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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 MgAl-LDH film synthesized at a pH of 10.5 had a maximum thickness of 3.51 μm to 
accommodate the most silicone oil, with a mass of 0.22 mg/mm2, which provided the best corrosion protection, with the 
lowest corrosion current density of 3.72×10−9 A/cm2. 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, MgAl-LDH was first synthesized on 
the AZ31 Mg alloy via the hydrothermal method. 
Then, MgAl-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 
18 mm × 18 mm × 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 MgAl-LDH can provide porous 
microstructures to accommodate liquid lubricant for 
SLIPS, the MgAl-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-perfluorodecyltriethoxysilane 
(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 
(MgAl-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 Kα1 (0.15406 nm) as a radiation 
source with a scanning rate of 2 (°)/min from 5° to 
80° of 2θ. The water contact angle (WCA) was 
measured by a SmartDrop (FEMTOFAB Co., Korea) 
at ambient temperature. 
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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 3.5 wt.% 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 1 cm2 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]. 
 

 
Fig. 2 Schematic diagram of hydrogen collection device 

 
3 Results and discussion 
 
3.1 Surface and cross-sectional morphology 

Figure 3 shows the surface morphology of 
MgAl-LDH formed at different pH values on the 
AZ31 Mg alloy. The typical nano-sheet structures 
of the MgAl-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 MgAl-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 
MgAl-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 μm when the pH 
was 8.5, 9.5, 10.5, 11.5, and 12.5. Therefore, the 
thickness of MgAl-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 MgAl-LDH films. 
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Fig. 3 SEM images of surface morphology of MgAl-LDH formed at different pH values: (a) 8.5; (b) 9.5; (c) 10.5;    
(d) 11.5; (e) 12.5 
 

 
Fig. 4 SEM images of cross-sectional morphology of MgAl-LDH formed at different pH values: (a) 8.5; (b) 9.5;     
(c) 10.5; (d) 11.5; (e) 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/mm2. 
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 MgAl-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 

 

 
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 
MgAl-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 MgAl-LDH. 
The relatively low WCA of the MgAl-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  

 

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



Wen-hui YAO, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3309−3318 3314 

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 MgAl-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 
MgAl-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 
(6.75×10−5 A/cm2), showing extremely poor 
corrosion resistance. The corrosion current density 
gradually decreased after the formation of 
MgAl-LDH (3.33×10−7 A/cm2), MgAl-LDH-PFDS 
(5.06×10−8 A/cm2), and SLIPS (3.72×10−9 A/cm2). 
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 MgAl-LDH 
films synthesized at different electrolyte pH. As 
expected, the SLIPS prepared with MgAl-LDH film 
at a pH of 10.5 exhibited the lowest corrosion 
current density of 3.72×10−9 A/cm2. 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 MgAl-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. 
 

 
Fig. 8 Tafel curves of AZ31 Mg alloy, MgAl-LDH, 
MgAl-LDH-PFDS, and SLIPS formed at pH of 10.5 (a), 
and SLIPS formed by MgAl-LDH developed at different 
pH values (b) 
 

 
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 > MgAl-LDH-PFDS > 
MgAl-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 Rsol (CPEoil (Roil (CPELDH (RLDH 
(CPEdlRct))))), where Rsol stands for the solution 
resistance, CPEoil and Roil are the capacitance and 
resistance of the liquid layer of silicone oil in the 
SLIPS, CPELDH and RLDH are the capacitance and 
resistance of LDH, and CPEdl and Rct refer to the 

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 
MgAl-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  

 

 
Fig. 10 Bode plots of impedance modulus |Z| (a) and phase angle vs frequency (b) for MgAl-LDH, MgAl-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 MgAl-LDH, 
MgAl-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 MgAl-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 MgAl-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

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 Cl− ions can be 
gradually entrapped in the interlayer of MgAl-LDH 
and the corrosion inhibitor of anion NO3

− 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 MgAl-LDH film. In particular, the 
MgAl-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 
3.72×10−9 A/cm2. This was mainly related to the 
high uniformity and thickness of the MgAl-LDH to 
form a stable liquid layer. 

 

 
Fig. 12 Schematic diagram illustrating corrosion resistance mechanism of MgAl-LDH film (a, c, e) and SLIPS (b, d) 
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(4) The SLIPS presented better corrosion 
resistance than MgAl-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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光滑多孔表面耐腐蚀性能的影响 
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摘  要：在 AZ31 镁合金表面制备灌注液体型光滑多孔表面(SLIPS)，从而为镁合金提供腐蚀防护。将粗糙多孔的

层状双金属氢氧化物(LDH)作为纳米容器，用以盛放液体润滑液。通过调节电解液的 pH 值，获得用于构筑 SLIPS

的最佳 LDH 膜层。研究不同 pH 值对 SLIPS 表面形貌、表面润湿性和电化学行为的影响规律。结果表明，当 pH

值为 10.5 时，所制备的 MgAl-LDH 膜层厚度最大，为 3.51 μm，其可盛放最多的硅油，质量高达 0.22 mg/mm2，

使得该 MgAl-LDH 膜层所构筑的 SLIPS 可为镁合金提供最优的腐蚀防护性能，腐蚀电流密度最低，为

3.72×10−9 A/cm2。另一方面，与超疏水表面相比，无论在电化学测试还是在长期浸泡试验中，SLIPS 均可为 AZ31

镁合金基体提供更好的腐蚀防护。镁合金耐腐蚀性能的提高将进一步促进其在实践中的广泛应用。 

关键词：灌注液体型光滑多孔表面；电解液 pH 值；耐蚀性；表面疏水性；AZ31 镁合金 
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