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A super-hydrophobic anti-corrosion film was facilely prepared via in situ growth of layered
double hydroxides (LDHSs) on the etched AZ31 magnesium alloy and then modification by
1H, 1H, 2H, 2H-perfluorooctyltrimethoxysilane (PFOTMS) in this work. The morphology,
structure, composition, surface roughness and water contact angles (WCA), and the anti-
corrosion performance of the samples were investigated. The results revealed that the
micro/nano hierarchical surface morphology of the fims was composed of island
structures obtained after chemical etching and MgAI-LDH nanowalls grown in situ. The
best hydrophobicity (CA = 163°) was obtained on the MgAI-LDHs with the maximum
surface roughness. Additionally, the potentiodynamic polarization, electrochemical
impedance spectroscopy, and immersion test indicated that the super-hydrophobic
LDH films provided better corrosion resistance to AZ31 magnesium alloy due to the
double-protection derived from the LDHs and super-hydrophobic properties.
Furthermore, the contact angle could be kept at above 140° after dipped in 3.5 wt%
NaCl solution for 6 days.

Keywords: LDH films, super-hydrophobic, corrosion protection, magnesium alloys, properties

1 INTRODUCTION

Magnesium alloys have been applied in automotive, aerospace fields, and military equipment on a
large scale because of low density, high thermal conductivity, good electromagnetic shielding, and
easy recyclability (Xie et al., 2018; Yao et al., 2020; Yang et al., 2021). However, magnesium alloys are
vulnerable to aggressive media due to their high chemical activity (Song et al., 2021), which severely
restricts the potential application of magnesium alloys. So, a variety of surface-modification methods
to enhance their corrosion resistance have been proposed in recent decades, such as micro-arc
oxidation (Xu et al., 2021), friction stir processing, laser surface modification, physical vapor
deposition, (Zhang et al., 2020), and so on. However, it has been reported that these above
methods not only needed to use expensive equipment, but also the formed coatings showed a
porous structure. Moreover, this coatings prepared via the above methods only can provide a
passive physical barrier function (Bocchetta et al., 2021), which cannot significantly improve the
corrosion resistance. Currently, an active anticorrosion layered double hydroxides (LDHs)
films, which can store corrosion inhibitor, have attracted extensive attention due to that
corrosion inhibitors can spread to the metal surface around the defect and react with the
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12h-100°C-LDHs

(M,N,0)12 h-150°C-LDHs.

12h-125°C-LDHs

FIGURE 1 | SEM images of different specimens: (A,B,C) 6h-125°C-LDHs, (D,E,F) 12h-125°C-LDHs, (G,H,l) 18h-125°C-LDHs, (J,K,L) 12h-100°C-LDHs, and

12h-150°C-LDHs

substrate to form the stable precipitations on the defect,
aiming to heal films in time (Zhang et al., 2018). LDH film
loaded with corrosion inhibitors can provide both passive
physical barrier function and active corrosion resistance to the
magnesium alloy, because the film itself acts as a strong
physical barrier and LDHs possess the anion-exchange
capacity.

LDHs, known as hydrotalcite-like compounds, is a class of
nanocarrier loaded with corrosion inhibitor. The unique
hierarchical structure of LDHs endows it with anion-exchange
capability (Chen J. et al., 2021; Wu et al., 2021). Hence, an active
protective LDH film grown in situ on the surface of the metal
substrate can present significant advantages. The LDH films
require neither the complicated molecular design nor the
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sophisticated preparation process. Furthermore, the LDH films
can capture aggressive anions and release corrosion inhibitors
based on the ion exchange performance (Chen et al., 2020), and
the continuous LDH films itself also can provide a firm physical
barrier for magnesium alloys, effectively preventing the corrosive
medium from invading into the substrate (Cao et al., 2018).
However, anionic inhibitors loaded in LDHs will rapidly release
when exposing to external high concentration solution
environment or immersing corrosion solution for a long time,
directly leading to a severe decline in corrosion resistance of the
LDH films. Generally speaking, the LDH films grown on metal
substrate display non-closed structure. Furthermore, the LDH
structure can provide not only the accommodation for corrosion
mediums but also the channel for corrosion mediums passing
through to the substrate (Chen et al., 2013). Thereby, the
corrosion protection of single LDH film for metal substrate is
limited. Inspired by outstanding water-repellency and self-
cleaning ability of these natural super-hydrophobic surface
(Xie et al., 2018), researchers have successfully designed and
fabricated artificial super-hydrophobic surface on metallic
substrate. The non-wetting performance of super-hydrophobic
surface can effectively prevent the attachment of corrosion
solution. So, it is anticipated that the design of super-
hydrophobic surface on LDHs can impede the attack of
corrosive liquid, furthermore improving the corrosion
resistance of LDH film. Unfortunately, the researches on the
super-hydrophobic LDH films are limited in this field. Moreover,
the preparing process of the super-hydrophobic LDH films
reported in previous literatures was relatively complex and the
stability of super-hydrophobicity was not deeply discussed. Wang
and co-workers (Wang et al., 2020) obtained the load-inhibitors
MgAI-LDH films on the porous anodized Mg alloys via in situ
growth method and then post-sealing it by a super-hydrophobic
coating, showing active corrosion protection property. Wu et al.
(Wu et al, 2019) used different kinds of low surface energy
substances to modify LDHs in situ grown on anodized AZ31 Mg
alloy. The result suggested that LDHs modified by
fluoroalkylsilane can offer a better corrosion protection for
AZ31 Mg alloy than the fatty acid with long carbon chains.
Chen et al. (Chen et al.,, 2006) reported that the LDH crystallite
orientation prepared on a PAO/AI substrate can be tailored by
controlling the hydrothermal crystallization temperature and
time, further providing the appropriate micro and
nanostructures to obtain the super-hydrophobic LDH films.
Similarly, the orientation of the LDH microsheet layer
produced on Al-enriched Mg alloys was tailored by adjusting
the hydrothermal temperature, time, and pH to produce a water-
repellent surface after modification with fluorinated silane
(Zhang et al., 2015). Therefore, in our work, a facile method
was used to fabricate directly super-hydrophobic anti-corrosion
LDH films on AZ31 Mg alloy. To be specific, LDH nanosheets
was formed on etched AZ31 surface by in situ hydrothermal
crystallization method, which provided a micro/
nanostructure for the preparation of super-hydrophobic
surface. Then, the LDH films were modified by 1H, 1H,
2H, 2H-perfluorooctyltrimethoxysilane (PFOTMS) to lower
the surface energy. The influences of the hydrothermal

Super-Hydrophobic MgAl-LDH Films

treatment time and temperature on the surface morphology
and corrosion resistance of the super-hydrophobic LDH films
were investigated, and the stability of super-hydrophobicity
was analyzed. The results demonstrated that the super-
hydrophobic LDH films improved significantly the
corrosion resistance of Mg alloy and displayed excellent
stability of super-hydrophobicity in corrosive liquid.

2 EXPERIMENTAL SECTION
2.1 Materials

Commercial cast magnesium alloy AZ31 ingot was cut into
lI6mm X 16mm x 5mm cubes by wire-cutting.
Al(NOs3);3-9H,0, NaNOs, NaOH, and ethanol were purchased
from Chongqing Huanghui Chemical Dangerous Goods Sales
Co., Ltd, and 1H, 1H, 2H, 2H-perfluorooctyltrimethoxysilane was
ordered from Aladdin Industrial Corporation. All reagents were
used as received without further purification. All solutions were
prepared with deionized water.

2.2 Pretreatment of AZ31 Mg Alloy Cubes

The AZ31 specimens were sequentially polished with emery sand
paper of grades 400, 800, and 1,200 to obtain bright mirror plane,
ultrasonically cleaned in absolute ethyl alcohol for 10 min, and
then dried in warm stream. The dried substrates were etched in
6.5 wt. % HNO; for 20 s at room temperature, aiming to mainly
remove oxide and build the micro-nano rough structure on AZ31
Mg alloy surface.

2.3 Preparation of MgAl-LDHs

The MgAl-LDH films were prepared by in situ hydrothermal
crystallization treatment on chemical etched AZ31 magnesium
alloy substrate. AI(NO3);-9H,0 (0.01 mol) and NaNO;
(0.005 mol) were sequentially dissolved in deionized water
with continuous magnetic stirring to form a clear solution
with a total volume of 100 ml. Then, the pH of the solution was
adjusted to 10.7 by adding 4.0 M NaOH solution dropwise
further to get turbid liquids. The etched specimens were
vertically placed in Teflon-lined stainless steel autoclaves
containing mixture solution, and then the hydrothermal
treatment was carried out at 125°C for different times (6,
12, 18 h) or at different temperatures (100°C, 125°C, 150°C)
for 12 h. Finally, the as-prepared specimens were removed
with tweezers, rinsed with running deionized water and
ethanol, and dried with a warm air flow. The obtained
samples were denoted as 6h-125°C-LDHs, 12h-125°C-LDHs,
and 18h-125°C-LDHs at the same temperature 125°C, 12h-
100°C-LDHs, 12h-125°C-LDHs, and 12h-150°C-LDHs at the
same time 12 h, respectively.

2.4 Fabrication of the Super-hydrophobic
Surface
The super-hydrophobicity of MgAI-LDH film surface was

obtained by immersing in the mixed solution containing 2 ml
PFOTMS and 100 ml ethanol at 60°C for 1h in the oven. After
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magnification of Figure 2A from 5° to 30°.
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FIGURE 2 | (A) Wide-angle XRD pattern of AZ31 sample (curve a: Mg substrate) and small-angle XRD pattern of MgAI-LDHs (curve b: MgAI-LDHs); (B) the
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FIGURE 3 | (A,B) FT-IR spectra of different samples; please note that Figure 3B
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is the magnification of Figure 3A from 1300 cm™" to 1100 cm™".

immersion, the as-prepared samples were continually dried at
60°C for 1 h in the oven. The final products were labelled as 6h-
125°C-LDH-M, 12h-125°C-LDH-M, 18h-125°C-LDH-M, 12h-
100°C-LDH-M, and 12h-150°C-LDH-M, respectively.

2.5 Surface Characterization

The surface morphology of different samples was obtained by
scanning electronic microscopy with an EDX attachment
(SEM, Thermo Scientific Quattro S) under electron
accelerating voltage of 20kV. The SEM specimens were
sputtered with gold to avoid discharge problems before
performing the SEM observation. A three dimensional laser
scanning confocal microscope system (OLS40-SU, Olympus,
Japan) was used for surface roughness measurements of
different samples. The crystal structure of the samples was
characterized by the X-ray diffraction (XRD, Rigaku D/Max
2,500X) with Cu Ka radiation (A = 1.5406 A) at 40 kV and
30 mA, within the range of 26 = 5-80°". The wide-angle XRD

and small-angle XRD spectra was performed at a scanning rate of
10°/min and 1°/min, respectively. Fourier transform infrared
spectroscopy (FTIR, Nicolet IS5 Thermo Scientific, United States)
spectra were obtained in the range of 4,000-400 cm ™" at a resolution
of 4 cm™" using 16 scans. Static water contact angles (CA) were
measured by a sessile drop with 10 pl liquid droplet using a
contact angle meter (SDC-100, SINDIN, China) at an ambient
temperature. The CA values reported in the form of mean values
were calculated from measurements made on at least three
different locations of each sample.

2.6 Electrochemical Test

To evaluate corrosion resistance of different specimens,
polarization curves and electrochemical impedance spectra
(EIS) were performed successively on electrochemical
workstation (PARSTAT4000A, Princeton, America) with a
three-electrode corrosion cell at room temperature. The cell
was placed in a Faraday cage to avoid external electromagnetic
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100°C-LDHSs, and (F) 12 h-150°C-LDHs.

FIGURE 4 | Laser microscopy images of different samples: (A) etched Mg-substrate, (B) 6 h-125°C-LDHs, (C) 18 h-125°C-LDHs, (D) 12 h-125°C-LDHs, (E) 12 h-
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FIGURE 5 | Shapes of water droplets on the surface of different samples and the corresponding water CA: (A) etched Mg substrate, (B) MgAl-LDHs, (C) 6 h-
125°C-LDHs-M, (D) 18 h-125°C-LDHs-M, (E) 12 h-125°C-LDHs-M, (F) 12 h-100°C-LDHs-M, and (G) 12 h-150"C-LDHs-M.
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interference in the environment. The working electrode was as-
prepared sample with exposure area of 1 cm? and the Ag/AgCl
sat. KCl electrode with a Luggin capillary and platinum sheet were
used as the reference electrode and the counter electrode,
respectively. The samples were immersed in 3.5 wt% NaCl
solution for 30 min to reach a steady state before they were
tested. Open circuit potential was measured firstly, and then EIS
measurement was performed in the frequency range from

100 kHz to 10 mHz using a sine signal with an amplitude of
10 mV. EIS data were fitted by using different equivalent circuits
with ZSimpWin software, and the quality of the EIS fitting
results was evaluated by the value of x> (Chen L.-Y. et al., 2021).
The polarization curves were measured from —0.5 to +0.5 versus
OCP at a scanning rate 1 mV/s. Each of the electrochemical test
was repeated at least three times to guarantee the
reproducibility.
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TABLE 1 | Electrochemical parameters estimated from the polarization data in

Figure 6.

Samples Ecor/V (SCE) icor/MA cm™2
AZ31 —1.494 6.19

6 h-125°C-LDHs-M -1.129 6.39 x 1072
18 h-125°C-LDHs-M -1.105 8.55 x 1074
12 h-125°C-LDHs-M -1.062 6.20 x 1072
12 h-100°C-LDHs-M -1.311 7.85x 107"
12 h-150°C-LDHs-M -0.241 2.74 x 107
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FIGURE 6 | Polarization curves of different samples in 3.5 wt% NaCl
solution.

2.7 The Stability of Super-hydrophobicity
The chemical stability of the prepared super-hydrophobic LDH

films was studied by immersing the samples in 3.5 wt% NaCl
solution for 6 days, and the static CA of water was measured every
day. Besides, the surface morphology of samples was observed by
SEM during the immersing process.

3 RESULTS AND DISCUSSION

3.1 Surface Characterization

Figure 1 depicts the SEM images of different samples. It can be
seen clearly from Figure 1 that different specimens possessed
hump island structures under a low resolution because of the
etched AZ31 Mg alloy. The hexagonal plate-like LDH
nanosheets grown on the surface of AZ31 Mg alloy were
observed in SEM images of the high resolution. The platelets
of LDH crystallites were perpendicular to the substrate and
covered the entire metal surface. As can be seen from the
high-resolution SEM diagrams, morphology on the islands
showed significantly different structures as the hydrothermal
time extended. According to Figure 1C, the island structure
of 6h-125°C-LDHs sample was composed of laminate
interlocked LDH nanoplates vertical to substrate. As the
growth time increased, the dense and flat LDH nanosheets
on the island were shown in Figure 1F, I. According to
Figure 1L, F, O, the similar changes in the morphology of
the LDH nanoplates can be found as the hydrothermal
temperature ascended. From Figure 1, the morphology of
12h-150°C-LDH film obviously consisted of flat-lying
hexagonal LDH nanosheets. The SEM images revealed that
the micro/nanoscale coarse structure of metal surface was
composed of the small island obtained after chemical etching
and the LDH nanosheets in situ grown. A cross-sectional
view of the MgAl-LDH films (Supplementary Figure S1A)

clearly demonstrated that a layer of the LDH crystals with a
thickness of about 20.2 um was assembled on the etched
magnesium alloy substrate. This observation could be
confirmed by energy dispersive X-ray (EDX) analysis,
presented in Supplementary Figure S1B. Along EDX line
scans over the LDH layer and a part of the metal substrate, the
MgKa profile of the EDX increased with the depths.
However, the O Ka profile of the EDX rapidly decreased to
almost zero at the interface of the LDH films and the metal
matrix, indicating the absence of O species inside the
substrate.

3.2 Structure and Composition of LDH Films
The XRD patterns of treated hydrothermally sample and AZ31
Mg alloy substrate sample were shown in Figure 2A, B,
respectively. As can be seen from Figure 2A, the peaks around
32°, 37°, and 48’ were contributed to the reflection peaks from
AZ31 Mg alloy substrate. In addition, the peaks around 38" and
58 of samples belonged to the reflection peaks of MgO. The peaks
belonged to LDH films cannot be clearly observed in that the
intensity of the peaks from AZ31 substrate was extremely high.
Therefore, the more delicate pattern of Figure 2A from 5° to 30°
was shown in Figure 2B. According to Figure 2B, new peaks
from the treated hydrothermal samples were found, suggesting
the change of the crystal structure on metal surface. As can be
seen from Figure 2B, the characteristic peak at around 18° was
assigned to the reflection peak of Mg(OH),. In addition, the peaks
at about 11.6° and 23.5° corresponded to the (003) and (006)
planes of MgAI-LDHs, indicating a typical layered structure of
LDHs (Tang et al, 2019). The d-spacing of 0.863 nm
corresponding to the (003) plane of LDH film was obtained
based on the Bragg’s law (2d-sin@ = n-A). The height of the
interlayered corridor was almost consistent with the reported
literatures (Cao et al., 2018). Through the above analysis, it was
concluded that the MgAl-LDHs was successfully prepared on the
surface of the AZ31 substrate.

Figure 3A presents the FT-IR spectra of MgAl-LDHs and
MgAl-LDHs-M (MgAl-LDHs modified by PEOTMS) on AZ31
metal surface within the 400-4,000 cm™" region, respectively.
It can be seen from Figure 3A that the sharp absorption peak at
approximately 3,688 cm™' and the broad peak at about
3,358 cm™' were ascribed to water molecules absorbed
physically in LDHs and metal hydroxyl groups on the
LDHs surface, respectively (Zhang et al., 2018). The peak at
around 1,654 cm™' can be attributed to the bending vibration
of crystal water between the LDH layers. In addition, the band
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FIGURE 7 | (A) Impedance-frequency Bode plots, (B) phase-frequency Bode plots, (C) Nyquist plots of different samples in 3.5 wt% NaCl solution after immersion
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FIGURE 8| The equivalent circuits used to simulate EIS data of (A) AZ31 substrate, 6h-125°C-LDHs-M, and 12h-100°C-LDHs-M; (B) 12 h-125°C-LDHs-M, 18 h-
125°C-LDHs-M, and 12 h-150°C-LDHs-M after immersion in 3.5 wt% NaCl solution for 30 min.
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observed at 1,366cm™' can be assigned to the stretching

vibration of the interlayer NO;~ in MgAI-LDHs. The
intensity of the peaks observed in the range
1,100-1300 cm™" was weak, thus enlarging this range to
obtain more refined data in Figure 3B. The emerging new
absorption peaks that belonged to MgAI-LDHs-M were
observed in Figure 3B. It was reported in the previous
literatures that the absorption bands in 1,100-1,300 cm™"
corresponded to the presence of C-F groups (Zhang et al,,
2015), and the emerging absorption peaks at around 1,273,

1,191, 1,134, and 1111cm ™" were assigned to the vibration of
C-F, groups (Pazokifard et al., 2012). Thus, Figure 3B
presents that the two bimodal absorption bands that
belonged to MgAl-LDHs-M (1,238, 1,210 cm™' and 1,145,
1119 cm™') were attributed to the stretching vibration of
C-F, groups. The above results demonstrated that LDH films
were prepared successfully on metal surface, which were in
good agreement with the XRD results. It also could be
concluded that LDH films were modified successfully by
PFOTMS.
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TABLE 2 | Fitted parameters of the EIS spectra of the bare AZ31 and coated
samples using the same equivalent circuits shown in Figure 8A.

Parameters AZ31 6h-125°C-LDHs-M  12h-100°C-LDHs-M
Rs (Q-cm?) 3.33E+01 3.53E+01 2.96E+01
Ret (Q-cmP) 7.47E+02 8.91E+03 1.27E+03
CPEy Yy (Fcm™)  8.19E-06 2.84E-07 3.24E-06
Net 9.44E-01 8.61E-01 9.26E-01
R, (©Q-cm?) 3.32E+02 2.82E+03 4.17E+02
L (H-cm? 4.44E+02 4.14E+04 1.33E+04
X 3.03E-03 3.32E-03 3.51E-03

3.3 Roughness and Wetting Properties of

Films
Supplementary Figure S2 showed clearly that different specimens
possessed almost the same surface morphologies at the very low
resolution, which were composed of a great number of small hump
islands. The small island structures offered micro-scale roughness to
the super-hydrophobic films. Similarly, LDH nanosheets grown in
situ on the etched Mg substrate played an important role on the
effect of surface roughness. So the 3D roughness profiles of different
samples obtained by a laser microscope were shown in Figure 4. The
etched AZ31 substrate showed a surface roughness of 0.923 pm. As
can be seen clearly from Figure 4, the surface roughness of these
samples treated hydrothermally showed a remarkable increase. The
surface roughness of 6h-125°C-LDHs, 12h-125°C-LDHs, and 18h-
125°C-LDHs corresponded to Sa = 1.342um, Sa = 3.898 pm, and Sa
=2.900 pm, respectively. It can be found that the roughness rises first
and then decreases with the extension of hydrothermal treatment
time. Meanwhile, the surface roughness has a similar change with
increasing temperature. The surface roughness of samples treated
hydrothermally was significantly increased compared to the etched
magnesium alloy, which was attributed to the combination of
microscale coarse structure resulting from the etching and
nanoscale coarse structure resulting from hydrothermal treatment.
The surface wettability of different samples was evaluated by
the CA measurements, and the corresponding CA results were
shown in Figure 5. The CA of etched metal substrate was 68.4" +
5.1° indicating the hydrophilic nature. The water CA of MgAl-
LDH film decreased remarkably to 21.4” + 1.8° compared with the
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etched substrate, which can be attributed to the increased
roughness of the surface because of the existence of LDH
nanosheets. After the LDH films were modified by PFOTMS,
the LDHs sample almost presented super-hydrophobicity with a
CA of more than 150°. It was worth noting that the water CA of
12h-125°C-LDHs-M was the largest, upping to 163.0° + 1.1°, and
the corresponding roughness was also the maximum. The
roughness results in Figure 4 strongly supported the
wettability results, revealing that the CA value increased with
the roughness under certain conditions. The combination of the
roughness in Figure 4 with the CA in Figure 5 was in perfect
agreement with this conclusion. The corresponding theoretical
foundation was presented as follows. Wenzel investigated the
relationship between surface roughness and water CA and
proposed the theoretical Wenzel equation.

cosOw = r - cosBo (1)

where 0,, means the Wenzel CA, 0, represents the water CA on
the ideal surface, and r is the so-called surface roughness (the ratio
of the actual surface area to the projected surface area). Based on
the above equation, it can be concluded that 8, will decrease with
increasing the surface roughness, when 6,, < 90°; 6, will increase
with increasing the surface roughness, when 0,, > 90°. So, the
results of Figure 5 were in good agreement with the results of
Figure 4.

3.4 Anti-corrosive Performance

3.4.1. Polarization Characterization

Figure 6 shows the polarization curves of AZ31 substrate and
LDH films modified by PFOTMS immersed in 3.5 wt% NaCl
aqueous solution for 30 min. According to Figure 6, AZ31
exhibited the most negative corrosion potential with the
highest corrosion current density among all samples. MgAl-
LDHs-M samples presented more positive E.,, and lower
I.or» Which were attributed to the blocking of corrosion media
by LDH nanosheets and super-hydrophobic surfaces.
Generally speaking, the corrosion potential is a
thermodynamic parameter, and the more positive the
corrosion potential represents better corrosion protection

TABLE 3 | Fitted parameters of the EIS spectra of coated samples using equivalent circuits shown in Figure 8B.

Parameters 12 h-125°C-LDHs-M
R. (Q-cm?) 3.89E+01
CPEa; Yar (Fom™) 1.46E-10
Nair 9.75E-01
Ry oms (Q-cm?) 1.21E+04
CPE pris Y, ors (F-em™) 4.29E-10
NLDHs 9.22E-01
Rox (Q-cm?) 8.94E+06
CPE, Yox (Fcm™) 6.65E-09
Nox 3.14E-01
Ret (Q-cm?) -
CPE Yy (F-cm™) —
Nay -
X 1.28E-03

18 h-125°C-LDHs-M 12 h-150°C-LDHs-M

5.81E+01 4.50E+01
1.58E-10 1.09E-10
1.00E+00 1.00E+00
1.89E+07 1.74E+07
2.20E-09 8.14E-10
5.12E-01 8.00E-01
6.85E+07 2.69E+08
5.23E-08 6.68E-08
4.91E-01 4.72E-01
3.03E-03 2.49E-03

“/” represents that low-frequency data were not well-fitted because the parameter is out of the frequency range.
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FIGURE 9 | The water contact angle changes of 12 h—-150°C-LDHs-M
with time in 3.5 wt% NaCl solution.

effect; the corrosion current density is the kinetic parameter,
and lower corrosion current densities correspond to lower
corrosion rates. The strong polarization area of the
polarization curve was selected for obtaining the corrosion
potential and the corrosion current density by the Tafel
extrapolation method. The values of E.,,; and I.,, of each
sample obtained by the fitting procedure were shown in
Table 1.

From Table 1, E,,, of super-hydrophobic LDH films were
apparently higher than that of AZ31 Mg alloy, indicating that
MgAI-LDHs-M can block the attack of corrosive liquids.
Particularly, the E,, of 12h-150°C-LDHs-M was nearly one
order of magnitude than that of AZ31 substrate, upping to
—-0.241 V. As can be also seen clearly from Table 1, the
corrosion current density gradually decreased with the LDHs
growth time extending. The corrosion current density of
18h-125°C-LDHs-M in the series of different hydrothermal
times was nearly four orders of magnitude lower than that of
AZ31 Mg alloy, indicating excellent corrosion protection, because
the LDH nanosheets grew more dense and compact on the
surface of the magnesium alloy. Similarly, the I.,, declined
with the LDHs growth temperature improving. It was
noteworthy that the I, of 12h-150°C-LDHs-M in the series
of different hydrothermal temperatures was the lowest (I o, =
2.74 x 107* uA cm™), implying the extremely good corrosion
protection effect. On the basis of the polarization measurements,
the corrosion resistance of the AZ31 substrate was effectively
enhanced by double protection from super-hydrophobic
LDH films.

3.4.2. Electrochemical Impedance Spectra
Characterization

According to Figure 7C, D, it can be seen that the Nyquist plots
of different samples had apparent difference. Usually, the greater
arc radius at the high frequency in the Nyquist plots corresponds
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to better corrosion protection effect. As shown in the Nyquist
plots, the super-hydrophobic LDH films had a better corrosion
protection compared with AZ31 substrate. To interpret the
obtained EIS results clearly, two kinds of equivalent circuits
were shown in Figure 8. The equivalent circuit in Figure 8A
was used to simulate the EIS data of AZ31, 6 h-125°C-LDHs-M,
and 12h-100°C-LDHs-M. In this equivalent circuit, R
represented the resistance of the solution between the
reference electrode and the film surface; the parallel of the
constant phase element (CPEy) and the charge transfer
resistance (R.) was used to describe the electrochemical
process of the corrosion process; inductance elements (L) and
inductive impedance (Rp) were often used to explain the
inductive loop that appeared at low frequency, which
originated from adsorbed/desorbed intermediates on the
electrode surface (Zhou et al., 2015). In the case of the 12 h-
125°C-LDHs-M, 18h-125°C-LDHs-M, and 12 h-150°C-LDHs-M
system, their EIS data could be fitted by an equivalent circuit
with three time constants. The first time constant at higher
frequency was attributed to the effect of super-hydrophobic
LDH films, represented by a CEP;py, in parallel with the
resistance of LDH films (Rypys). Considering that the super-
hydrophobic film produced a layer of air film, the CPE,;, was
introduced to characterize the trapped air. The second time
constant appearing at intermediate frequency may be related
to the oxide film produced on the surface of the substrate,
expressed by a CEP,, in parallel with the oxide resistance
(Rox)- The third time constant occurring at low frequency was
associated with the electrochemical corrosion process, denoted
as CPEy; and R,

Based on the above equivalent circuits shown in Figure 8A,
the data fitting results are listed in Table 2. Usually, the error
value of x represents the quality of fitting results, and the value of
X2 around 10> or less indicates good fit (Wang et al., 2020; Qin
et al., 2021). As can be shown in Table 2, the R value of
12h-100°C-LDHs-M was slightly higher than that of AZ31
substrate, indicating the limited protection by super-
hydrophobic LDH films prepared at 100°C for the Mg
substrate. Notably, the 6h-125°C-LDHs-M sample had the
maximum R, value in the three samples that used the
equivalent electron circuit shown in Figure 8A, approximately
10 times higher than the AZ31, suggesting that the super-
hydrophobic LDH films provided effective protection for the
magnesium alloy matrix. The results were consistent with that
obtained from Nyquist plots in Figure 7D. The low frequency
inductance loop shown in Figure 7D was associated with the
dissolution of the substrate.

Based on a more complex circuit model (Figure 8B), the fitted
EIS data were shown in Table 3. Combining the Nyquist diagram
and the fitted data, it was found that the super-hydrophobic LDH
film provided corrosion protection to metal substrate that can be
effectively improved with the extension of hydrothermal
treatment time or the increasing of hydrothermal temperature.
As for three samples in Table 3, n,;, was almost one and Y,;, was
extremely small, indicating that the air trapped in the film
behaved as the dielectric of the pure parallel plate capacitor,
which well suppressed the transfer of the charge between the
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2 days, and (D) 12 h-150°C-LDHs-M for immersion 6 days.

FIGURE 10 | Corrosion morphology of (A) AZ31 substrate for immersion 1 h, (B) AZ31 substrate for immersion 1 day, (C) 12 h-150°C-LDHs-M for immersion

electrolyte and the substrate (Wang et al., 2011). Furthermore, the
Reyx values of all three samples were more than 10°Q cm?
implying that this oxide film provided extremely good
protection for the substrate. The oxide film layer between
LDHs and the matrix was the last physical barrier
preventing corrosive media from invading into the matrix.
When the samples do not suffer from corrosion activity, the
resistance of the oxide film layer is considered as an important
criterion for evaluating the protective performance of the film.
It was worth noting that R,, of 12h-150°C-LDHs-M was
higher than that of other samples that used the same
equivalent circuit shown in Figure 8B, which suggested that
the oxide layer was much more compact and was protected
greatly by the LDH layer and the air film outside. The LDH
films played an important role in the whole film, which not
only played a physical protection role against the substrate, but
also made ion-exchange reactions with the corrosive mediums.
The Ripys values of 18h-125°C-LDHs-M in the series of
different hydrothermal times and 12h-150°C-LDHs-M in
the series of different hydrothermal temperatures all were
approximately three orders of magnitude higher than that
of 12h-125°C-LDHs-M, showing the more compact and less
porous structure of the LDH films. There was an agreement
with results of SEM.

Notably, there were no signs of wetting on the surface of
samples shown in Table 3 after the electrochemical test. It was
inferred that only the very slight corrosion has occurred on the
surface during the electrochemical test because the surface of
the super-hydrophobic samples could not be completely wet
during the electrochemical test. Therefore, we cannot
obtain accurate the fitting results of R and CPEg4 since the
corrosion process did not completely occurred at this time (Cao
et al, 2018). Furthermore, it was also concluded that the

corrosion resistance of the three samples shown in Table 3
was higher than that of the samples presented in Table 2 from
the Nyquist plots and Bode plots shown in Figure 7. The above
comprehensive analysis demonstrated that the 18h-125°C-
LDHs-M in the series of different hydrothermal times and
12h-150°C-LDHs-M in the series of different hydrothermal
temperatures had a better corrosion resistance performance
than the other samples.

3.5 The Stability of Super-hydrophobicity in

Corrosive Liquid

The above results of electrochemical test demonstrated that
super-hydrophobic LDH films provided good corrosion
protection for AZ31 substrate. Particularly, the 12h-150°C-
LDHs-M presented excellent corrosion resistance properties.
However, the electrochemical results obtained in a short time
can only evaluate corrosion resistance of films in the short term.
Therefore, the stability of super-hydrophobic surface was
investigated for the evaluation of the long-term corrosion
protection of super-hydrophobic films. The 12h-150°C-LDHs-
M sample was immersed in the 3.5 wt% NaCl aqueous solution,
and the water contact angle and the corrosion morphology were
analyzed at 0-6days to assess the stability of the super-
hydrophobicity.

Figure 9 displays the CA changes of 12h-150°C-LDHs-M
in 3.5 wt% NaCl solution. It can be apparently observed that
the CA of 12h-150°C-LDHs-M still maintained super-
hydrophobic property (CA > 150°) within the initial
immersion time of 24 h, indicating that the non-wettability
of the films remained. Overall, the contact angle of the films
can maintain above 140 within 6°days of immersing. From
Figure 10A, B, it can be inferred that AZ31 immersed in the
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3.5°wt % NaCl aqueous solution occurred corrosion after
immersion for 1°h; corrosion products precipitated on the
surface of AZ31 after immersion for 1°day. As shown in
Figure 10C, after the 12°h-150°C-LDHs-M immersed in
3.5wt% NaCl aqueous solution for 48h, the local area of
the film surface began to appear in the corrosion products,
and the corresponding water contact angle fluctuated slightly.
From Figure 10D, the corrosion products increased
significantly when immersion time was up to 6°days, and
the corresponding water contact angles fluctuated sharply,
but the CA values maintained at around 140. On the basis
of the above result, it can be concluded that the super-
hydrophobic LDH films presented excellent stability in the
high concentration corrosion fluid due to the stable micro/
nanostructures on metal surface.

4 CONCLUSION

In this work, super-hydrophobic LDH films have been fabricated
successfully by a facile method. The conclusions were obtained as
follows:

1 The super-hydrophobic LDHs can be prepared on the
surface of etched AZ31 substrate via in situ growth
hydrothermal crystallization, followed by the modification
of PFOTMS. The structure of LDH film was composed of
small islands and LDH crystal nanosheets, which provided
micro/nanoscale roughness structure to manufacture super-
hydrophobic surface.

2 The contact angle was influenced evidently by the surface
roughness. The surface roughness of LDH films increased
gradually with increasing hydrothermal time or temperature.
The highest water contact angle of the film was up to about 163.

3 The super-hydrophobic LDH films can effectively improve the
corrosion resistance of the AZ31 Mg alloy. The corrosion
current density of samples with the best corrosion resistance
was approximately four orders of magnitude lower than that of
AZ31 substrate. The corrosion resistance of super-
hydrophobic LDH film increased with the increased
hydrothermal time or temperature.

4 The obtained super-hydrophobic LDH film still can keep above
140° after immersed in 3.5 wt% NaCl solution for 6 days,
indicating the good stability of the super-hydrophobic
LDH film.
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