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Abstract: A slippery liquid-infused porous surface (SLIPS) was developed on the AZ31 Mg alloy to provide corrosion
protection. A layered double hydroxide (LDH) was applied to providing accommodation for liquid lubricants. The
electrolyte pH was adjusted to obtain the best LDH film for the development of a SLIPS. The surface morphology,
surface wettability, and electrochemical behavior of the SLIPS formed at different pH values were investigated. The
results indicated that the MgAI-LDH film synthesized at a pH of 10.5 had a maximum thickness of 3.51 pm to
accommodate the most silicone oil, with a mass of 0.22 mg/mm?, which provided the best corrosion protection, with the
lowest corrosion current density of 3.72x107° A/cm?. On the other hand, compared with the superhydrophobic surface,
the SLIPS imparted better corrosion resistance for the AZ31 substrate in both electrochemical behavior and long-term
immersion test. The improved corrosion resistance of the SLIPS can further accelerate the application of Mg alloys in
practice.

Key words: slippery liquid-infused porous surface; electrolyte pH; corrosion resistance; surface hydrophobicity; AZ31

Mg alloy

1 Introduction

Magnesium (Mg) alloy, which has low density,
high electrical conductivity, damping capacity, and
good biodegradability, is one of the lightest
structural engineering materials [1-3]. Therefore,
Mg alloys are extremely popular in the fields of
electronic communications, aerospace, military
industry, and degradable biomaterials. However, the
standard electrode potential of Mg is approximately
—2.37 V, which leads to the unsatisfactory corrosion
resistance of Mg alloys to seriously restrict their
wide applications [4—7].

Different strategies have been developed to

improve the corrosion resistance of Mg alloys.
Among them, surface treatment has attracted a lot
of interest. Nevertheless, some surface treatment
methods have disadvantages, such as high porosity
of a micro-arc oxidation coating [8,9], poor
degradation of chemical conversion films [10], and
short-term effective protection of superhydrophobic
coating [11].

Recently, a slippery liquid-infused porous
surface (SLIPS), inspired by the Nepenthes, has
received a great deal of attention in many research
areas. This is because slippery liquid-infused porous
(SLIPSs) can provide extremely low adhesion and
possess good self-healing performance. MANNA
and LYNN [12] constructed a smooth antifouling
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SLIPS on polytetrafluoroethylene tubing. CHEN
et al [13] demonstrated the effectiveness of SLIPS-
modified biomedical implants to resist device-

associated infection after bacterial challenge in vivo.

In addition, SLIPS is also used to protect metallic
substrates of Al [14], Ti [15], and steel [16] from
severe corrosion. Nevertheless, the development of
SLIPSs on Mg alloys was paid less attention.

Different from a superhydrophobic surface, a
hierarchical structure is filled with liquid lubricant
to form a SLIPS, presenting a smooth and stable
liquid layer. Moreover, the liquid lubricant in the
SLIPS is more stable than air pockets in the
superhydrophobic coating [16,17]. That is, the
preparation of SLIPS also requires rough porous
structures. Layered double hydroxide (LDH) that is
widely used for corrosion protection of Mg alloys,
is one of the appropriate candidates to provide the
desired porous structure [18,19]. In addition, LDH
can carry an anionic corrosion inhibitor to further
improve the corrosion resistance [20,21]. Thus, a
SLIPS formed by LDH shows great potential to
provide effective corrosion protection for Mg
alloys [22]. However, the effect of electrolyte pH on
the corrosion resistance of SLIPS based on LDH for
Mg alloys has not received adequate attention and
further research is urgently required.

Herein, MgAI-LDH was first synthesized on
the AZ31 Mg alloy via the hydrothermal method.
Then, MgAIl-LDH was treated with 1H, 1H, 2H,
2H-perfluorodecyltriethoxysilane (PFDS) for low-
surface-energy modification and then filled with
silicone oil to form a SLIPS. In particular, the
electrolyte pH for the synthesis of MgAl-LDH was
changed to study the effect of pH on the corrosion
resistance of SLIPS. The surface morphology,
chemical composition, surface wettability, and
corrosion resistance of SLIPS were studied.

2 Experimental

2.1 Preparation of SLIPS
2.1.1 Fabrication of MgAl-LDH

The AZ31 Mg alloy (with a nominal
composition in wt.%: Al 2.1-3.5, Zn 0.7-1.3, Mn
0.2—-1, Ca 0.04, Si 0.1, Cu 0.05, Fe <0.003, and
balance Mg) was cut into specimens with sizes of
I8 mm x 18 mm x 5 mm. They were gradually
polished with SiC papers to 2000 grit, then washed

with ethanol and deionized water, and dried with
warm air.

0.1 mol/L.  sodium nitrate and 0.05 mol/L
aluminum nitrate were dissolved into deionized
water. Then, 1 mol/L sodium hydroxide solution
was slowly added into the mixed solution to adjust
the pH of the electrolyte to 8.5, 9.5, 10.5, 11.5, and
12.5, respectively. Subsequently, the prepared Mg
alloy specimens were immersed in corresponding
electrolytes, transferred into autoclaves, and heated
at 125 °C in a vacuum oven for 10 h. Finally, the
AZ31 alloys with MgAl-LDH were ultrasonically
cleaned in ethanol solution for 10 min and dried by
a hair dryer.

2.1.2 Low-surface-energy modification

Although MgAI-LDH can provide porous
microstructures to accommodate liquid lubricant for
SLIPS, the MgAIl-LDH is hydrophilic. Consequently,
in order to prepare a SLIPS, MgAl-LDH has to be
chemically modified to be hydrophobic to tightly
anchor the liquid lubricant and repel the external
corrosive environment. In this work, MgAl-LDH
was treated using a low-surface-energy material of
1H, 1H, 2H, 2H-perfluorodecyltricthoxysilane
(PFDS). Briefly, the AZ31 Mg alloy with MgAl-
LDH was immersed in 0.02 mol/L PFDS in ethanol
for 6 h to be superhydrophobic.

2.1.3 Lubricant infusion

The chemically modified MgAl-LDH
(MgAI-LDH-PFDS) specimens were coated with
dimethyl silicone oil with a viscosity of 20 mPa/s
using a straw and placed in a vacuum oven for 2 h.
Then, the samples were placed with an inclination
angle of 10° for 2 h to remove the excess dimethyl
silicone oil, obtaining the SLIPS. The schematic
illustration of the preparation process is presented
in Fig. 1.

2.2 Characterization

The surface and cross-sectional morphologies
were characterized using a scanning electron
microscope (SEM, Vega3, TESCAN SRO, Czech).
The crystalline structure was analyzed by X-ray
diffractometer (XRD, D/Max 2500X, Rigaku, Japan)
using filtered Cu K, (0.15406 nm) as a radiation
source with a scanning rate of 2 (°)/min from 5° to
80° of 26. The water contact angle (WCA) was
measured by a SmartDrop (FEMTOFAB Co., Korea)
at ambient temperature.
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MgAIl-LDH
Fig. 1 Schematic illustration of preparation process for SLIPS

2.3 Electrochemical test

The anti-corrosion performance was evaluated
using an electrochemical workstation (PARSTAT
4000 A, Princeton, USA) in a 3.5wt.% NaCl
solution at room temperature, including polarization
curves and electrochemical impedance spectroscopy
(EIS). The measurement was carried out in a three-
electrode cell with a platinum (Pt) electrode as the
counter electrode, a saturated calomel electrode
(SCE) as the reference electrode, and a specimen
with a working area of 1cm? as the working
electrode. All measurements were based on the
open circuit potential. The scanning rate was
1 mV/s, and the scanning range was £500 mV
regarding the open circuit potential. The
Versastudio software was used to collect and record
the experimental data, and the ZSimpWin software
was used to fit the data.

2.4 Hydrogen evolution test

The immersion of Mg alloys in 3.5 wt.% NaCl
solution can cause hydrogen evolution reaction,
dissolving and releasing hydrogen. Therefore, the
corrosion rate of Mg alloys can be estimated by
measuring the hydrogen evolution rate, and its
corrosion resistance can be evaluated. The schematic
diagram illustrating the hydrogen evolution test is
presented in Fig. 2. The liquid level was recorded
every 12 h during the hydrogen evolution test [23].
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Fig. 2 Schematic diagram of hydrogen collection device
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3 Results and discussion

3.1 Surface and cross-sectional morphology

Figure 3 shows the surface morphology of
MgAIl-LDH formed at different pH values on the
AZ31 Mg alloy. The typical nano-sheet structures
of the MgAI-LDH are detected on all samples after
hydrothermal treatment; thus, the MgAl-LDH can
be synthesized on AZ31 Mg alloy at different pH
values ranging from 8.5 to 12.5. However, when the
pH is 8.5, there is a relatively deep crack on the
surface (Fig. 3(a)), indicating that the AZ31 Mg
alloy was severely damaged during the
hydrothermal reaction. The occurrence of cracks
was attributed to the substantial stresses, resulting
from the formation of a large number of reaction
products that were accumulated unevenly [24,25].
In addition, the MgAI-LDH film did not completely
cover the whole surface of the AZ31 Mg alloy.
Therefore, the pH of 8.5 is not an appropriate
experimental condition for the synthesis of
MgAIl-LDH in this work.

According to Figs. 3(b)—(e), the thickness of
the nanosheet increases with increasing pH, and the
density of the nanosheets decreases. Although there
were no cracks when the pH increased to 9.5, the
thickness of the nanosheet was still thin. Thus, the
formed MgAl-LDH film maybe was not strong
enough to be applied in practice. When the pH was
11.5 and 12.5, the thickness of the nanosheets
increased slightly, but the density decreased
significantly, resulting in excessively high porosity.

The cross-sectional SEM images of MgAl-
LDH films produced at different pH values are
shown in Fig. 4. Their thicknesses were respectively
1.55, 3.16, 3.51, 2.41, and 1.90 um when the pH
was 8.5, 9.5, 10.5, 11.5, and 12.5. Therefore, the
thickness of MgAIl-LDH films increased first,
attained the maximum when the pH was 10.5, and
then decreased with increasing pH. This further
proved that the electrolyte pH played a significant
effect on the growth of MgAI-LDH films.
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Fig. 3 SEM images of surface morphology of MgAIl-LDH formed at different pH values: (a) 8.5; (b) 9.5; (¢) 10.5;

(d) 11.5; () 12.5

(a) Thickness = 1.55 pm (b)

Resin

Substrate

Substrate

Thickness ~ 3.16 gm || (C)
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% o
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Fig. 4 SEM images of cross-sectional morphology of MgAIl-LDH formed at different pH values: (a) 8.5; (b) 9.5;

(¢) 10.5; (d) 11.5; () 12.5

Figure 5(a) displays the variation of silicone
oil mass with electrolyte pH. Consistent with the
SEM images (Figs. 3 and 4), the MgAl-LDH film
synthesized at a pH of 10.5 can accommodate the
most silicone oil, with a mass of 0.22 mg/mm?.
Therefore, comprehensively considering  the
thickness and density of the nanosheets, film
thickness, and the capacity to accommodate silicone
oil, the electrolyte pH of 10.5 was the best
condition for the synthesis of MgAl-LDH film for a
SLIPS.

Moreover, Fig. 5(b) shows the SEM image
of the SLIPS based on the MgAl-LDH film
formed at a pH of 10.5. Compared to Fig. 3(c),
the nanosheet structure of the MgAl-LDH
becomes inconspicuous, and the gaps among
numerous nanosheets are filled with liquid,
presenting a stable liquid layer. Therefore, the
dimethyl silicone oil can be stably placed at the
nanoporous structures of the MgAI-LDH to
effectively prevent the invasion of corrosive species
to increase corrosion resistance.
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Fig. 5 Variation of silicone oil mass with electrolyte pH
(a), and SEM image of surface morphology of SLIPS
developed with MgAl-LDH formed at pH of 10.5 (b)

3.2 Surface chemistry

Figure 6 shows XRD patterns of MgAl-LDH
films synthesized at different electrolyte pH values.
The typical peaks corresponding to the (003) and
(006) reflection planes of the LDH can be detected

‘

(ﬂ

Fig. 7 Optical photographs of water droplets on MgAI-LDH films formed at different pH values: (a) 8.5; (b) 9.5;
(c) 10.5; (d) 11.5; (e) 12.5; (f) MgAI-LDH-PFDS; (g) SLIPS formed by MgAIl-LDH film at pH of 10.5
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Fig. 6 XRD patterns of MgAl-LDH formed at different
pH values

even when the pH is 8.5, indicating that
MgAl-LDH films were synthesized on all AZ31 Mg
alloy samples, which was consistent with the results
in Figs. 3 and 4.

3.3 Surface wettability

The optical photographs of water droplets on
MgAIl-LDH prepared at different pH values are
shown in Figs. 7(a)—(e). The WCAs were
respectively 20.7°, 52.1°, 50.8°, 55.7°, and 56.5°
when the pH was 8.5, 9.5, 10.5, 11.5, and 12.5,
showing the surface hydrophilicity of MgAIl-LDH.
The relatively low WCA of the MgAI-LDH film at
a pH of 8.5 was mainly related to the large cracks
on its surface. After the chemical modification by
PFDS, the as-prepared sample of MgAl-LDH-
PFDS exhibited surface superhydrophobicity, with a

|
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WCA of 150.5°, where the water droplet presented
like a ball. Furthermore, after the liquid lubricant of
dimethyl silicone oil was infused into the porous
structure of the MgAIl-LDH, the WCA decreased to
117.8° in Fig. 7(g). The water-immiscible lubricant
occupied the nanopores and pushed out the trapped
air, resulting in the contact interface changing
from the water—air—solid to water—liquid—solid [26].
Although the WCA decreased compared with the
MgAIl-LDH-PFDS, the SLIPS still showed surface
hydrophobicity.

3.4 Electrochemical behavior

Figure 8 shows the Tafel curves of different
samples. Generally, a lower corrosion current
density indicates better chemical stability and
corrosion protection [24]. The AZ31 Mg alloy
exhibits the highest corrosion current density
(6.75x10° A/em?), showing extremely  poor
corrosion resistance. The corrosion current density
gradually decreased after the formation of
MgAI-LDH (3.33x1077 A/cm?), MgAl-LDH-PFDS
(5.06x107% A/em?), and SLIPS (3.72x107° A/cm?).
Therefore, the corrosion resistance was gradually
improved by these appropriate treatments. In
comparison with the bare AZ31 Mg alloy, the
corrosion current density of the SLIPS was
decreased by about four orders of magnitude,
indicating that the formed SLIPS by MgAl-LDH
significantly increased the corrosion resistance.
Moreover, Fig. 8(b) compares the corrosion
resistance among SLIPSs based on MgAI-LDH
films synthesized at different electrolyte pH. As
expected, the SLIPS prepared with MgAI-LDH film
at a pH of 10.5 exhibited the lowest corrosion
current density of 3.72x107° A/cm?  This is
consistent with its optimal surface morphology, the
largest film thickness, and capacity to contain the
most silicone oil. Therefore, the pH of 10.5 is the
best condition for the synthesis of MgAI-LDH to
form a SLIPS with the best corrosion protection for
AZ31 Mg alloy.

The EIS was measured to explore the
corrosion protection mechanism. The impedance
modulus (|Z]) value at 10 mHz approximately
corresponds to the impedance of specimens to
predict corrosion resistance. Therefore, samples
with higher |Z| at 10 mHz have better corrosion
resistance. According to Fig. 9, the corrosion
resistance of SLIPSs is ranked as follows:

pH 10.5 > pH 9.5 > pH 11.5 > pH 12.5 > pH 8.5.
This is consistent with Tafel curves, and the SLIPS
synthesized at a pH of 10.5 presents the best
corrosion protection for the AZ31 substrate.
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Fig. 8 Tafel curves of AZ31 Mg alloy, MgAIl-LDH,
MgAI-LDH-PFDS, and SLIPS formed at pH of 10.5 (a),
and SLIPS formed by MgAI-LDH developed at different
pH values (b)
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Fig. 9 Bode plots of impedance modulus of |Z] vs
frequency for bare AZ31 Mg alloy substrate and SLIPSs
formed at different pH values
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As a representative of SLIPS samples, the
SLIPS developed at a pH of 10.5 was further
investigated to compare the electrochemical
performances among different treatment processes,
with the results as presented in Fig. 10. Figure 10(a)
shows that the impedance modulus |Z] decreases
in the order of SLIPS > MgAI-LDH-PFDS >
MgAI-LDH > AZ31 Mg alloy, consistent with
Nyquist results as displayed in Fig. S1 (Supporting
Information). This further confirmed that each
preparation step of SLIPS was beneficial to the
improvement of corrosion resistance of AZ31 Mg
alloys.

The equivalent circuits (Figs. 10(c) and (d))
were obtained by fitting the EIS curves. Ideal
capacitors cannot analyze the interfacial process of
charge transfer due to the inhomogeneity of the
films. Therefore, the constant phase elements (CPE)
were introduced to characterize the non-ideal
capacitive behavior of the specimens. There are
three time constants for the SLIPS, with an
equivalent circuit of Rs (CPEoit (Roit (CPELpH (RLbH
(CPE4R«))))), where Ry stands for the solution
resistance, CPEqi and R, are the capacitance and
resistance of the liquid layer of silicone oil in the
SLIPS, CPErpu and Ripn are the capacitance and
resistance of LDH, and CPEq and R refer to the

108
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capacitance and charge transfer resistance at the Mg
alloy/solution interface. In contrast, the MgAl-LDH
film only has two time constants, without sealing
post-treatment of silicone oil. Overall, owing to the
existence of the liquid layer in the SLIPS, it
presented the best corrosion protection for the
underlying AZ31 alloy.

3.5 Hydrogen evolution

Figure 11 shows the variation of hydrogen
evolution volume with the immersion time of the
samples. The hydrogen evolution volume of the
MgAI-LDH was the fastest, and all the liquid was
depleted in the titration tube after only 192 h. In
contrast, the hydrogen evolution volume highly
decreased after the low-surface-energy modification
and infusion of silicone oil. The MgAl-LDH-PFDS
coating can repel the corrosive media by the fixed
tiny air pockets at the solid—liquid interface.
However, during the service, the air will be
gradually consumed, so that the corrosive ions will
be penetrated [27]. Therefore, after immersion for
about 25 h, its hydrogen evolution volume began to
highly increase. Especially, the hydrogen evolution
volume of the SLIPS was the lowest, further
indicating the best corrosion resistance and stability
of SLIPS in this work, which was consistent with
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Fig. 10 Bode plots of impedance modulus |Z] (a) and phase angle vs frequency (b) for MgAl-LDH, MgAIl-LDH-PFDS
and SLIPS formed at electrolyte pH of 10.5, and equivalent circuit models for MgAl-LDH (c) and SLIPS (d)
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Fig. 11 Variation of hydrogen evolution volume with

immersion time in 3.5 wt.% NaCl for MgAIl-LDH,

MgAI-LDH-PFDS, and SLIPS formed at pH of 10.5

the Tafel curves and EIS results. However, the
hydrogen evolution volume of the SLIPS slightly
increased with increasing immersion time, which
may be due to the leakage of silicone oil during the
long-term immersion [28]. Nevertheless, the SILPS
can still provide the best corrosion resistance.

3.6 Analysis of corrosion resistance mechanism
The high-density stacked MgAIl-LDH nanosheets
successfully form a physical barrier [29,30].
However, there are tiny pores and cracks inside,
resulting in insufficient physical protection ability,
as shown in Figs. 12(a) and (c). Nonetheless, the
loose and porous structure of MgAI-LDH provides
the necessary conditions for the injection of liquid
lubricants after low-surface-energy modification
(Fig. 12(b)). The injection of liquid lubricants into
defects such as pores and cracks can provide a more
complete physical barrier. Therefore, the invasion
of corrosive solutions can be significantly restricted.
In addition, the liquid layer of silicone oil is

Corrosion AZ31 Mg alloys AZ31 Mg alloys
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electrically insulated, limiting electron transfer and
greatly slowing down the corrosion rate. On the
other hand, the SLIPS possesses self-healing
performance, due to the fluidity of the liquid
lubricant. Thus, when its surface is damaged, the
lubricant can spontaneously flow to self-repair the
defects (Fig. 12(d)) [26,31]. Furthermore, as shown
in Fig. 12(e), the corrosive media of CI” ions can be
gradually entrapped in the interlayer of MgAI-LDH
and the corrosion inhibitor of anion NOj is
simultaneously released into the NaCl solution,
owing to the good ion-exchange characteristic of
LDH [32-35]. Therefore, SLIPSs can effectively
improve the corrosion resistance of AZ31 alloys
by providing an excellent physical barrier and
corrosion inhibition.

4 Conclusions

(1) SLIPSs were successfully developed on
AZ31 Mg alloys by infusion of silicone oil into the
nano porous MgAIl-LDH film. In particular, the
MgAI-LDH was synthesized using electrolytes at
different pH values.

(2) Except for a pH of 8.5, MgAl-LDH grew
well on the AZ31 Mg alloy, with numerous
nanosheets distributed perpendicularly, providing
an appropriate nanocontainer to accommodate the
silicone oil.

(3) In comparison with the bare AZ31 Mg
alloy, the development of the protective coating
significantly improved the corrosion resistance.
Especially, when the pH was 10.5, the formed
SLIPS showed the best corrosion resistance,

with the lowest corrosion current density of
3.72x107° A/em?. This was mainly related to the
high uniformity and thickness of the MgAIl-LDH to
form a stable liquid layer.

Fig. 12 Schematic diagram illustrating corrosion resistance mechanism of MgAI-LDH film (a, ¢, e) and SLIPS (b, d)
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(4) The SLIPS presented better corrosion
resistance than MgAI-LDH and the super-
hydrophobic surface of MgAl-LDH-PFDS in both
electrochemical and long-term immersion tests,
indicating effective and reliable sealing by the
stable liquid layer.
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1 E: 1E AZ3] A SR SRRSO 2 fLR T (SLIPS), MM SIREUEME . Kk 210
ER GBS AN (LDIEAPIK 4%, F DU BOR A i o @ 145 F g ) pH (8, 3R48H T#93T SLIPS
HIftE LDH 52 . B RARE pH EXT SLIPS REJES . FETHRMER BT NI m ., 451 %H, HpH
fHM10.5 i, P& K MgAI-LDH 2B &K, N 3.51 um, FHAIBBEZ KR, FERIE 0.22 mg/mm?,
ff151% MgAl-LDH JEZFr#5i SLIPS m A& &Rt m LB e vhet, BB REERIK, N
3.72x107° Alem?. 55— /7T, SEBH/KERMAHL, TRTERAAMEE R TE KRR+, SLIPS #m N AZ31
BEO S AR AL AT (S B 3 o BB ST I T P RE (R o B R AR ST T2 R A

KBEIR): RSO ALK B pH E; W0t RMEKME; AZ31HEAE
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