the corrosion resistance of waterborne epoxy-
based coatings. After a two-week immersion period, blistering, cracking, and corrosion
were observed at the edges of the 1ZG-4EP coating, whereas the 2ZG-4EP and 3ZG-4EP
coatings remained unaffected by the corrosive environment. When the immersion time
reached three months, a significant number of rust spots emerged on the edges of both
pure 4EP and 1ZG-4EP. In contrast, only minor corrosion was observed on the edges of
27G-4EP, while a limited number of air holes formed in the center of its coating. Notably,
no rust spots were detected on the 3ZG-4EP coating, and the generation of air holes was
virtually negligible. These findings indicate that as the concentration of ZnO-Gr coating
increases, the corrosion resistance of the material improves significantly, with 3ZG-4EP
demonstrating the highest level of corrosion resistance.

Material 1 Day 1 Week 3 Months

4EP

1ZG-4EP

27G-4EP

3ZG-4EP

Figure 5. Photographs of four coatings (4EP, 1ZG-4EP, 2ZG-4EP and 3ZG-4EP) immersed in 3.5 wt%
NaCl solution for different days of accelerated corrosion tests. Areas circled in red are corrosion pits
or rust stains on the surface of the coating.
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3.3. Evaluation of Mechanical Durability and Weather Resistance
3.3.1. Mechanical Durability Test

To comprehensively evaluate the wear resistance of 3ZG-4EP coatings, a series of
rigorous experiments were conducted. Initially, the coating surface was placed on 1000-grit
sandpaper, which is the industry-standard method for simulating everyday wear condi-
tions. Subsequently, a load of 500 g was applied to the coating surface, and the sandpaper
was moved approximately 3 cm in the direction illustrated in Figure 6a, ensuring adequate
friction was exerted on the surface during each cycle. During the initial phase of the ex-
periment, the contact angle was measured after every five friction cycles to assess changes
in the coating’s contact angle due to wear. As the experiment progressed, the measure-
ment intervals were incrementally extended, with the contact angle being recorded every
10 cycles to provide a more precise evaluation of the coating’s wear stability.

—a— Contact Angle
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Figure 6. Abrasion resistance of 3ZG-4EP coatings. (a) Friction test of sandpaper on the coated
surface. (b) Effect of the number of rubs on the contact angle.

Figure 6b shows the variation in the contact angle of the 3ZG-4EP coating surface with
the number of cycles. After the first five rubbing cycles, the contact angle decreased by 1° and
then decreased in a linear manner when the number of rubbing cycles was increased to twenty.
At 2040 rubs, the decrease in contact angle decreased, indicating that the coating gradually
adapted to the wear and the surface became more stable. Even though the contact angle
decreased with increasing friction time, the overall change was not significant. Extensive
testing with 100 rubbing cycles showed no significant wear on the coating surface, further
demonstrating the excellent mechanical durability of the 3ZG-4EP coatings.

3.3.2. Weather Resistance Test

To study the anti-weathering properties of 3ZG-4EP coatings, a series of strict tests
were carried out. Firstly, a uniformly thick super-hydrophobic material was applied to
the specimen. The specimens were then put into an ultraviolet curing room and subjected
to ultraviolet radiation. To speed the aging process, rapid aging experiments were also
carried out at elevated temperatures (60 °C), as illustrated in Figure 7a. The purpose of
this experiment was to simulate the highest temperatures that a paint can experience in an
open space.

Figure 7b shows the effect of UV aging time on the surface of 3ZG-4EP coating. It was
found that from 3 to 9 days of UV aging, the contact angle decreased slightly, but did not
change much. On the 15th day, the contact angle decreased to 83° due to UV exposure, but
no discoloration, chalking, fracture, or flaking was observed. The surface 3ZG-4EP coating
has great potential for long-term outdoor use.
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Figure 7. Aging resistance of 3ZG-4EP coatings. (a) Aging test of coatings. (b) Influence of aging
time on contact angle.

3.4. Application Performance of Coating

Figure 8 illustrates the porosity analysis of the coating. The results indicated that
the surface porosity of the 4EP coating was 0.96%, and the porosity of 1ZG-4EP, 2ZG-4EP,
and 3ZG-4EP decreased to 0.75%, 0.62%, and 0.26%, respectively. Specifically, the surface
porosity of the 3ZG-4EP coating was the lowest at 0.26%. These findings suggest that
alternating EP and ZnO coatings can effectively fill open pores within the coating, thereby
preventing the penetration of corrosive media (such as C1~ and H,O) into the anticorrosion
layer and consequently enhancing the overall corrosion resistance of the coating.

Figure 8. X-CT image of the coating: (a) 4EP; (b) 1ZG-4EP; (c) 2ZG-4EP; (d) 3ZG-4EP.

The adhesion strength of the coating on the steel substrate was assessed using a pull-
off adhesion test, with the results presented in Figure S3. The findings indicated that the
adhesion strength of the pure epoxy coating was the lowest at 4 &= 0.21 MPa, whereas the
adhesion strengths of 1ZG-4EP, 2ZG-4EP, and 3ZG-4EP were 5.3 £ 0.25 MPa, 6.3 + 0.3 MPa,
and 8.2 & 0.15 MPa, respectively. The adhesion strength of the XZG-4EP composite coating
demonstrated a significant enhancement, likely attributable to an increased number of
cross-linking points and a higher degree of cross-linking within the system as the number
of coated ZnO-Gr sheets increased. This enhancement in intermolecular forces led to a



Coatings 2025, 15, 63

14 of 17

greater density of hydrogen bonds between the XZG-4EP composite coating and the polar
hydroxyl groups of the steel substrate, thereby improving the adhesion of the coating.

As can be seen from Table S3, with the increase in the number of ZnO-Gr layers, the
hardness of the obtained coating was significantly increased from H to 3H and the impact
resistance is also improved. The results show that the composite coating of ZnO-Gr and EP
with a pearl-like structure can form covalent bonds with the epoxy resin, which penetrates
the inner part of the nanosheet, and then cross-link the whole coating system to form a
strong interfacial bond, which improves the density of the coating and achieves improved
barrier and mechanical properties of the coating.

3.5. Corrosion Protection Mechanisms for 4EP and 3ZG-4EP Coatings

In order to reveal the anticorrosion enhancement mechanism of the 3ZG-4EP mimetic
coating, corrosion penetration process models of different coating systems were proposed.
As shown in Figure 9a, due to the inherent low-barrier property of epoxy resin, during the
long-term immersion of pure EP coatings in simulated seawater, the aggressive substances
can rapidly penetrate the coating through the defects, such as cracks, pinholes, or scratches,
generated during the coating preparation and curing process, and undergo large-scale
diffusion to make the coating fail rapidly, leading to the corrosion of the carbon steel
substrate [36]. In this experiment, inspired by the ordered arrangement of the interfacial
structure of shell pearl layers, a shell-like bionic coating (XZG-4EP (X =1, 2, 3)) coated
with ZnO-Gr alternately with EP was prepared to improve the dispersibility of graphene
by ZnO doping graphene and to reduce the defects of the coating micropores due to the
agglomeration of graphene. In addition, the introduction of graphene flakes formed a
“labyrinth” structure, which increased the tortuosity of the diffusion path of aggressive
substances and thus effectively enhanced the barrier properties of the XZG-4EP (X =1, 2, 3)
coatings, which in turn improved the anticorrosive properties of the coatings. In summary,
the main protective mechanism of the 3ZG-4EP coating (Figure 9b) can be summarized
as follows: (1) the strong interfacial bond between the ZnO-Gr layer and the EP coating
and the continuous layer structure increase the denseness of the coating system [37]; and
(2) the dense ZnO-Gr layer in the biomimetic structure comprises numerous graphene
sheets assembled in parallel. This configuration generates a multitude of tortuous corrosion
pathways, significantly hindering the penetration of corrosive agents. Consequently, this
arrangement effectively extends the time required for corrosive media to reach the interior
of the coating, thereby enhancing the coating’s durability.

€ H,0 @
> Q
» O, ot

=

35 usrate 1 Q235 substrate

Figure 9. Corrosion protection mechanisms for coatings: (a) 4EP; (b) 3ZG-4EP.



Coatings 2025, 15, 63

15 of 17

4. Conclusions

In this study, graphene and zinc oxide were co-assembled and incorporated into an
epoxy resin matrix. Shell-like biomimetic composite coatings (XZG-4EP, where X =1, 2, 3)
were subsequently fabricated through the alternating deposition of ZnO-Gr layers and
epoxy resin in varying numbers of layers. The ZnO-Gr nano-compound can be used as a
protective material to protect the corrosion electrolyte from penetrating into the paint. The
uniform dispersion of ZnO-Gr sheets can reduce the flaws in the micro-holes and create a
powerful blocking action, while the ZnO-Gr sheet is introduced into the coating, creating
a “maze” structure within the coating, which makes the diffusion path of the invasive
material more curved, thereby improving the anticorrosion property of the paint efficiently.
The anticorrosion property of the paint improved as the ZnO-Gr amount was increased,
the corrosive potential rose from —567.075 mV to —386.6 mV, and the corrosion current
decreased from 1.366 x 10~7 A cm? to 8.081 x 1078 A cm?. After immersing the different
composite coatings in NaCl solution for two months, the corrosion resistance of 3ZG-4EP
(5.55 x 10° Q) cm?) still had the largest impedance arc compared to 4EP (4.40 x 10* Q cm?),
1ZG-4EP (4.01 x 10° Q cm?), and 2ZG-4EP (4.79 x 10° Q cm?). The values of impedance
modulus (f = 0.01 Hz) of 3ZG-4EP were found to be higher at three days (10° Q cm?),
one week (108 Q cm?), and two months (10° Q) cm?), showing the highest Bode modulus
values and indicating better interfacial interactions of 3ZG-4EP. As a barrier layer enhancer,
zinc oxide improves the dispersion of graphene, resulting in a more homogeneous and
proportional dispersion of graphene, and the shell-like structure of the 3ZG-4EP bionic
coatings has shown potential as an anticorrosive coating.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/coatings15010063 /s1, Figure S1: Equivalent electrical circuit;
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and 3ZG-4EP electrode immersed in a 3.5 wt% NaCl aqueous solution; Figure S2: Tafel polarization
curves of 4EP, 1ZG-4EP, 2ZG-4EP, and 3ZG-4EP coatings at 60 days; Table S2: The value of corrosion
potential, corrosion current and corrosion inhibition rate for Q235, 4EP, 1ZG-4EP, 2ZG-4EP and
3ZG-4EP coatings in Tafel image; Table S3: Numerical coating thickness, adhesion test, hardness
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