
 

 

 

Trans. Nonferrous Met. Soc. China 30(2020) 2424−2434 

 
Comparison of corrosion resistance of MgAl-LDH and 

ZnAl-LDH films intercalated with organic anions ASP on AZ31 Mg alloys 
 

Jia-ling CHEN1,2, Liang FANG1,2, Fang WU1, Xian-guang ZENG2, 

Jia HU3, Shu-fang ZHANG4, Bin JIANG3, Hai-jun LUO5 
 

1. Chongqing Key Laboratory of Soft Condensed Matter Physics and Smart Materials,  

State Key Laboratory of Power Transmission Equipment & System Safety and New Technology,  

College of Physics, Chongqing University, Chongqing 400044, China; 

2. Material Corrosion and Protection Key Laboratory of Sichuan Province,  

Institute of Materials Science and Engineering,  

Sichuan University of Science and Engineering, Zigong 643000, China; 

3. National Engineering Research Center for Magnesium Alloys, College of Materials Science and Engineering, 

Chongqing University, Chongqing 400044, China; 

4. College of Software, Chongqing College of Electronic Engineering, Chongqing 401331, China; 

5. Chongqing Key Laboratory on Optoelectronic Functional Materials, College of Physics and Electronic Engineering, 

Chongqing Normal University, Chongqing 401331, China 
 

Received 23 December 2019; accepted 16 July 2020 
                                                                                                  

 
Abstract: The aspartic acid (ASP), an environment-friendly corrosion inhibitor, was explored to intercalate into the 
ZnAl-layered double hydroxide (ZnAl-LDH) and MgAl-LDH coatings on AZ31 magnesium alloys by a facile one-step 
hydrothermal method. The morphology, composition, structure and corrosion resistance of the prepared coatings were 
comparatively investigated. It is found that the uniform and dense layered nanosheet (NS) vertically grows on the 
substrate, and the MgAl−ASP-LDH films exhibit a three-dimensional (3D) rose-like sheet structure with high ratio of 
pore coverage. The MgAl−ASP-LDH coating exhibits better corrosion resistance and durability of longtime immersion 
than ZnAl−ASP-LDH coating. The corrosion current density of two coatings is two or three orders of magnitude lower 
than that of bare Mg alloy, indicating that ZnAl/MgAl-LDH films intercalated with organic ASP anions can 
significantly improve the corrosion resistance of Mg alloy. 
Key words: hydrotalcite; magnesium alloy; aspartic acid; corrosion resistance; corrosion inhibitor 
                                                                                                             

 
 

1 Introduction 
 

As the lightest structural material, magnesium 
(Mg) alloys have been widely applied in auto- 
mobile, electronics, computer, aerospace and other 

industries [1,2]. But their poor corrosion resistance 
due to the low standard potential (−2.36 V) limits 
their extensive applications [3−6]. So, plenty of 
surface treatment measures have been developed  
to improve their corrosion resistance [7−10]. 
Among these protective coatings, layered double  
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hydroxides (LDHs) have drawn increasing attention 
for their excellent anti-corrosion performance 
owing to the unique lamellar structure and excellent 
exchangeability of interlayer anions. 

LDH is a class of anionic-intercalated clay 
material with a hierarchical structure [11−14], 
which can be expressed by a general 
formula: 2 3

1 2 / 2[M M (OH) ] (A ) H O.x n
x x x n y   

  The 
hydrotalcite layer is composed of M2+ and M3+ 

cations locating in the octahedral pores, x is the 
molar ratio of M3+/(M2++M3+), An− is interlayer 
anions, and m is the number of water molecules in 
the interlayer [15−18]. The interlayer mainly 
consists of anion and water molecules with weak 
electrostatic force and hydrogen bonding, which 
allows the interlayer anions to easily exchange with 
other anions. The unique interlayer anion exchange 
ability allows LDHs to capture aggressive anions 
(such as Cl−) and delay corrosion reactions.  
Besides, the corrosion inhibitors encapsulated into 
the LDHs laminates may further protect the 
substrate from local corrosion [19,20]. Therefore, it 
is proposed to insert a corrosion inhibitor into the 
laminated LDH to increase corrosion resistance or 
obtain self-healing protection of the metal substrate. 
However, the appropriate LDHs and the corrosion 
inhibitor for the protection of Mg alloy still remains 
to be found out. 

Two kinds of typical LDH, MgAl-LDH and 
ZnAl-LDH, have been explored. For instance, 
WANG et al [21] prepared the Mg−Al LDH films 
by a hydrothermal method and found their LDHs 
have a graded nanosheet (NS) structure, which 
uniformly cover the surface of substrate and 
effectively improve the corrosion resistance of Mg 
alloys. But the graded structure of the LDH   
films was destroyed and the protection ability   
was reduced after immersion in a 3.5 wt.%    
NaCl solution for 6 h. Based on the structural    
memory effect of LDH during its rehydration,  
MONTEMOR et al [16] fabricated MgAl−MBT- 
LDH by intercalating the calcined MgAl−CO3- 
LDH in which 2

3CO   was volatilized with 
mercaptobenzothiazole (MBT) and got an enhanced 
corrosion resistance to chloride-containing solution. 
CHEN et al [17] deposited MgAl−PA-LDH by 
embedding phytic acid (PA), an organic compound 
with metal chelating ability, into the synthesized 
MgAl−CO3-LDH laminate and achieved the 
synergistic protection of LDH and corrosion 

inhibitor (PA). 
A few work based on ZnAl-LDH has also been 

carried out. For example, GUO et al [22] 
synthesized a dense Zn−Al LDH film to act as a 
“fence” between the Al alloy substrate and the 
corrosion solution to effectively prevent the transfer 
of charge and inhibit the corrosion process. 
ZHANG et al [23] found that ZnAl-LDH−lauric 
acid (LA) films can improve the corrosion 
resistance of Al alloys. BUCHHEIT et al [15] 
reported that the 3VO  can be released out from 
the ZnAl−VO3-LDH coating to avoid further 
corrosion in a corrosive environment. 

However, the corrosion inhibitors adopted on 
MgAl-LDH and ZnAl-LDH are mainly inorganic 
anions. Owing to special functional groups of 
nitrogen, oxygen, sulfur and phosphorus, and 
multiple bonds or aromatic rings in the structure, 
the organic compounds are usually excellent 
inhibitors and organic protective coating is one of 
the commercial ways to protect metal surface 
against corrosion. Aspartic acid (ASP), a natural 
and environment-friendly organic compound, was 
found to have the ability to protect Al alloys from 
corrosion [24]. As far as we know, their application 
in the protection of Mg alloy has been less reported. 

Meanwhile, most of the LDH-based anti- 
corrosion coatings were synthesized by a 
complicated two-step approach (the corrosion 
inhibitors are usually inserted into the LDH 
laminates by ion-exchange after the formation of 
LDH), so a simple and more cost-effective way, 
especially one-step method is urgent to develop. In 
our previous work, ZnAl-LDHs intercalated with 
different inorganic anions (NO3−, Cl−, 3

4VO  , 
3
4PO  , and 2

4MoO  ) [18] and rose-like MgAl-LDH 
coating encapsulated with organic ASP [25] were 
produced on AZ31 Mg alloys with a facile 
hydrothermal method, and their corrosion resistance 
or self-healing was studied. 

Therefore, in this work, the ASP was chosen as 
the corrosion inhibitor and inserted into the 
MgAl-LDH and ZnAl-LDH laminate to form 
MgAl−ASP-LDH and ZnAl−ASP-LDH films on 
AZ31 Mg alloy by a simple hydrothermal method, 
respectively. The morphology, structure and the 
corrosion resistance of these two types of LDHs 
were comparatively investigated by XRD, FTIR, 
SEM and electrochemical test systems. 



Jia-ling CHEN, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2424−2434 

 

2426

 
2 Experimental 
 
2.1 Pretreatment of Mg alloy substrate 

AZ31 Mg alloy sheets (2.5−3.5 wt.% Al, 
0.6−1.4 wt.% Zn, 0.2−1.0 wt.% Mn, <0.08 wt.% Si, 
<0.04 wt.% Ca, <0.004 wt.% Fe, <0.01 wt.% Cu, 
<0.001 wt.% Ni and balanced Mg) with a size of  
20 mm × 25 mm × 2.0 mm were employed as the 
substrates. All the chemical reagents used in this 
experiment, including Mg(NO3)2ꞏ6H2O, Zn(NO3)2ꞏ 
6H2O, Al(NO3)3ꞏ9H2O, C4H7NO4(ASP), NaCl and 
NaOH were of analytical grade. 

AZ31 samples were polished with 400, 800, 
1500 and 2000 grit SiC abrasive papers, followed 
by ultrasonic cleaning in ethanol and dried at 60 °C. 
In order to remove impurities and oxides on the 
substrate surface, the Mg sheets were immersed in 
0.5 wt.% NaOH solution for ultrasonic cleaning for 
1 min. Then, they were sonicated in alcohol for   
10 min and then dried for use. 
 
2.2 Preparation of MgAl−ASP-LDH, ZnAl−ASP- 

LDH and ASP coating 
The preparation process is shown in Fig. 1. 

The detail synthesis process of MgAl−ASP-LDH 
on AZ31 alloy is as follows. 0.769 g Mg(NO3)2ꞏ 
6H2O, 0.375g Al(NO3)3ꞏ9H2O and 0.044 g ASP 
were homogeneously dissolved in 50 mL deionized 
(DI) water and magnetically stirred. Then the pH of 
the solution was adjusted to 10 by the dropwise 
addition of NaOH (2 mol/L), which was carried out 
in a glove box with nitrogen gas to prevent the 
carbonate ions due to CO2 in the air from 
intercalating the LDH. The mixed solution and the 
treated Mg alloy were transferred to a hydrothermal 
kettle (denoted as MgAl−ASP-LDH coating), 

hydrothermally reacted at 393 K for 12 h and taken 
out after cooling in the air. Finally, they were 
washed with DI water by ultrasonication for 15 min 
and then dried. 

The fabrication process of ZnAl−ASP-LDH 
coating is similar with that of MgAl−ASP-LDH 
coating. In typical synthesis, 0.04 mol/L Zn(NO3)2ꞏ  
6H2O and 0.02 mol/L Al(NO3)3ꞏ9H2O were used as 
reactants. Mg alloy was immersed in ASP solution 
under same environment, and then the ASP coating 
was successfully prepared. 

 
2.3 Characterization and electrochemical 

measurement 
The morphology was observed by field 

emission scanning electron microscopy (FE-SEM, 
Mira3 LMH). The crystallographic structure was 
detected by X-ray diffractometry (XRD, Bruker D8 
Advance Cu Kα). The composition was confirmed 
by Fourier transform infrared spectroscopy (FTIR 
Nicolet iS50). 

The polarization curves and electrochemical 
impedance spectroscopy (EIS) were used to judge 
the corrosion resistance of the coating, which were 
measured with an electrochemical workstation 
(CHI760E, Shanghai Chenhua, China) at room 
temperature (RT) using 3.5 wt.% NaCl solution. 
The AZ31 Mg alloy substrate and synthesized 
sample were employed as working electrode     
(1 cm × 1 cm), while the saturated calomel 
electrode (SCE) and platinum electrode (3 cm × 
3 cm) as reference electrode and counter electrode, 
respectively. Prior to the measurement, the working 
electrode was immersed in 3.5 wt.% NaCl solution 
until the open circuit voltage was stable. The 
polarization curves were recorded from −2.0 to    
0 V (vs SCE) at a sweep rate of 1 mV/s. The EIS 

 

 

Fig. 1 Schematic preparation process of ZnAl−ASP-LDH and MgAl−ASP-LDH coatings 
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measurements were carried out in a vibration 
frequency from 100 kHz to 100 MHz with an 
amplitude disturbance of 1 mV and 2 s of rest time. 
All the spectra were recorded at the open circuit 
potential. 
 
3 Results and discussion 
 
3.1 Morphology and structure 

The morphologies of the surface and cross- 
section of ASP, ZnAl−ASP-LDH and MgAl−ASP- 
LDH coatings are displayed in Fig. 2. From    
Figs. 2(a, b), it is obvious that the surface of the 
ASP coating is covered with a layer of dense 
particles, which compactly coats the substrate. For 
the ZnAl−ASP-LDHs films (Figs. 2(d, e)), it is 
shown that the LDH NS films vertically grow on 
Mg alloy and exhibit a uniform and dense NS 
structure. There are some pores on the film surface, 
and they cause the corrosive substance penetrating 
into the barrier layer, which is not conducive to the 
protection of Mg alloys. 

Compared with the ZnAl−ASP-LDH coating, 
the MgAl−ASP-LDH coating grows very uniformly 

and retains the lamellar structure of LDH with only 
a few holes (Figs. 2(g, h)), coming into being a 
three-dimensional porous rose-like sheet structure, 
which can effectively prevent the penetration of 
corrosion solution. And the LDH NSs can increase 
the specific surface area contacting with the 
corrosive solution, thereby improving the capture 
efficiency of corrosive ion Cl−. 

The cross-sectional morphologies of ASP, 
ZnAl−ASP-LDH and MgAl−ASP-LDH coating on 
the AZ31 Mg substrate are shown in Figs. 2(c, f, i). 
It can be clearly seen that all the films have strong 
adhesion to the substrate and grow uniformly and 
densely on the surface of the Mg alloy. The 
thickness values of ASP, ZnAl−ASP-LDH and 
MgAl−ASP-LDH films are about 3.95, 9.49 and 
17.01 μm, respectively, and the MgAl−ASP-LDH 
film is the thickest. 

The XRD patterns and FT-IR spectra of ASP, 
ZnAl−ASP-LDH and MgAl−ASP-LDH coating are 
shown in Fig. 3. From Fig. 3(a), it is observed that 
ZnAl−ASP-LDH and MgAl−ASP-LDH exhibit 
(003) and (006) characteristic diffraction peaks of 
LDH (standard alignment card 22-700 [26]). The  

 

 

Fig. 2 SEM images of surface (a, b, d, e, g, h) and cross-section (c, f, i) of coating on Mg alloys: (a, b, c) ASP;       

(d, e, f) ZnAl−ASP-LDH; (g, h, i) MgAl−ASP-LDH 
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Fig. 3 XRD patterns (a) and FT-IR spectra (b) of ASP, 

ZnAl−ASP-LDH and MgAl−ASP-LDH 

 
(003) peaks of MgAl−NO3-LDH, MgAl−ASP-LDH, 
ZnAl−NO3-LDH and ZnAl−ASP-LDH locate at 
2θ=11.25°, 10.9°, 11.22° and 10.69°, respectively, 
indicating that the peaks of the LDH intercalated 
with ASP shift toward low angle. This shift is 
mainly ascribed to the difference in the size of 
intercalated nitrate anions and ASP anions. 

The spacing of (003) planes, d(003), calculated 
by Bragg equation (d=λ/(2sinθ)) for MgAl−NO3

−- 
LDH, MgAl−ASP-LDH, ZnAl−NO3

−-LDH and 
ZnAl−ASP-LDH are 0.911, 0.941, 0.785 and  
0.824 nm, respectively, meaning that spacing of 
(003) planes of ASP-inserted LDH samples is larger 
than that of NO−

3-inserted LDH samples. 
From FT-IR spectra (Fig. 3(b)), the absorption 

band at 3380 cm−1 is associated with N — H 
vibration, and 1635 and 1416 cm−1 are assigned to 
—COOH vibration of ASP molecules [27]. The 
occurrence of these three peaks indicates that ASP 
actually exist in the corresponding ZnAl-LDH and 
MgAl-LDH samples. The 3693 cm−1 absorption is 
attributed to inter-layer water molecules and water 

molecules absorbed on the surface. The XRD and 
FT-IR patterns reveal that ASP ions are successfully 
intercalated into ZnAl-LDH and MgAl-LDH 
laminates, respectively. 

In order to further verify the presence of 
intercalated aspartate ions, sensitive XPS is 
measured for MgAl−NO3

−-LDH, MgAl−ASP-LDH, 
ZnAl−NO3

−-LDH and ZnAl−ASP-LDH. The XPS 
results are shown in Fig. 4. Figure 4(a) shows the 
survey spectra of MgAl-LDH before and after 
intercalation of ASP. The high-resolution O 1s 
spectra of MgAl−NO3

−-LDH and MgAl−ASP-LDH 
are shown in Figs. 4(b, c), respectively. The peaks 
centered at 530.8, 531.6 and 531.3 eV correspond to 
oxygen peaks in hydroxyl bonding with Mg or Al 
and N—O bonding in NO3

−, respectively [28]. From 
Fig. 4(c), in addition to these three peaks, another 
peak at 532.2 eV obviously appears which is related 
to the O—C=O bond [29], indicating that the 
organic aspartic acid ion is successfully inserted 
into the MgAl-LDH laminate. The survey of 
ZnAl−NO3

−-LDH and ZnAl−ASP-LDH, and the   
O 1s spectra of ZnAl−NO3

−-LDH and ZnAl− 
ASP-LDH are shown in Figs. 4(d, e, f), respectively. 
Similarly, by comparing the O 1s spectra of    
Figs. 4(e, f), it can be found that ASP ion is also 
successfully intercalated into the ZnAl-LDH 
laminate. 
 
3.2 Corrosion resistance 

The polarization curves of ASP, MgAl−ASP- 
LDH, ZnAl−ASP-LDH coatings are shown in   
Fig. 5. For comparison, the polarization curve of the 
Mg substrate is also included. The corrosion 
parameters of the polarization curves are listed in 
Table 1. It can be seen from Table 1 that the 
MgAl−ASP-LDH coating has the largest corrosion 
potential (φcorr), and the corrosion current density 
(Jcorr) of AZ31 alloy, ASP, ZnAl−ASP-LDH and 
MgAl−ASP-LDHs coatings decreases from 
6.984×10−5 to 3.351×10−6, 3.933×10−7 and 
2.769×10−8 A/cm2. Typically, the corrosion current 
density of ASP, ZnAl−ASP-LDH and MgAl−ASP- 
LDH coatings is less than that of the Mg alloy 
substrate by about one, two and three orders of 
magnitude, respectively. It is known that the  
larger the corrosion potential is and the lower the 
corrosion current density is, the better the corrosion 
resistance is. So, the MgAl−ASP-LDHs coating 
exhibits the best corrosion resistance among four 
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Fig. 4 Survey of MgAl−NO3

−-LDH, MgAl−ASP-LDH (a) and ZnAl−NO3-LDH, ZnAl−ASP-LDH (b), and O 1s spectra 

of MgAl− NO3
−-LDH (c), MgAl−ASP-LDH (d), ZnAl−NO3

−-LDH (e), ZnAl−ASP-LDH (f) 

 

samples studied. Meanwhile, the anti-corrosion 
properties of the fabricated samples are   
compared with those of ZnAl−NO3

−-LDH and 
MgAl−NO3

−-LDH films reported in our previous 
work [18,25], and it is found that the corrosion 
resistance of the ZnAl-LDH and MgAl-LDH films 
intercalated with organic ASP anion is much better 
than that of the corresponding LDH intercalated 
with inorganic NO3

− anion. 

EIS measurements are employed to further 
characterize the corrosion inhibition effect of the 
coatings on the Mg alloy AZ31. The |Z|max of bare 
Mg alloy is only 446 Ωꞏcm2, whereas the |Z|max of 
MgAl−ASP-LDH coatings is 5.85×105 Ωꞏcm2, 
which is increased by three orders of magnitude in 
comparison with the Mg alloy matrix (Fig. 6(a)). 
MgAl−ASP-LDH coating shows the highest   
|Z |max value, followed by the ZnAl−ASP-LDH  
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Fig. 5 Polarization curves of Mg alloy AZ31, ASP, 

ZnAl−ASP-LDH and MgAl−ASP-LDH coatings 

 

(9.08×104 Ωꞏcm2) and ASP (2.79×103 Ωꞏcm2) 
coatings. The equivalent circuit (EC) models for 
Mg alloy and coatings are given in Fig. 6(d) based 
on the Bode phase plots (Fig. 6(b)). As known, the 
material with a higher Z modulus at lower 
frequencies exhibits better corrosion resistance on 

Table 1 Corrosion potential and corrosion current 

density of Mg alloy AZ31, ASP, MgAl−ASP-LDH, 

ZnAl−ASP-LDH coatings in 3.5 wt.% NaCl solution 

Sample 
φcorr(vs SCE)/ 

V 
Jcorr/ 

(Aꞏcm−2) 
Source 

Mg alloy AZ31 −1.446 6.984×10−5 This work

ASP −1.452 3.351×10−6 This work

ZnAl−ASP-LDH −1.503 3.933×10−7 This work

MgAl−ASP-LDH −0.805 2.769×10−8 This work

ZnAl− NO3
−-LDH −1.338 2.139×10−5 Ref. [13]

MgAl−NO3
−-LDH −1.300 5.580×10−7 Ref. [20]

 
the metal substrate [30,31], Thus, the samples 
coated with MgAl−ASP-LDH possesses better 
corrosion resistance. From Fig. 6(c), it is found that 
the arc radius of the MgAl−ASP-LDH, ZnAl−ASP- 
LDH and ASP coatings decreases in turn, meaning 
that the MgAl−ASP-LDH with the largest arc 
radius has the best corrosion resistance. From   
Fig. 6(d), charge transfer resistor (Rct) is connected 
in parallel with the electric double layer capacitor 

 

 
Fig. 6 Bode magnitude plots (a), Bode phase plots (b), Nyquist diagram (c) and equivalent electrical circuit (d) of Mg 

alloy AZ31, ASP, ZnAl−ASP-LDH and MgAl−ASP-LDH 
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(Cedl) and in series with the coating resistor (Rcoat), 
where CPEcoat and Rs are the coating capacitance 
and solution resistance, respectively. Here, because 
the Nyquist diagram deviates from the ideal 
behavior, the constant phase element (Q) is superior 
to the pure capacitor. The value of the pseudo 
capacitor (CPEcoat) can be calculated by the 
following expression [32]: 
 
C=(Q0ꞏR)1/n/R                           (1) 
 
where C (F/cm2) is a pseudo capacitance, Q0 
(Sꞏsn/cm2) is a constant phase element, n is a 
frequency factor and R (Ω) is a resistance. The 
transfer resistance values are calculated by the 
fitting circuit and given in Table 2. It is found that 
the transfer resistances of the ASP, ZnAl−ASP- 
LDH and MgAl−ASP-LDH coating are 1.391×103, 
6.484×103 and 5.758×104 Ω, respectively, which are 
much larger than the transfer resistance of AZ31 
alloy (34.240 Ω), indicating that all three coatings 
can improve the corrosion resistance of Mg alloy 
and MgAl−ASP-LDH coating is the best one. These 
results illustrate that the ZnAl-LDH or MgAl-LDH 
films intercalated with ASP prepared by one-step in 
situ method can effectively improve the corrosion 
resistance of the AZ31 Mg alloy. 
 
Table 2 Maximum impedance value and transfer 

resistance of Mg alloy AZ31, ASP, MgAl−ASP-LDH, 

ZnAl−ASP-LDH coatings in 3.5 wt.% NaCl solution 

Sample ǀZ|max/(Ωꞏcm2) Rct/Ω 

Mg alloy AZ31 4.41×102 34.240 

ASP 2.791×103 1.391×103

ZnAl−ASP-LDH 9.08×104 6.484×103

MgAl−ASP-LDH 5.85×105 5.758×104

 

3.3 Morphology and corrosion resistance after 
immersion 
In order to investigate the electrochemical 

properties of the coating with long immersion  
time, the ZnAl−ASP-LDH and MgAl−ASP-LDH 
coatings were immersed in 3.5 wt.% NaCl solution 
for 7 days (168 h) and 20 days (480 h), respectively. 
The morphologies of the samples after the 
immersion experiments are shown in Fig. 7. It can 
be seen from Fig. 7(a) that the one week’s 
immersion into the corrosive NaCl solution causes 
the nanosheets of the ZnAl−ASP-LDHs film to be 
completely dissolved, and the insoluble precipitates  

 

 
Fig. 7 SEM images of ZnAl−ASP-LDH (168 h) (a)   

and MgAl−ASP-LDH (480 h) (b) after immersion in  

3.5 wt.% NaCl solution  

 

evenly and smoothly cover the surface of the Mg 
alloy, which can effectively slow down the 
corrosion of Mg alloy to some extent. 
Astonishingly, the MgAl−ASP-LDH coating still 
maintains the typical LDH nanosheet structure  
after soaking in NaCl solution for near three weeks 
(Fig. 7(b)). Compared with the morphology before 
corrosion, even though some LDH nanosheets have 
been dissolved and peeled off, the surface of the 
Mg alloy is still covered by the dense three- 
dimensional flaky LDH, which effectively prevents 
the invasion of the corrosion solution. 

Usually, there are three roles for the LDH 
films with ASP anions in enhancing the anti- 
corrosion performance: (1) the high-density 
nanosheets of LDHs films behave as a barrier 
coating to protect the aggressive Cl− anions from 
directly contacting the Mg substrate, which will 
avoid the invasion of the corrosion solution and 
delay the initiation of the corrosion; (2) owing to 
the anion-exchange of LDHs, the intercalated ASP 
anions exchange with the Cl− anions, meaning that 
the concentration of harmful Cl− will decrease  
after its entrapment; (3) the released ASP anions in 
the aggressive environment can form a corrosion  
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Table 3 Comparison of corrosion resistance of ZnAl-LDH or MgAl-LDH films intercalated with different organic 

anions (corrosion solution: 3.5 wt.% NaCl) 

Cation of LDH 
Anion of 

LDH* 
Substrate 

Preparation 
method** 

φcorr/V 
Jcorr/(μAꞏcm−2) 

Ref. 
Substrate LDH coating

FAS/LDH − AZ31 HT − 48.100 0.097 [33] 

MgAl-LDH PA AZ31 HT −1.54 59.400 0.760 [17] 

MgAl-LDH/PEO-Ce PA AZ31 HT −0.13 13.600 0.050 [26] 

ZnAl-LDH LA Al CP − − 0.001 [23] 

LiAl-LDH ASP 6N01 Al alloy HT − − − [27] 

MgAl-LDH 8HQ AZ31 HT −0.766 − 0.17 [29] 

LiAl-LDH 2-GA Al HT −0.448 − 0.01 [34] 

MgAl-LDH ASP AZ31 One-step HT −0.805 27.030 0.0277 This work

ZnAl-LDH ASP AZ31 One-step HT −1.503 74.820 0.393 This work

* PA−Phytic acid, LA−Lauric acid; ASP−Aspartic acid, 8HQ−8-hydroxyquinoline, and 2-GA−2-guanidinosuccinic acid; ** HT− 
Hydrothermal method, and CP−Co-precipitation method 

 

inhibitor protective layer (usually called as 
self-healing coating) on the surface of Mg alloy. 
Shortly speaking, the corrosion resistance of 
ASP-intercalated LDHs films can be improved by 
the barrier coating, the entrapment of harmful 
chlorides and the inhibition protective layer. 

As far as ZnAl−ASP-LDH and MgAl−ASP- 
LDH are concerned, the thicker coating and the 
rose-like sheet structure make it more advantageous 
for the MgAl−ASP-LDH to form barrier layer, and 
the larger d(003) spacing (0.941 nm vs 0.824 nm of 
ZnAl−ASP-LDH) causes it more conducive to 
absorb Cl− and release interlayer anions.  
Meanwhile, the Mg2+ ions corroded from Mg alloys 
are more likely to form an inhibition protective 
MgAl-LDH layer than the ZnAl-LDH. 

Therefore, due to the comprehensive effect of 
the above three factors, the MgAl−ASP-LDH films 
demonstrate better anti-corrosion property than the 
ZnAl-ASP-LDH films. 
 
3.4 Comparison of corrosion resistance of MgAl- 

LDH or ZnAl-LDH films with different 
organic anions 
The corrosion resistances of ZnAl-LDH or 

MgAl-LDH films intercalated with different organic 
anions are briefly compared and the results are 
given in Table 3. It is found that the corrosion 
potential of LDH coating is in the range from −1.50 
to 0.120 V. The corrosion current density of the 
metal substrate is at 10−5 A/cm2 order of magnitude, 
while that of the LDH coating is usually at 

10−7−10−9 A/cm2 order of magnitude, indicating 
LDH coating can greatly increase the corrosion 
resistance. Among the LDHs intercalated with 
organic anions, the LA-intercalated ZnAl-LDH 
coatings fabricated by ZHANG et al [23] got the 
lowest corrosion current density (~1×10−9 A/cm2). 
The corrosion current density of the MgAl−ASP- 
LDH prepared in this work is lower than that of the 
MgAl−PA-LDH deposited by CHEN et al [17] and 
ZHANG et al [26], implying that ASP-intercalated 
MgAl-LDH has better corrosion resistance than the 
PA-intercalated one. 
 
4 Conclusions 
 

(1) ASP is successfully inserted into the 
ZnAl-LDH and MgAl-LDH laminate with a simple 
one-step hydrothermal method instead of the 
conventional two-step anion exchange method. 

(2) The ZnAl−ASP-LDH films exhibit a 
porous NS structure, while the MgAl−ASP-LDH 
coatings display a three-dimensional rose-like sheet 
structure with high ratio of pore coverage. 

(3) In the immersion test, ZnAl−ASP-LDH 
coating is dissolved and disappears after soaking in 
3.5 wt.% NaCl solution for 168 h. On the contrary, 
the MgAl−ASP-LDH coating still maintains a 
dense 3D sheet-like structure after immersing for 
480 h. The coating of MgAl−ASP-LDH shows 
better durability in corrosion solution. 

(4) Typically, the corrosion current density of 
ZnAl−ASP-LDH and MgAl−ASP-LDH coating is 
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two or three orders of magnitude lower than that of 
bare Mg alloy, respectively, indicating that the 
ZnAl-LDH or MgAl-LDH films intercalated with 
organic ASP anions can effectively improve the 
corrosion resistance of Mg alloy. 
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摘  要：使用一步简单水热法分别制备天冬氨酸(ASP)插层的 ZnAl 层状双氢氧化物(ZnAl-LDH)和 MgAl-LDH 涂

层。对所制备的两种涂层的形貌、成分、结构和耐蚀性进行比较研究。结果表明，均匀且致密的层状纳米片(NS)

在基底上垂直生长，并且 MgAl−ASP-LDH 涂层表现出高孔隙覆盖率的三维(3D)玫瑰型片状结构。浸泡测试中，

MgAl−ASP-LDH 涂层展示出比 ZnAl−ASP-LDH 涂层更优异的耐久性和耐腐蚀性。ZnAl−ASP-LDH 和 MgAl− 

ASP-LDH涂层的腐蚀电流密度比Mg合金基底的低 2~3个数量级，这表明插入有机ASP阴离子的ZnAl/MgAl-LDH

膜可以显著提高镁合金的耐腐蚀性。 
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