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Abstract: Carbon steel is one of the most important and widely used structural materials, but
preventing its corrosion remains a great challenge. Herein, a metal-organic framework film consisting
of Zif-8 nanosheets array was prepared using a one-step in situ growth method. This coating film
can effectively inhibit the corrosion behavior of low carbon steel in seawater, resulting in improved
corrosion resistance (4010 Q-cm~2) and low corrosion current density (23 pA-cm—2). After long-term
immersion in seawater, no notable pitting corrosion was observed and the film integrity was well
preserved, demonstrating the feasibility of Zif-8 film for anti-corrosion coating.
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Anti-Corrosion Perf f . . .
Hi-ottosion Ferormance for As one of the most valuable industrial products, carbon steel-based materials have

been used broadly in marine environments, such as in bridges, pipelines and ships [1-3].
However, the corrosion behavior of carbon steel in seawater not only threatens public
safety, but also induces huge economic losses and environmental pollution [4]. Thus, the
Academic Editor: Shih-Chen Shi development of an effective corrosion-protection strategy to decrease the corrosion rate of
carbon steel has become an urgent challenge.

Currently, the introduction of a passivation layer on the surface of carbon steel is
one of the most promising approaches used to improve the corrosion resistance of carbon
steel [1,4], which can effectively avoid its direct contact with a corrosive medium. For
example, metal oxide films [5], layered double hydroxides [6], and organic silica coat-
ings [7] have been designed as the passivation layers for carbon steel reinforcements [8].
It should be noted that most of these studies have focused on the corrosion behavior in
NaCl or HCI solutions, whereas related investigations in seawater are rarely reported.

Besides, traditional inorganic passivation layers typically show environmental toxicity
while most of the reported organic passivation layers have insufficient anti-corrosion ability
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and UiO-66) in the field of corrosion protection for metals or alloys [14]. Nevertheless, to
the best of our knowledge, the corrosion-protection performance of MOFs in seawater has
not been reported. Meanwhile, the poor adhesion to c onquer the continuous invasion
of corrosive species is still not fully solved. In this regard, the in situ growth of Zif-8
nanosheets array on carbon steel is demonstrated to efficiently prevent the penetration of
water and halide ions into the surface of carbon steel. The anti-corrosion performance was
evaluated by polarization curves, electrochemical impedance spectroscopy, and a long-term
immersion test. The present work provides a new approach to enhance the application of
MOFs-based materials in metal-corrosion protection.

2. Experimental Section

Synthesis: In a typical procedure, 0.6 g of zinc nitrate hexahydrate and 1.3 g of
2-methylimidazole were separately dissolved in 30 mL deionized water and stirred for
30 min. Then, the zinc nitrate hexahydrate solution was added into the 2-methylimidazole
solution. After that, a piece of carbon steel (10B21, 2 cm?) was immersed into the mixed
solution and kept still for 6 h. Subsequently, the carbon steel was washed with deionized
water and dried in an oven at 60 °C for 24 h.

Characterization: The crystallographic phase of the prepared sample was analyzed by
X-ray diffraction (XRD, D8 Advance) (Brooke, Karlsruhe, Germany) and Fourier transform
infrared spectrometry (FT-IR) (Nicolet 6700, Thermo Scientific, Waltham, MA, USA). The
ATR mode was used to acquire the FI-IR spectrum. The morphologies were observed
by scanning electron microscopy (SEM, 54800, Hitachi, Tokyo, Japan) and transmission
electron microscopy (TEM, JEM-2100F, JEOL, Tokyo, Japan). A dual-beam focused ion
beam (FIB) system (Helios 650, FEI, Hillsboro, OR, USA) was used to prepare the sample
for scanning transmission electron microscopy (STEM, Themis G2, FEI, Hillsboro, OR,
USA) characterization. Electrochemical measurements were conducted in seawater (Bohai,
Tianjin, China). Pt rod and Ag/AgCl electrodes were employed as the counter electrode
and reference electrode, respectively. Electrochemical impedance spectroscopy (EIS) mea-
surements were conducted in the frequency range of 1 MHz to 0.1 Hz. According to
methods described in the literature [15], artificial seawater was used as the electrolyte, and
the pH was set to 8.2. The chemical composition of artificial seawater was 26.5 g L~! NaCl,
24 ¢ L7 MgCl,,0.73 g L~1 KCl,3.3 g L~ MgSOy, 0.2 g L~! NaHCO3, 1.1 g L~! CaCl, and
0.28 g L~! NaBr.

3. Results and Discussion

As depicted in Figure 1a, the synthetic procedure for Zif-8 nanosheets array-coated
carbon steel includes two stages. Initially, the oxygen-containing groups on the carbon-steel
surface promote the coordination of zinc ions and 2-methylimidazole molecules to generate
abundant Zif-8 nuclei on the surface of carbon steel [15,16]. As the reaction progresses, the
nuclei grow and act as buds for crystal growth to form uniform nanosheets on carbon steel,
as revealed by the SEM images (Figure 1b,c). In addition, the thickness of the prepared
Zif-8 layer was measured to be 200 nm (Figure S1). Furthermore, element-mapping images
show that Zn, C and N are distributed homogeneously on the Zif-8 nanosheet (Figure 1d).

Figure 2a shows the XRD pattern of Zif-8 coating film grown on carbon steel. It is clear
that all the diffraction peaks match well with the pattern of Zif-8 (Figure S2) and the related
literature [9]. Additionally, two significant peaks from carbon steel at 44.3° and 64.4° are
observable (Figure S3).

Furthermore, the corresponding FI-IR spectrum demonstrates similar features to those
in the previous work [11]. For example, the peak at 423 cm ™! corresponds to the Zn-N
stretching vibration, while the peaks at around 994 and 1142 cm ™! belong to the C-N vibra-
tions, and the peak at 1566 cm ! represents C=N vibration. The peaks at 1383 and 1426 cm !
are resultant of the methyl bending vibrations. The peaks at 3129 and 2916 cm ™! are as-
signed to C-H stretching vibrations. Additionally, the peaks at 600-800 cm ! correspond to
out-of-plane ring bending vibrations.
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Figure 1. (a) Schematic illustration of the synthesis process. (b,c) SEM images of the Zif-8 coating
sample. (d) STEM image and the corresponding elemental mapping images of Zif-8 coating sample.
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Figure 2. (a) XRD pattern and (b) FI-IR spectrum of the Zif-8 coating sample.

The potentiodynamic polarization curves of the blank and Zif-8 coating samples are
shown in Figure 3a. It is well known that a more positive Ecorr and a lower jeorr translate to
a better anti-corrosion performance [3,4]. As expected, the Zif-8 coating sample exhibits an
Ecorr value of —302 mV (Figure 3b), which is more positive than that of the blank sample.
Likewise, the calculated jcorr Of the Zif-8 coating sample is 23 pA-cm—2 (Figure 3b), which
is obviously smaller than that of the blank sample (225 nA-cm~2). The two values confirm
that the introduction of the Zif-8 coating film greatly decreases the corrosion rate of carbon
steel in seawater.

Nyquist plots of the blank and Zif-8 coating samples are presented in Figure 3c.
A fitting routine was adopted using an equivalent circuit model representing carbon steel
substrate, both with and without Zif-8 coating (see inset of Figure 3c and Table S1). It can
be seen that the ZIF-8 coating sample shows a larger R}, of 4010 Q-cm~2 (Figure 3b) in
comparison to the blank one (2235 Q-cm~2). This result further suggests that the presence
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of the Zif-8 coating film can effectively hinder the electron transfer from anodic to cathodic
sites, thus disrupting the corrosion process [17].
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Figure 3. (a) Polarization curves. j denotes the current density. (b) The calculated polarization
potential (Ecorr), corrosion current density (jeorr) and polarization resistance (Rp). (c) EIS spectra and
the corresponding equivalent circuit. (d) Potentiostatic polarization curves for Zif-8 coating sample
at open circuit potential. Note that the electrochemical tests were conducted in artificial seawater.

Furthermore, potentiostatic polarization curves of the blank and Zif-8 coating samples
in seawater were recorded, as shown in Figure 3d. It can be seen that the Zif-8 coating
sample has a smaller passive current density compared to the blank sample, which is in
accordance with the result of the potentiodynamic polarization curve.

Additionally, the morphological changes in the blank and Zif-8 coating samples after
immersion in seawater for 15 days were observed by optical images (Figures 54 and S5).
As expected, the carbon-steel surfaces are severely corroded due to the reaction of Fe and
halide ions [10,18-20]. By contrast, no obvious rust was observed for the Zif-8 coating
sample. Most importantly, the corrosion resistance is still well preserved (Figure S6).
Besides, SEM images further confirm that both the integrity of the Zif-8 coating film and
the morphology of nanosheets array are well maintained (Figures S7 and S8).

4. Conclusions

In summary, this paper presents the in-situ synthesis of a Zif-8 nanosheets array on
carbon steel with a thickness of ~200 nm, which exhibits efficient anti-corrosion perfor-
mance. In artificial seawater, the Zif-8-coated sample shows high corrosion resistance
(4010 O-cm~2) and low corrosion current density (23 pA-cm~2) compared to the uncoated
sample, which implies higher anti-corrosion properties. Moreover, after immersion in
artificial seawater for 15 days, the integrity of the Zif-8 coating film and the nanosheet-like
morphology were well maintained. This work may facilitate the development of MOFs-
based coatings for anti-corrosion applications on carbon steel and other materials. The
future research on MOFs for corrosion protection will focus on the exploration of their
corrosion-prevention mechanism, particularly in seawater.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings12030318/s1, Figure S1: Cross sectional SEM images of the
uncoated carbon steel (a) and Zif-8 coating sample (b) before immersed in seawater, Figure 52: XRD
patterns of the Zif-8 powder (red curve) and Zif-8 coating sample (black curve). As seen, the peaks
from 10° to 40° can be ascribed to the Zif-8 phase (JPCDS #062-1030), Figure S3: XRD pattern of the
carbon steel support, Figure S4: Photographs of the blank sample in seawater with different days,
Figure S5: Photographs of the Zif-8 coating sample in seawater with different days, Figure S6: EIS
spectra before and after long-term immersion in seawater, Figure S7: SEM images of the Zif-8 coating
sample immersed in seawater with 7 days (a) and 15 days (b), Figure S8: Cross sectional SEM image
of the Zif-8 coating sample after immersed in seawater for 15 days. we speculate that some Zif-8
nanosheets seemed to fall away from the carbon steel during the long-term immersion test and then
covered on the surface of Zif-8 coating film, Table S1: The value of equivalent circuits for curve fitting
of uncoated and Zif-8 coating samples.
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