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Both boron nitride (BN) and metal-organic framework (MOF) are ideal nanofillers to enlarge corrosion
resistance of coating due to their two-dimensional layered or porous structure with special physical-
chemical property. However, the agglomeration and weak interaction with epoxy resin (EP) blocks their
effects on enhancing anticorrosion performance of EP coatings. In this work, BN was hydroxylated and
subsequently coated with polydopamine (PDA), then onto which cerium metal-organic frameworks (Ce-
MOFs) was in-situ grown to get BNOH@PDA-Ce-MOFs. This technology not only ensures good dis-
persibility of BN and Ce-MOF, but strengthens their interaction with EP through PDA modified layer. BN
uniformly dispersed in EP can elongate the diffusion path of corrosive media to enhance the barrier
properties of the coating. Meanwhile, Ce-MOF can form a dense passivation layer composed of hydroxide
and oxides of cerium to further protect the metal from corrosion. Therefore, the electrochemical impedance
spectroscopy (EIS) measured |Z|go; u, value of BNOH@PDA-Ce-MOEFS/EP coating only relatively de-
creased after 56 days, remaining three orders of magnitude higher than that of pure EP coatings. Moreover,
the accelerated salt spray test of 28 days, there are no obvious corrosion pits, confirming the excellent

corrosion resistance of BNOH@PDA-Ce-MOFs/EP coating.

Keywords boron nitride, cerium metal-organic frameworks,
corrosion, polydopamine

1. Introduction

Corrosion of metals results in significant financial losses and
poses severe threats to the safety of industrial equipment such
as marine facilities, ships, and buildings. Consequently, the
issue of metal corrosion has attracted widespread attention in
the world (Ref 1-3). Applying organic coatings onto metal is a
straightforward, effective, and cost-efficient method to prevent
them from corrosion (Ref 4-6). Epoxy resin (EP) coatings
exhibit excellent heat and chemical resistance, as well as robust
physical and mechanical properties, which can also provide an
effective barrier against corrosive media (Ref 7-9). Neverthe-
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less, some defects and micro-cracks are inevitably formed in
the EP coatings during the curing process and subsequent
usage, which allows the corrosive medium to transport toward
the metal substrate (Ref 10, 11). Therefore, optimizing the
barrier properties of EP coatings to enhance their corrosion
resistance is imperative.

Two-dimensional (2D) materials such as graphene/graphene
oxides have been used as nanofillers to enhance the imperme-
ability properties of EP coatings, due to their high physical
aspect ratio, excellent barrier properties, and exceptional
chemical stability (Ref 12-14). As the surface of graphene
oxides are rich in functional groups including hydroxyl and
carboxyl, they are readily to be filled and dispersed into EP.
However, the high electrical conductivity of graphene/graphene
oxides can induce a galvanic cell effect upon connected with
the metal substrate, potentially accelerating corrosion of metals
if the coating was damaged (Ref 15-17). Boron nitride (BN)
offers a promising alternative to graphene. BN possesses a 2D
structure similar to graphene and exhibits superior barrier
properties, mechanical strength, hydrophobicity, abrasion resis-
tance, and thermal conductivity (Ref 18-20). However, the inert
BN tend to aggregate in polymer matrix, the dispersion of BN
in EP remains a critical bottleneck limiting the further
application of BN in anticorrosive coatings. Surface function-
alization of BN is considered as an effective strategy to improve
the dispersion of BN in solvents and polymers. For example,
Wau et al. added the polyethyleneimine grafted BN into EP, the
barrier property and anticorrosion ability of the coating was
significantly improved (Ref 21). This enhancement can be
attributed to the BN nanosheets’ physical barrier effects and the
crosslinking action of poly-ethyleneimine on the EP. Similarly,
BN modified with polydopamine (PDA) can adjust its elec-
tronic structure and interfacial energy, thereby enhancing its
dispersion within polymer matrices (Ref 22). Nevertheless,
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only physical barrier is far from requirements for coatings with
good anticorrosion property.

Adding corrosion inhibitors into EP coatings can signifi-
cantly enhance their anticorrosive properties. Cerium metal-
organic frameworks (Ce-MOFs) have recently emerged as
promising nanoscale corrosion inhibitors (Ref 23-26). For
instance, Motamedi et al. synthesized a new type of cerium-
based MOF and investigated its effects on the corrosion
resistance of EP coatings (Ref 27). The results showed that the
Ce-MOF modified EP coating exhibited excellent barrier
protection and self-healing capabilities. Zhao et al. developed
the dual-functional Ce-MOF/carbon fiber composites by using
in situ growth techniques, which was used as the filler to
significantly improve the permeation resistance and corrosion
protection of the EP coatings (Ref 23). The corrosion inhibition
involves the formation of a cerium hydroxide/oxide passivation
film that physically isolates the metal surface from the corrosive
electrolyte, thereby preventing further corrosion (Ref 28, 29).
Meanwhile, the 2-methylimidazole ligands in Ce-MOFs can
catalyze the ring-opening polymerization of epoxy resin (EP),
which increases the crosslinking density and interfacial com-
patibility within the EP matrix (Ref 30-32). Does it bring more
anticorrosion properties, if an effective combination of BN and
MOF in EP coatings were achieved to play synergistic effects
on corrosion inhibition?

Herein, we proposed a strategy combining layer-by-layer
self-assembly and interface coordination growth to construct a
multi-level structure of BNOH@PDA-Ce-MOFs composite
filler for anticorrosion coating, aiming to overcome the
limitations of weak interface bonding and single functionality
of inert fillers. BNOH@PDA-Ce-MOFs consists of the
hydroxyl-modified BN (BNOH) covered by a uniform poly-
dopamine (PDA) adhesive layer via hydrogen bonding, on
which a dense cerium-based metal-organic frameworks (Ce-
MOFs) layer was in situ grown through the coordination
chelation of Ce*" with the catechol groups in PDA. This design
is expected to achieve excellent dispersion of filler in epoxy
matrix through strong interfacial adhesion of PDA and
synergistic effect of 2-methylimidazole. Meanwhile, the incor-
porated Ce-MOFs provides corrosion inhibition of the coating.
The present study provides a novel filler functionalization
design concept towards high-performance anti-corrosion coat-
ings.

2. Experimental

2.1 Chemicals and Reagents

Boron nitrides (BN, 5-10 um) were purchased from Anhui
Zesheng Technology Co. Ltd. Nitric acid (HNO;, 65.0-68.0%),
methanol (MeOH, 99.5%), and ethanol (EtOH, 99.5%) were
bought from Sinopharm chemical reagent. Tris(hydrox-
ymethyl)aminomethane (Tris, 99.9%), dopamine hydrochloride
(DA, 98%), cerium nitrate hexahydrate (Ce(NO3);6H,O0,
99.5%), and 2-methylimidazole (2-MI, 98%) were provided
by Aladdin. Bisphenol epoxy resin (EP, Standard number: Q/
320601NHS601) was bought from Nantong Xingchen Syn-
thetic Material Co., Ltd. Polyamide resin (Enforce standards:
Q/DBSZ 01-2022) was got from Dingyuan resin Co., Ltd. The
Q235 steel sheets with 40 x 20 x 2 mm coated with coatings

were used as electrodes for the electrochemical measurements
and salt spray tests.

2.2 Synthesis of BNOH@PDA and BNOH@PDA-Ge-MOFs

The synthesis process and detailed steps of fillers and
intermediates are shown in Fig. 1. BN of 10.0 g and
concentrated HNO;3 (5 mol-'L™") of 200 mL were put into a
hydrothermal reactor. The hydrothermal reaction was carried
out at 90 °C for 3 h in an autoclave, then it was cooled down to
room temperature, followed by deionized water washing until
neutral and drying at 60 °C for 12 h in air to obtain
hydroxylated boron nitride (BNOH).

Tris(hydroxymethyl)aminomethane (Tris) of 5.0 g was
dissolved in 2 L deionized water, the pH value of solution
was adjusted to 8.5 by 0.1 mol'L™' HCI, followed by the
addition of 5.0 g BNOH. The mixture was stirred for 30 min,
then dopamine hydrochloride (DA) of 5.0 g was added into and
the solution accompanying with continuously stir for an
additional 24 h. Subsequently, the mixture was washed with
deionized water and centrifuged three times to remove
separately polymerized DA. The product was dried and named
BNOH@PDA.

A total of 5.0 g of BNOH@PDA and 5.0 g of Ce(NO;)36-
H,0 were added into 200 mL methanol (MeOH) and stirred
thoroughly, which was labeled as Solution A. 2.5 g of 2-
methylimidazole was completely dissolved in 200 mL MeOH,
which was labeled as Solution B. Then Solution A and Solution
B were mixed at room temperature with stirring for 4 h. The
resulted mixture was then washed three times by MeOH, dried
at 60 °C for 12 h under ambient conditions to BNOH@PDA-
Ce-MOFs. For the sake of comparing samples, BN-Ce-MOFs
and BNOH-Ce-MOFs were also prepared under the conditions
similar to BNOH@PDA-Ce-MOFs.

2.3 Fabrication of Coatings

20.0 g epoxy resin (EP) was uniformly dispersed in
20.0 mL EtOH, then 0.4 g of BNOH@PDA-Ce-MOFs were
added into the solution accompanying with stir for 4 h. Then,
20.0 g curing agent was introduced into the solution with a
continuously mixing of 0.5 h to form a uniform EP slurry
containing BNOH@PDA-Ce-MOFs, which was coated on the
carbon steel sheet and then to be solidified at room temperature
for 24 h, followed by drying at 60 °C for 12 h in air to obtain
the composite coating, designated as BNOH@PDA-Ce-MOFs/
EP. The other epoxy composite coatings were prepared by
using similar methods, including pure EP, BN/EP, and
BNOH@PDAV/EP coatings. The thickness of all coatings was
controlled to 50 + 5 um.

2.4 Materials Characterizations

Surface morphologies and element distribution of samples
were performed by scanning electron microscopy (SEM,
Apreos, FEI, USA) with the 10 kV accelerating voltage. The
crystal patterns of samples were analyzed by wide-angle X-ray
diffraction test (XRD, D8 ADVANCE, Bruker, Germany) with
Cu Ko irradiation (A = 0.15406 nm) in the range of 20 from 10
to 90°. The chemical structures of samples were studied by a
Fourier transformed infrared spectrometer (FT-IR, EQUI-
NOX55, Bruker, Germany) in the wavenumber range of
4000-400 cm ™', The chemical states of samples were analyzed
by X-ray photoelectron spectroscopy (XPS, AXIS-SUPRA,
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Fig. 1 Schematic illustration of the preparation of BNOH@PDA-Ce-MOFs composites

Supra, Japan) by using Al Ko radiation (1486.6 ¢V) as the
exciting source. The resulting spectra were corrected by C 1s
line at 284.6 eV.

The corrosion resistance of the coatings was evaluated by
electrochemical impedance spectroscopy (EIS) and neutral salt
spray tests. In a three-electrode system, the coated steel, the
platinum plate with a surface area of 1 cm? and an Ag/AgCl
electrode were used as working electrode, counter electrode,
and reference electrode. The EIS was carried out by an
electrochemical workstation (Gamry Interface 1010E) over the
frequency from 0.01 Hz to 100 kHz with an amplitude of
10 mV at room temperature. To evaluate the corrosion resis-
tance performance of coatings, salt spray tests were conducted
under the conditions of 5 wt.% NaCl solution and continuous
spraying at 35 °C for 672 h. Finally, the morphology of
samples was analyzed by optical microscope (YM710TR,
YueScope). The adhesion of the coating was measured by a
pull-off adhesion tester (Posi Test AT-A, Deflsko, America)
before and after immersing in 5.0 wt.% NaCl solution for
7 days. At least three parallel samples under same condition
were tested to ensure the reproducibility of results.

3. Results and Discussion

The SEM images of samples are shown in Fig. 2. The
pristine BN has a typical lamellar morphology. After hydrox-
ylation and PDA modification, the resulted BNOH@PDA
retains a lamellar feature similar to BN. Hereafter, Ce-MOFs
were successfully grown on the surface of BNOH@PDA to get
BNOH@PDA-Ce-MOFs by an interfacial induction strategy,
the product still maintains an intact layered structure, confirm-
ing that the preparation process effectively preserves the
intrinsic structure of BN matrix. EDS elemental mapping
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shown in Fig. 2g demonstrates that the Ce element is uniformly
distributed in BNOH@PDA-Ce-MOFs, indicating the uniform
deposition of Ce-MOFs. Moreover, in Fig. 2e-f, the STEM
images of BNOH@PDA-Ce-MOFs clearly show the PDA layer
and Ce-MOFs on the BN surface. In contrast, pure BN and
BNOH lack dopamine-derived catechol functional groups, and
thus cannot achieve uniform deposition of Ce-MOF (Fig. S1
and S2). The results suggest that hydroxylation and PDA
interfacial modification on the BN is an effective approach to
enhance the interaction of Ce-MOFs with BN.

The crystal structures of samples were analyzed by using
XRD spectra (Fig. 3a). The BN displays the diffraction peaks at
26.7, 41.5, 50.3, and 55.2°, corresponding to the (002), (100),
(102), and (004) crystal planes of BN (JCPDS 34-0421) (Ref
33, 34) respectively. The materials after hydroxylation and
PDA modification still maintain the crystalline structure of BN.
The Ce-MOFs deposition results the wide peaks of CeO, at
28.5, 47.3, and 56.3°. Besides the diffraction peaks of CeO,
and BN, no other peaks are detected in BNOH@PDA-Ce-
MOFs, inferring that Ce-MOFs is an amorphous structure (Ref
32).

The functional groups of samples were characterized by FT-
IR spectrum. In Fig. 3b, the absorption peaks of BN at 781 and
1360 cm ™" correspond to B-N bonds (Ref 9). Compared to BN,
BNOH@PDA and BNOH@PDA-Ce-MOFs display new
absorption bands (C=C/C-N, Ce—N, C=N). For the BNOH@P-
DA, an additional absorption peak at 1628 cm™" assigned to
the benzene ring structure of PDA can be observed (Ref 35),
indicating that BN has been successfully modified by PDA.
Notably, the characteristic peaks of C=N (1036 cm™ "), Ce-N
(1463 cm’l), and C=C/C-N (1628 cm™ ') bonds further con-
firm the presence of Ce-MOFs in the BNOH@PDA-Ce-MOFs
(Ref 27). The appearance of these features confirms the
successful assembly of Ce-MOFs on the surface and implies
interfacial bonding via the PDA bridge.



Fig. 2 SEM images of (a) BN and (b) BNOH@PDA. (c) BNOH@PDA-Ce-MOFs and (g) corresponding EDS mappings containing C, B, N,
O, Ce elements. (d) SEM images of BNOH@PDA-Ce-MOFs with high magnification. (e-f) STEM images of BNOH@PDA-Ce-MOFs
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Fig. 3 The composition and chemical states of samples: (a) XRD patterns, (b) FT-IR curves, (c) XPS survey spectra, (d-e) high-resolution XPS
spectra of C 1s and O 1s, respectively. (f) The high-resolution XPS spectra of Ce 3d of BNOH@PDA-Ce-MOFs

The elemental composition and chemical state of samples in wide spectrum for BN. Notably, the intensity of C 1s peak

were investigated by the XPS analysis. In Fig. 3c, the increases in BNOH@PDA, attributing to the introduction of
characteristic peaks of B Is and N 1s were clearly observed PDA. For BNOH@PDA-Ce-MOFs, a distinct Ce 3d peak
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appears, suggesting that the Ce-MOFs have been grafted on
BNOH@PDA. As shown in high-resolution C 1s spectra
(Fig. 3d), the C-N (286.0 eV) intensity in BNOH@PDA and
BNOH@PDA-Ce-MOFs has become stronger compared with
BN, and an additional O—C=0 (288.4 e¢V) peak has been fitted.
These changes can be attributing to the effects of PDA and 2-
methylimidazole (Ref 36). In the O 1s high-resolution spectra
(Fig. 3e), an additional O—Ce (529.1 ¢V) bond can be observed
in BNOH@PDA-Ce-MOFs compared with BNOH@PDA,
which can be attributed to the byproduct CeO, and the
interaction between metal ions and catechol groups from PDA
(Ref 24). Fig. 3f shows the high-resolution Ce 3d spectra,
where the Ce 3ds/, peaks are located at 888.5 eV and 882.2 eV,
and the Ce 3d3, peaks are located at 898.1 and 916.2 eV,
confirming the coexistence of Ce*" and Ce*" in BN@PDA-Ce-
MOFs (Ref 37, 38). Notably, the characteristics of Ce-MOFs in
the BNOH@PDA-Ce-MOFs composite surface are consistent
with those of the pure Ce-MOF material (Fig S3).

As shown in Fig. S4a and b, all the isotherms of samples
(Fig. S4a) exhibited a rapid N, adsorption occurring at P/
P® > 0.9, which confirms the presence of a certain amount of
mesopores. In contrast, BNOH@PDA-Ce-MOFs possesses the
larger adsorption capacity than BN and BNOH@PDA, sug-
gesting its high specific surface area. Meanwhile, Fig. S4b
shows that BNOH@PDA-Ce-MOFs contains an increased
population of small mesopores compared with the other
samples except Ce-MOFs. The larger specific surface area
and pore volume of BNOH@PDA-Ce-MOFs are expected to
provide abundant active sites for interfacial bonding with the
EP.

As the nanofiller, BN, BNOH@PDA, and BNOH@PDA-
Ce-MOFs were respectively filled in EP. Fig. S5 showed that
the unmodified BN aggregates extensively in epoxy matrix,
while the modified BN (BNOH@PDA and BNOH@PDA-Ce-
MOFs) can be uniformly dispersed in epoxy matrix. Conse-
quently, the corresponding composite coatings were prepared
by adding the curing agent, and morphology of the coatings
was analyzed by SEM. As shown in Fig. 4a and b, the cross-
sections of EP and BN/EP composite coatings exhibit typical
brittle fracture, there are many holes and cracks (Fig. S6a).
After PDA modification, the number of defects in the
BNOH@PDAV/EP coating decrease significantly (Fig. 4c and
Sé6c), which can be attributed to the effective improvement of
BN dispersion by interfacial modification of PDA (Ref 35).
Notably, the BNOH@PDA-Ce-MOFs/EP coating displays a
more uniform and compact surface (Fig. 4d) due to that the 2-
methylimidazole ligand in Ce-MOFs promotes the ring-open-
ing polymerization of epoxy groups (Ref 32), synergistically
enhancing the chemical bonding interaction between the filler
and the epoxy resin matrix with the assistance of PDA. The
distribution of N, B, and Ce elements in the BNOH@PDA-Ce-
MOFs/EP shown in Fig. 4e illustrates that N, B, and Ce
elements are uniformly distributed in the composite coating,
which further verifies the excellent dispersibility of BNOH@P-
DA-Ce-MOFs composite materials in EP. The results demon-
strate that PDA and Ce-MOFs modification on BN not only
improves the uniform dispersion of the filler but also promotes
the formation of a highly compact physical barrier network in
the coating, therefore it could be expected to bring the coating
good anticorrosion performance.

Electrochemical impedance spectroscopy (EIS) was firstly
employed to assess the corrosion resistance of materials (Ref
39). Fig. 5a-h present the Bode plots of coatings, and the
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corresponding Nyquist plots shown in Fig. S8. Generally, a
higher |Z| value at 0.01 Hz (|Z|y.01 n,) in the Bode-modulus
plots and a larger capacitive arc radius in the Nyquist plot
represent the superior corrosion resistance of the coatings. As
shown in Fig. Sa, the initial |Z|y o; p, value of the EP coating is
1.36 x 107 Q-em?. However, when the immersion time
extended to 56 days, |Z|o.o; u, value significantly decreased
by two orders of magnitude to 8.24 x 10* Q-cm? and the
corresponding capacitive arc radius in the Nyquist plot also
markedly decrease (Fig. S8a). During the early immersion stage
(1 day), Bode-phase plots reveal a single time-constant. When
the immersion time reached 14 days, the plots represent two
time-constants feature (Fig. 5e). This is primarily due to that
corrosive medium penetrate from the inherent defects and
micro-cracks of EP coating to reach the surface of the Q235
steel substrate. As the barrier properties of EP coating
deteriorate, the electrochemical corrosion reaction of the metal
matrix is triggered. In contrast, the EP with BN fillers results
the coating a moderate enhancement in corrosion resistance. As
shown in Fig. 5b, a relatively slow decrease in the |Z|o01 1
value that declines from an initial value of 1.27 x 10® Q-cm? to
3.56 x 10° Q-cm® during 56 days immersion. Bode-phase
plots maintain a single time-constant characteristic up to
28 days of immersion (Fig. 5f). Meanwhile, the radius of the
capacitive arc in the Nyquist plot still exhibits a significant
decreasing trend (Fig. S8b).

The coatings filled with BNOH@PDA or BNOH@PDA-
Ce-MOFs (Fig. 5¢ and d) exhibit significantly improved
corrosion resistance, with |Z|o o1 1, value of 4.62 x 107 Qrem?
and 1.27 x 10® Q-cm? after 56 days of immersion, which
outperforms the value of 2-3 magnitudes, comparing with that
of pure EP and BN/EP coatings. Especially, the introduction of
Ce-MOFs enables the coating the better anticorrosion property.
Correspondingly, the |Z|o.01 u, values of Ce-MOFs/EP coating
decreased from 3.13 x 10% to 1.33 x 107 Q-cm? after 56 days
immersion as shown in Fig. S7 and Table S1. Compared with
other samples reported in this work, the Ce-MOFs/EP coating
exhibited obviously superior corrosion protection to the pure
EP and BN/EP coatings, although its performance was
relatively inferior to that of BNOH@PDA/EP and BNOH@P-
DA-Ce-MOFSs/EP coatings. The results confirm that as a filler,
Ce-MOF can also effectively enhance the corrosion resistance
of epoxy coating. The enhanced corrosion resistance could be
attributed to two key factors. The synergistic effect of PDA and
2-methylimidazole optimizes the dispersion stability of BN
fillers to enhance the physical barrier properties of the coating.
On the other hand, a dense passivation layer of Ce(OH)3/CeO,
could be formed on the metal matrix when corrosion medium
penetrate into the coating, which can protect the metal matrix
from corrosion. Notably, the |Z|yo; u, value of BNOH@PDA-
Ce-MOFs/EP coating remains consistently higher than the
other coatings across all immersion stages (Fig. 5i), demon-
strating its superior long-term anticorrosion performance. As
shown in Fig. S9, to be compared with the functional coatings,
the properties by comparing the |Z|y; u, value of coatings,
anticorrosion property of BNOH@PDA-Ce-MOFs coating is
superior to those materials recently reported (Ref 7, 8, 16, 21,
39-42).

As shown in Fig. S8, as immersion time prolonged, obvious
changes can be discerned from the configuration of EIS of
samples. The pure EP coatings whose loops in the high-
frequency of EIS quickly decrease with immersion time,
indicating the coatings are easy to be penetrated. Moreover, the



Fig. 4 Cross-sectional SEM images of coatings: (a) EP, (b) BN/EP, (c) BNOH@PDA/EP, and (d) BNOH@PDA-Ce-MOFs/EP coating. (e) The
corresponding EDS mappings
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Fig. 5 The Bode-modulus plots of (a) EP, (b) BN/EP, (¢c) BNOH@PDA/EP, (d) BNOH@PDA-Ce-MOFs/EP coatings immersed in 3.5 wt.%
NaCl solution and corresponding Bode-phase plots (e-h, respectively). (i) Evolution of |Z|¢ ¢; 11, values. (j) Evolution of Rc values

immersion for BNOH@PDA-Ce-MOFS/EP coating. Mean-
while, the amplitude of loop diameter remains in a magnitude
with a small change for BNOH@PDA-Ce-MOFSs/EP coating

inductive loop that is an indicative of local corrosion of metal
matrix appears after 42 days immersion. However, such an
inductive loop can not be observed even after 56 days
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comparing with the other coatings, attributing to its good
anticorrosion property.

The equivalent circuit models corresponding to Nyquist
plots of Fig. S8 are shown in Fig. S10, which was used to fit
EIS to get the parameters related to the anticorrosion properties
of coatings. In the equivalent circuit model, Rg, R., and R,
represent solution resistance, coating resistance, and charge
transfer resistance, respectively. Q. and Qg were denoted as
coating capacitance and double-layer capacitance, respectively.
Among these parameters, R, is one of the key indicators
reflecting the porosity of the coating (Ref 43). According to the
parameters listed in Table S1, after an immersion test of
56 days, R, value of the BNOH@PDA-Ce-MOFSs/EP coating
only decreases from an initial value of 1.97 x 10® Q-cm? to
1.22 x 10* Q-cm” and maintains the highest R, value at each
immersion stage (Fig. 5j) comparing with the other coatings.
Furthermore, quantitative comparison of water uptake behavior
can also reflect porosity and barrier properties of coatings. The
water uptake ratios of coating calculated using the equation:
Wuptake = m‘n’lzn” x 100%, where my and m; represent the mass
of coating before and after being immersed in a 3.5 wt.% NaCl
solution for t hours, respectively. As shown in Fig. S11, after
480 hours of immersion, the Wypake of BNOH@PDA-Ce-
MOFs/EP coating is 0.9% and lower than that of the other
coatings, demonstrating excellent long-term corrosion resis-
tance. The results can be attributed to the more uniform
dispersion of BN in the EP matrix after modification with PDA
and 2-methylimidazole, which effectively suppresses the for-
mation of pores and interfacial defects in the coating.

The corrosion resistance of coatings under harsh conditions
was evaluated through neutral salt spray tests. Fig. 6 and S12
show the visual images of coatings exposed to 5.0 wt.% NaCl
salt spray for 7, 14, 21, and 28 days. For the pure EP coating
(Fig. 6a and S12a), obvious bubbles and corrosion pits
appeared on the steel surface after 7 days of exposure. As the
exposure time increased, the corrosion becomes more seriously
due to the penetration of corrosive media to the substrate
surface through defects and pores of the coating. After the
introduction of BN, the BN/EP coating exhibits superior
corrosion resistance compared to the pure EP coating during the
initial salt spray exposure period (Fig. 6b and S12b). However,
after 28 days of exposure, the corrosion level remained
relatively severe. It is attributed to the poor dispersibility of
the layered BN, which failed to fully exert its barrier function.
In contrast, the modified BN significantly improves its
dispersibility and barrier capability in the BNOH@PDA/EP
coating. Consequently, only minor corrosion traces were
observed after 14 days exposure (Fig. S12c), and its corrosion
resistance still outperforms both the pure EP coating and the
BN/EP coating even after 28 days of exposure (Fig. 6¢). The
BNOH@PDA-Ce-MOFs/EP coating demonstrates the least
amount of corrosion products throughout 28 days salt spray
test (Fig. 6d and S12d), maintaining a relatively clean surface
with significantly reduced corrosion products. These results
indicate that the modification of BNOH@PDA-Ce-MOFs by
PDA and 2-methylimidazole further enhances the dispersibility
and barrier capability of BN. Moreover, the synergistic effect
between the corrosion inhibition of Ce-MOFs and the barrier
function of BN significantly improves the long-term corrosion
resistance of the coating.

To further investigate the corrosion inhibition behavior of
BNOH@PDA-Ce-MOFSs/EP coating and its protective mecha-
nism, the coatings with artificial scratches were immersed in 3.5
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wt.% NaCl solution. As shown in Fig. 7a-d, after 1 h of
immersion, the scratches on the EP and BN/EP coatings become
wider, indicating that corrosion begin to occur around the
scratches. In contrast, the traces at the BNOH@PDA/EP coating
and BNOH@PDA-Ce-MOFs/EP coating only slight change, and
the metal substrate has not yet undergone changes. After 48 h
immersion, besides BNOH@PDA-Ce-MOFs, the scratches of
the other coatings all had been enlarged and corrosion of substrate
become seriously. The BNOH@PDA-Ce-MOFs/EP coating with
artificial scratches was immersed in 3.5 wt.% NaCl for 48 h.
After immersion, the surface was washed with deionized water,
dried, and characterized by SEM/EDS. As shown in Fig. S13, a
passivation film was formed at the scratch sites. EDS results
showed that the film consists mainly of Fe, O, and Ce, indicating
that Ce ions released from the BNOH@PDA-Ce-MOFs can form
a cerium-containing passivation film in corrosive environment,
thereby preventing the metal from further corrosion. In addition
to the physical barrier of BN on corrosion, the other reason is that
the Ce ions in the BNOH@PDA-Ce-MOFs/EP coating could be
released to form a passivation film, preventing the corrosion from
metal substrate, when the corrosive medium reacted with the
metal around the scratch area.

It is important to measure the adhesion of wet and dry
coatings simultaneously to access coating durability and
environmental resistance. The dry and wet adhesion results of
all samples are shown in Fig. S14. Under dry condition, the
adhesion strength of pure EP coating is less than 3.2 MPa. In
contrast, the adhesion strength increases considerably with
addition of BN (3.5 MPa), BNOH@PDA (5.6 MPa), Ce-MOFs
(5.2 MPa), and BNOH@PDA-Ce-MOFs (6.2 MPa). This is
due to that the fillers decrease the coating defects and improve
the dry adhesion of the coating. After immersing all coatings in
5.0 wt.% NaCl solution for 7 days, the adhesion of EP coating
is 2.1 MPa while the adhesion of BN/EP, BNOH@PDA/EP,
Ce-MOFs/EP, and BNOH@PDA-Ce-MOFs/EP  composite
coatings respectively is 2.8, 3.7, 3.4, and 4.0 MPa. Conse-
quently, BNOH@PDA, Ce-MOFs, and BNOH@PDA-Ce-
MOFs fillers have effectively decreased coating pores in epoxy,
which improves the antistripping ability of EP coating.

Figure 8 schematically illustrates the corrosion inhibition
mechanism of coatings. In the case of the pure EP coating
(Fig. 8a), its inherent defects and pores allow corrosive media
(05, Hy0, CI') easily penetrate from the coating to reach the
metal substrate, leading to severe corrosion (Ref 44). As for the
BN/EP coating (Fig. 8b), although BN could bring a physical
barrier effect by prolonging the diffusion path of corrosive
species, the poor dispersion of BN in the coating limits the
influence on enhancing the corrosion resistance (Ref 21). In the
BNOH@PDA/EP coating, the improved dispersion of modified
BN significantly delays the corrosion process and enhances the
corrosion resistance of coating. The BNOH@PDA-Ce-MOFs/
EP coating demonstrates exceptional corrosion inhibition
performance, primarily attributing to the synergistic effects of
PDA and 2-methylimidazole, which promotes uniform BN
distribution, blocks inherent defects and pores of coating, and
further extends the diffusion path of corrosive media, thereby
endowing the coating with superior barrier properties. Addi-
tionally, Ce*" ions in the Ce-MOFs can form a passivation layer
composed of cerium hydroxide or cerium oxide on the metal
substrate, providing an additional corrosion inhibition effect.
Consequently, the physical barrier effect of BN and the
corrosion inhibition properties of Ce-MOFs synergistically
enhance the long-term corrosion resistance of the coating.



BNOH@PDAJ/EP

Fig. 6 Optical images of (a) EP, (b) BN/EP, (¢) BNOH@PDA/EP, and (d) BNOH@PDA-Ce-MOFs/EP coatings after the neutral salt spray test

lasting 7 days and 28 days

(a - » 7 EP

(b).

BN/EP

Fig. 7 Microscopic images of scratch on the coating surface of (a) EP, (b) BN/EP, (¢c) BNOH@PDA/EP, and (d) BNOH@PDA-Ce-MOFs/EP

coatings of immersing in 3.5 wt.% NaCl solution
4. Conclusion

In summary, two-dimensional BN nanosheets were hydrox-
ylated to get BNOH with good dispersibility, on which Ce-
MOFs were uniformly deposited through PDA interaction and
thus produced BNOH@PDA-Ce-MOFs nanocomposite. The
nanocomposite was successfully used as filler for the prepara-
tion of anticorrosion coating. The results showed that as

nanofiller for epoxy coating, BNOH@PDA-Ce-MOFs effec-
tively reduced inherent defects and pores in the coating.
Moreover, the superior barrier properties of BNOH@PDA-Ce-
MOFs prolonged the diffusion path of corrosive media,
significantly delaying corrosion process. Meanwhile, the cor-
rosion inhibition effect that a dense passivation film of cerium
hydroxide or cerium oxide resulted by Ce-MOFs on the surface
of the metal substrate, effectively suppresses the cathodic
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Fig. 8 Schematic diagram of anti-corrosion mechanism of coating (a) EP, (b) BN/EP, (c) BNOH@PDA/EP, and (d) BNOH@PDA-Ce-MOFs/

EP

reduction reactions and interfacial charge transfer, further
enhancing the anti-corrosion capability of the coating. The salt
spray tests further verified the long-term stability and reliability
of the BNOH@PDA-Ce-MOFs/EP coating under harsh condi-
tions.
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