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Abstract: In order to improve the corrosion resistance of AZ31 magnesium (Mg) alloy and the adhesion of 
metal-organic frameworks (MOFs) coating, a MAO/ZIF-67 (Co-based MOFs) (micro arc oxide/ZIF-67) composite 
coating was fabricated by in-situ growth on AZ31 MAO coating. The results showed that ZIF-67 with rhombic 
dodecahedron uniformly grew on the surface of MAO coating, and exhibited good adhesion to the substrate, which 
made MAO/ZIF-67 composite coating have good corrosion resistance. It was proved that ZIF-67 could effectively seal 
the pores of MAO coating, increase the tortuosity of the invasion path of corrosion medium, and significantly improve 
the corrosion resistance of Mg alloy. In addition, MAO pretreatment gave the coating strong adhesion, which was more 
conducive to ZIF-67 sealing micro-pores. This study is of great significance to reduce the limitation of MOF coating 
applied to all metal substrates. 
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1 Introduction 
 

As the most developed and potential “green 
engineering material” in the 21st century, magnesium 
(Mg) has the advantages of low density, high 
specific strength, good electrical and thermal 
conductivity, good machinability, and low cost [1]. 
Mg and its alloys (commonly Mg−Al−Zn alloy, 
also known as AZ31) have been widely used in 
automobile manufacturing, electronic communication, 
aerospace, military and nuclear energy and    
other industrial fields [1,2]. However, Mg has  
high chemical activity, so Mg and its alloys are 
prone to corrosion [3], including premature loss  
of mechanical properties, local pH increase, and 

massive hydrogen evolution [4]. Thus, controlling 
the corrosion rate of Mg alloys is crucial for the 
application of Mg alloys. At present, a common 
way to solve this problem is the surface treatment 
of Mg alloys [5]. The main technologies include 
micro-arc oxidation (MAO), chemical conversion 
treatment, and anodizing, etc. 

MAO technology, also known as plasma 
electrolytic oxidation (PEO), is a method of 
generating a plasma discharge on the surface of a 
Mg alloy through the action of a high voltage 
discharge [6−9]. MAO technology is mature and 
reliable, with simple equipment and convenient 
operation. The commonly used electrolytes 
generally include aluminate [10,11], phosphoric 
acid [12,13], silicic acid [14,15] and their mixed  
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systems [16,17]. ZHANG et al [13] demonstrated 
that under certain conditions, phosphate-based 
MAO coatings have the best corrosion resistance to 
Mg alloys. The grown phosphate-based MAO film 
is uniform and dense, with good adhesion so that 
the film does not easily fall off, so the MAO film is 
a good choice for Mg alloy anticorrosion coating. 
However, the porous structure of MAO coating 
seriously decreases the corrosion resistance [18]. 
Corrosive media can easily penetrate the MAO/ 
substrate interface through the defects, resulting in 
corrosion at the interface. Therefore, it is necessary 
to seal the porous MAO coating. 

In recent years, metal-organic frameworks 
(MOFs) have broad application prospects in many 
fields, such as energy storage, biomedicine, and 
catalysis, which have attracted the attention of 
many scientists [8,19]. Current research on MOFs 
as corrosion inhibitors or protective layers has 
demonstrated that some MOFs are stable and 
hydrophobic with potential applications in metal 
corrosion protection [20,21]. ZIF-67 is composed of 
cobalt central ions and organic ligands through 
coordination bonds. As a member of the MOFs 
family, ZIF-67 is stable in aqueous and strong 
alkaline solutions, with abundant microporous 
structure and numerous redox reaction sites, and  
is considered to be a promising anti-corrosion 
material [22]. 

However, the application of MOF coating in 
the field of anti-corrosion mostly focuses on metals 
such as carbon steel, aluminum, and copper, and 
there are not many studies on the corrosion 
protection of Mg alloys. In addition, the hetero- 
geneous nucleation of MOFs is poor, and the MOF 
coating cannot completely cover the surface of   
the metal substrate due to the scattering of    
grains [23,24]. The insufficient binding force 
between the MOF coating and the substrate and the 
limitations of the metal ions in MOFs to the metal 
substrate also need to be solved urgently. 

Based on this, in this study, MAO coatings 
innovatively grew directly on the AZ31 surface, and 
a ZIF-67 (a Co-based MOF) was then introduced 
into the MAO coating to in situ form a MAO/ 
ZIF-67 composite coating. The objective is to 
improve the corrosion resistance of AZ31 Mg alloy 
and the bonding strength of MOFs coating. That is 
expected to be applied to the anti-corrosion in the 
all-metal field. 

 
2 Experimental 
 
2.1 Materials 

The commercial AZ31 Mg alloy ingot 
(3−3.2 wt.% Fe, 2.5−3.5 wt.% Al, 0.6−1.3 wt.% Zn, 
0.2−1 wt.% Mn, 0.1 wt.% Si, 0.05 wt.% Cu, 0.04 wt.% 
Ca, balanced Mg) was cut into specimens      
with dimensions of 18 mm × 18 mm × 5 mm. The 
specimens were ground with 120#−2000# grit   
SiC paper in turn and polished, degreased and 
cleaned for further processing. Anhydrous ethanol, 
deionized water, trisodium phosphate dodecahydrate 
(Na3PO4·12H2O), cobalt(II) nitrate hexahydrate 
(Co(NO3)2·6H2O), sodium hydroxide (NaOH), and 
2-methylimidazole were all purchased from 
Shanghai Sinopharm Chemical Reagent Co., Ltd., 
China. All reagents were analytical reagents and 
were not further purified. The solvent was 
deionized water. All reagents and solvents were 
commercially available and used as provided. 
 
2.2 Preparation of MAO coating 

The MAO coating was formed in a system 
consisting of an electrical signal pulsed AC power 
source (China) and a polymethyl methacrylate 
(PMMA) electrolytic cell fitted with stainless steel 
plates. The anode was AZ31 Mg alloy and the 
cathode was the stainless steel plates. The 
electrolyte consisted of Na3PO4·12H2O (8.03 g/L) 
and NaOH (7.14 g/L) and was continuously stirred, 
and maintained using a water cooling system at 
(25±5) °C. The frequency was 500 Hz and the duty 
ratio was 5% (the pulse width was 100 μs). The 
specimens were washed with deionized water and 
anhydrous alcohol, and dried in warm air. 
 
2.3 Preparation of MAO/ZIF-67 composite coating 

The ZIF-67 (Co-MOF) material was 
synthesized with slight modifications based on the 
previous literature [25,26]. A and B solutions  
were formed by the dissolution of 11.35 g of 
2-methylimidazole and 0.54 g of Co(NO3)2·6H2O in 
100 mL of deionized water. The MAO-coated 
specimens were placed in the mixed solutions of A 
and B, at room temperature for 25 h, to prepare the 
MAO/ZIF-67 composite coating. The cleaning steps 
for the MAO/ZIF-67 composite coating were the 
same as above. The preparation process of the 
composite coating is shown in Fig. 1. 



Yong-hua CHEN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2631−2645 2633 

 

 
Fig. 1 Preparation process of MAO/ZIF-67 composite coating (a) and schematic diagram of coordination synthesis of 
ZIF-67 (b) 
 
2.4 Characterization 

The surface morphology and cross-sectional 
thickness of the coatings were investigated using 
FE-SEM (JSM−7800F, JEOL, field emission 
scanning electron microscopy, Japan). The 
elemental composition, chemical state, and 
molecular crystal structure of the coatings were 
analyzed using EDS (INCA Energy 350, energy 
dispersive spectrometer, Oxford, UK), FT-IR 
(Nicolet IS5, Fourier transform infrared spectra, 
Thermo Scientific, USA), XRD (D/Max 2500X, 
X-ray diffraction, Rigaku, Japan) and XPS 
(ESCALAB 250Xi, X-ray photoelectron 
spectroscopy, Thermo Scientific, USA). The FT-IR 
spectra were obtained at infrared wavelengths of 
400−4000 cm−1. In the XRD test, a copper target 
(150 Ma and 40 kV) was used with a scanning 
angle of 2θ=5°−80°, a scanning rate of 4 (°)/min, 

and a glancing angle of 1.5°. Metallographic 
microscope (Zeiss, Germany) was used to evaluate 
the adhesion between the coating and the Mg 
substrate. 
 
2.5 Corrosion resistance tests 
2.5.1 Electrochemical test 

The electrochemical corrosion properties    
of the alloys were investigated using an electro- 
chemical workstation (Princeton Parstat 4000A, 
USA). The used corrosion medium was 3.5 wt.% 
NaCl solution, and the test area was 1 cm2. The 
open circuit potential (OCP), electrochemical 
impedance spectroscopy (EIS) and potential 
dynamic polarization curves were all measured 
using a three-electrode system. The saturated 
calomel electrode was the reference electrode (RE), 
the platinum electrode was the counter electrode 
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(CE), and the specimen was the working electrode 
(WE). Potential dynamic polarization curves from 
the cathode to the anode were obtained in the OCP 
range from −0.5 to 0.5 V at a scan rate of 2 mV/s. 
EIS was measured in the frequency range from 
10 mHz to 100 kHz using a 10 mV sinusoidal signal. 
The ZsimpWin software was used to fit the 
equivalent circuits. The corrosion current density 
(Jcorr) and corrosion potential (φcorr) were obtained 
by fitting the dynamic potential polarization curves 
using Tafel extrapolation. 
2.5.2 Hydrogen evolution test 

The hydrogen evolution experiments were 
carried out with a simple homemade device as the 
previous literature [27]. The entire surface of the 
specimen was exposed to 3.5 wt.% NaCl solution 
and the evolved hydrogen was collected in a burette 
channeled using inverted funnels. The hydrogen 
evolution volume (HEV, mL/cm2) was recorded 
every 12 h. The HER (hydrogen evolution rate, 
mL/(cm2·h) was evaluated based on the average of 
each HEV. This step continued until the solution  
in the burettes was discharged. The optical 
morphology of the specimens after the hydrogen 
evolution experiment was recorded using a digital 
camera. 
 
2.6 Scratch test 

The adhesion was determined according to the 
national standard GB/T 9286—1998. A QFH type 
100-grid knife was used to cut a cross-lattice 
pattern on the MAO/ZIF-67 composite coating 
surface. The incision reached the substrate. Then, 
the surface was cleaned with a brush five times 
diagonally across the 100-grid knife, and a tape was 
used to stick to the incision and to pull it apart. 
Finally, the lattice area was examined with a 
magnifying glass, and the surface morphology of 
the coating was characterized with a metallographic 
microscope and a SEM to assess the adhesion 
between the MAO/ZIF-67 composite coating and 
the AZ31 substrate. 
 
3 Results and discussion 
 
3.1 Structure and composition 

The successful synthesis of MAO/ZIF˗67 
composite coating was confirmed by the structural 
analysis using SEM−EDS, FT-IR, XRD and XPS. 
The morphologies of the AZ31 substrate, the MAO 

coating and the MAO/ZIF-67 composite coating  
are displayed in Fig. 2. Corrosion susceptibility is 
jointly determined by the overall properties and  
can be evaluated from the surface uniformity, 
compactness, chemical composition, phase structure 
and coating thickness of the coating, including micro 
cracks and micro-pores in the coating [28−31]. 
Figures 2(a, b) present the bare AZ31 substrate  
after grinding without any treatment at low and 
moderate magnifications. Compared with the AZ31 
substrate, the surface of the MAO ceramic coating 
(Figs. 2(c, d)) is composed of many melts of 
different sizes, uniformly distributed, with pores on 
the top, which are shaped like a “volcano”. This 
surface defect is caused by MAO process. During 
the breakdown of the MAO discharge, the surface 
of the coating is in contact with the electrolyte. The 
melt rapidly solidifies and releases gas, resulting in 
the volcano shapes. Figures 2(e, f) present the 
composite coating obtained by the MAO pretreatment. 
ZIF-67 nucleated well, formed a continuous  
coating completely covering the MAO surface, and 
achieved the sealing effect, corresponding to the 
work of others [32]. The MAO/ZIF-67 composite 
coating is dense, with few pores and no obvious 
micro-cracks. The composite coating has fewer 
surface defects than the MAO coating and the 
surface of the MAO coating has been sealed. 
Different surface morphologies illustrate the MAO 
and MAO/MOF composite coatings. 

The contents of elements for each specimen 
measured by EDS are listed in Table 1. P is 
presented in the MAO coating, and Co is presented 
in the MAO/ZIF-67 composite coating, implying 
the successful growth of the coating. The growth of 
the coating is accompanied by the decrease of the 
Mg content and the increase of the C content. C 
may come from CO2 in the air; however, the MOF 
itself can capture CO2 [33], which makes the C 
content in the composite coating higher than that in 
the MAO. It is indicated that the MAO coating is 
covered by the MAO/ZIF-67 composite coating. 
Furthermore, Fig. 2(f) indicates that ZIF-67 exhibits 
a rhombic dodecahedron polyhedral structure with a 
size below 1 μm. The surface of each rhombus is 
smooth, and the symmetry is high, indicating   
that the synthesized ZIF-67 has good crystallinity, 
consistent with literature results [22,34]. Therefore, 
the method in this study could be used to 
successfully prepared well-structured ZIF-67. 
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Fig. 2 SEM images for AZ31 substrate (a, b), MAO coating (c, d) and MAO/ZIF-67 composite coating (e, f) 
 
Table 1 Contents of elements in each specimen detected 
by EDS 

Specimen 
Content/at.% 

Mg C O Al P N Co 

AZ31 89 7 3 1    

MAO 40 21 22 1 16   

MAO/ZIF-67 16 46 18 2 5 10 3 

 
Figure 3 presents the cross-sectional views of 

MAO coating (Fig. 3(a)) and MAO/ZIF-67 
composite coating (Fig. 3(b)). The maps of the 

corresponding elements and contents are arranged 
after the cross-sectional views. The cross-sectional 
morphology shows a uniform coating that 
completely covers the AZ31 substrate that can be a 
barrier layer for the corrosive media. The MAO 
coating thickness is about 3.28 μm and is porous. 
The MAO/ZIF-67 composite coating thickness is 
about 4.11 μm. The two different coatings contain 
two representative elements, P and Co, which 
indicates the growth positions of the coatings. 

The formation of functional groups and 
coordination polymers on the MAO/ZIF-67 composite 
coating is identified using FT-IR (Fig. 4(a)). Each 
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absorption peak in the spectrum is matched with the 
corresponding vibration. The characteristic peaks at 
approximately 2922 cm−1 (3000−2800 cm−1) and 
3132 cm−1 (3200−3100 cm−1) are attributed to the 
stretching of aliphatic and aromatic C—H bonds in 

2-methylimidazole. The peaks at 1450−1400 cm−1 
are attributed to C=O vibrations. The absorption 
peak at 1417 cm−1 corresponds to the stretching 
vibration of the C=N double bonds, and the bands 
at 1400−600 cm−1 are attributed to the stretching 

 

 

Fig. 3 Cross-sectional morphologies and corresponding EDS maps of MAO coating (a) and MAO/ZIF-67 composite 
coating (b) 
 

 
Fig. 4 FT-IR spectra (a) and XRD patterns (b) of AZ31, MAO coating and MAO/ZIF-67 composite coating 
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vibrations of N—H and C—O, as well as the 
bending and stretching vibrations of the imidazole 
ring [25,35]. The stretching vibration of N—H 
indicates that hydrogen bonding is involved in the 
complex formation [22]. As a result, ZIF-67 
nanoparticles can be stably grown in situ on the 
surface of MAO coating. The peak at 750.5 cm−1 is 
Co—N bond vibration. The bands between 900 and 
1350 cm−1 originate from the in-plane bending of 
the imidazole ring (ligand). The peak at 500− 
800 cm−1 is caused by the out-of-plane bending of 
the imidazole ring [25]. A new characteristic   
peak at 477 cm−1 in the MAO/ZIF-67 is assigned  
to the stretching vibration of the Co—O bonds.   
In addition, the blue transition occurs at a 
wavenumber of 1634 cm−1, inferring the interaction 
of Co2+. The results of infrared spectra indicate that 
the as-prepared MAO/ZIF-67 composite coating is 
formed by the coordination of 2-methylimidazole 
with the central cobalt ion. 

To investigate the phase composition and 
structural information of the synthesized MAO/ 
ZIF-67 composite coating, the specimens were 
characterized using XRD. Figure 4(b) shows that 
the diffraction peaks of Mg (2θ=30°−40°) in the 
MAO coating are weaker than those in AZ31, 
probably because of the thicker ceramic film.  
There are peaks for magnesium oxide (MgO)     
in the spectrum. The strongest diffraction peaks 
(2θ=30°−40°) of Mg in the MAO/ZIF-67 composite 
coating decrease, due to the increased thickness of 
the coating, which is also consistent with the results 
in the cross-sectional images in Fig. 3. The 
MAO/ZIF-67 composite coating has characteristic 
diffraction peaks, corresponding to the crystal 
planes: 7.31° (011), 10.36° (002), 12.72° (112), 
14.40° (013), 16.45° (022), 18.04° (222), 26.70° 
(134), 32.53° (234) and 43° (235) [25], which is in 
good agreement with the characteristic peak 
positions of standard XRD data. The central cobalt 
ion is surrounded by an imidazole network, 
indicating the successful preparation of ZIF-67 
coating with high crystallinity on the MAO  
coating [36]. 

To further elucidate the chemical composition 
and element valence states of the ZIF-67, XPS 
analysis was performed on the MAO/ZIF-67 
composite coating. Figure 5(a) presents the full 
spectrum of the composite coating, and the peaks of 
Mg 1s, Co 2p, O 1s, N 1s and C 1s. Figure 5(b) 

shows that Mg is in the form of MgO, Mg(OH)2 
and Mg. The presence of MgO is consistent with 
the XRD patterns. The narrow-scan XPS spectrum 
of Co 2p (Fig. 5(c)) indicates several main peaks at 
780.7, 782 and 796.3, 798 eV corresponding to 
Co 2p3/2 and Co 2p1/2, respectively. The satellite 
peaks of Co 2p3/2 (Sat.) and Co 2p1/2 (Sat.) are 
located around 786.8, 789.1 and 802.6, 805.5 eV, 
which are attributed to the Co 2p3/2 and Co 2p1/2 
binding energy, respectively. Co(II) is the 
predominant form in the ZIF-67 coating. Figure 5(d) 
shows that the two main peaks are detected      
at 531.3 and 531.9 eV, corresponding to CO3

2−     
and O—C=C, respectively. There is also a 
characteristic peak at 529.5 eV, which indicates  
Co—O bonds [37]. Since the coating is prepared 
with 2-methylimidazole as the ligand, the coating 
contains N and C. The N 1s high-resolution 
spectrum (Fig. 5(e)) indicates the N—O bonds and 
N—H bonds. Likewise, there are C=O, C=N,   
C—C/C=C, C—O and C—H bonds in the C 1s 
spectrum (Fig. 5(f)). The XPS results indicate that 
2-methylimidazole and Co2+ ions are present in the 
MAO/ZIF-67 composite coating. At the same time, 
it is also shown that the binding force between 
ZIF-67 nanoparticles and MAO film is realized by 
hydrogen bonding, which is consistent with the 
FT-IR results. 
 
3.2 Corrosion resistance 
3.2.1 Polarization curves 

Figure 6 presents the dynamic polarization 
curves of different specimens in 3.5 wt.% NaCl 
solution. A point of intersection is obtained by 
extrapolating along the tangent of the cathodic and 
anodic polarization curves. The corresponding 
vertical axis is the corrosion potential, and the 
horizontal axis is the corrosion current density. The 
corresponding corrosion current density (Jcorr), 
corrosion potential (φcorr), anodic Tafel slope (ba) 
and cathodic Tafel slope (bc) of each specimen are 
listed in Table 2. The magnitude of Jcorr directly 
reflects the corrosion resistance of materials in 
corrosive media. The corrosion potential represents 
the ability for corrosion, but is not related to the 
corrosion rate. The corrosion current density is 
related to the speed of corrosion. The corrosion 
resistance of coatings cannot be measured in terms 
of φcorr. However, a lower corrosion density (Jcorr) 
indicates a lower corrosion rate [38,39]. Table 2 
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Fig. 5 Full XPS spectrum of MAO/ZIF-67 composite coating (a) and narrow scan spectra of elements for Mg 1s (b),  
Co 2p (c), O 1s (d), N 1s (e) and C 1s (f) 
 

 
Fig. 6 Dynamic potential polarization curves of different 
specimens tested in 3.5 wt.% NaCl solution 

indicates that φcorr of the AZ31 substrate is −1.56 V, 
and Jcorr is 3.1×10−5 A/cm2. The MAO coating has 
φcorr positively shifted by 50 mV to −1.51 V, and 
Jcorr is 4.1×10−7 A/cm2. The MAO/ZIF-67 composite 
coating has φcorr of −1.59 V, and Jcorr is 
7.8×10−8 A/cm2, which is 3 orders of magnitude 
lower than that of the AZ31 substrate. The 
improved corrosion performance of MAO/ZIF-67 
coatings may be attributed to the uniform 
distribution of ZIF-67 on the MAO film, which 
hinders the solution from reaching the AZ31 alloy 
matrix. The corrosion kinetics is reduced, the 
corrosion rate is greatly reduced, and the corrosion 
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resistance is significantly improved. Therefore, 
ZIF-67 coating has broad application prospects as 
an anti-corrosion coating. 
3.2.2 Electrochemistry impedance spectrum  

Using a small amplitude sine wave potential as 
a disturbance signal, the electrode system produced 
an approximate linear response, and the impedance 
spectrum of the electrode system was measured in a 
wide range [40]. The method used to study the 
electrode system is EIS. The real and imaginary 
parts of the impedance are presented by the Nyquist 
plot (Fig. 7(a)). The EIS data corresponding to the 
coatings present two arc-shaped capacitances, 
indicating that the electrode reaction at this 
potential is controlled by activation. The electrode 
system has two time constants. Moreover, the 
centers of the two capacitance arcs are deflected 
below the real axis, showing an “dispersion effect”, 
which may be related to the inhomogeneity of the 

electrode/electrolyte interface [11]. The corrosion 
rate of the coatings can be estimated from the radius 
of the arcs, the radius of the capacitive arc of AZ31 
is smaller, and the radius of the MAO is larger. This 
indicates that neutral solution has a corrosive effect 
on the coating, but does not completely destroy the 
oxide film. The capacitance arc of the MAO/ZIF-67 
composite coating is the largest, indicating that the 
oxide film is denser, has a strong protective effect 
on the Mg alloy matrix, and has a lower corrosion 
rate. This result is consistent with the polarization 
curves, indicating that the two techniques show 
similar trends in corrosion rate. 

The Bode plot and the phase angle 
(Figs. 7(b, c)) show the corrosion behavior of the 
coatings in neutral media, in agreement with the 
Nyquist plot in Fig. 7(a). 102−105 Hz is a high 
frequency range, reflecting the characteristics of  
the outer layer, 100−102 Hz is a medium frequency  

 
Table 2 Polarization curve parameters obtained from AZ31 and coatings 

Specimens φcorr (vs SCE)/V Jcorr/(A·cm−2) bc/(mV·dec−1) ba/(mV·dec−1) 

AZ31 −1.56±0.06 (3.1±0.3)×10−5 198±9 29±13 

MAO −1.51±0.15 (4.1±1.4)×10−7 145±7 148±17 

MAO/ZIF-67 −1.59±0.13 (7.8±0.5)×10−8 110±11 242±9 

 

 

Fig. 7 EIS data and fitting curves for different specimens (a−c) and applicable equivalent circuit model fitted to EIS 
spectra (d) 
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range, reflecting the characteristics of the inner 
layer, and less than 100 Hz is a low frequency  
range, reflecting the interface of the substrate and 
coating. The |Z| value of the MAO/ZIF-67 
composite coating is the largest, indicating that the 
coating has the lowest corrosion rate. At high 
frequency, the phase angle of MAO/ZIF-67 
composite coating is larger than that of MAO 
coating, which indicates that the MAO/ZIF-67 
composite coating in attenuating the corrosion 
process is better than that of MAO coating. 

The electrochemical performance of the 
coatings was modelled using the EC (equivalent 
circuit). The EC (Fig. 7(d)) was fitted to EIS with a 
Chi-square value (χ2) less than or equal to 1×10−3. 
The existence of “dispersion effect” indicates that 
the electric-double layer at the electrode interface 
cannot be equivalent to a pure ideal capacitor, and 
is described by a constant phase angle element with 
capacitive properties. This constant phase angle 
element is represented by the symbol CPE. CPE  
has two parameters: one is Y0 whose dimension   
is Ω−1·cm−2·sn, the other is n (0 < n < 1), a 
dimensionless index, sometimes called the 
“dispersion index”. In addition, Rin and CPEin are 
the resistance response and capacitance of the inner 
dense layer, respectively. Rout and CPEout represent 
the resistance response and capacitance of the outer 
void layer, respectively. The capacitance of the 
substrate−electrolyte response interface is denoted 
by CPEdl. Rs is related to the solution resistance, 
corresponding to the intersection of the semicircle 
and the X-axis in the Nyquist plot [38]. 

The parameters of each equivalent element 
obtained by fitting are presented in Table 3. The 
electrochemical parameter (Rct) for MAO/ZIF-67 
composite coating indicates the speed of the charge 
transfer reaction. The magnitude of the charge 
transfer resistance Rct (the radius of the semicircle 
in Fig. 7(a)) of the electrochemical reaction at the 
interface between the solution and the coating is the 

main parameter for evaluating the corrosion rate of 
the coatings. In general, the corrosion rate is 
inversely proportional to the Rct value. The larger 
the Rct value, the lower the corrosion rate [41]. In 
NaCl solution, the EIS analysis indicates that 
different oxide films have different corrosion   
rates. Compared with other coatings, the Rin 
(2.6×106 Ω·cm2) and Rout (1.5×105 Ω·cm2) values of 
MAO/ZIF-67 composite coating are the largest, the 
CPEin (2.8×10−7) and CPEout (4.8×10−10) are the 
smallest. This may be due to the coverage of the 
MOFs coating. The exposed electrode surface area 
is reduced and the double film thickness is 
increased, effectively delaying the corrosion 
process of ion diffusion from the electrolyte to the 
electrode interface, and significantly improving  
the corrosion resistance. In conclusion, the 
MAO/ZIF-67 composite coating has the lowest 
permeability of corrosive medium through the 
coating pores, and the lowest corrosion rate. 
3.2.3 Hydrogen evolution 

After the hydrogen evolution experiment, the 
surface appearance of the specimens was recorded. 
After immersion for 300 h, the corrosion of   
AZ31 substrate, MAO coating, and MAO/ZIF-67 
composite coating all started from the edge and 
showed significant corrosion products (Fig. 8). 
Nevertheless, the MAO/ZIF-67 composite coating 
reflects a partially intact surface and only localized 
corrosion at corners. This further indicates that the 
introduction of ZIF-67 metal-organic framework 
into the surface of the Mg alloy MAO 
anti-corrosion coating effectively delays the 
penetration of corrosion ions into the alloy surface 
and increases the integrity of the composite coating. 
In addition, the experimental results of different 
specimens immersed in 3.5 wt.% NaCl solution at 
room temperature are shown in Fig. 9, i.e. the HEV 
(Fig. 9(a)), and the HER (Fig. 9(b)). The total 
hydrogen volume evolved from each specimen 
increases with prolonging immersion time. AZ31  

 
Table 3 Electrochemical parameters of specimens obtained from fitting EIS data 

Specimen 
CPEout Rout/ 

(Ω·cm2) 

CPEin Rin/ 
(Ω·cm2) 

CPEdl Rct/ 
(Ω·cm2) χ2 Y0/ 

(Ω−1·cm−2·sn) n Y0/ 
(Ω−1·cm−2·sn) n Y0/ 

(Ω−1·cm−2·sn) n 

AZ31 9.5×10−7 0.7 2.5×104 4.0×10−4 0.7 1.3×105    3.4×10−3 

MAO 4.8×10−10 0.9 1.3×105 3.4×10−6 0.4 0.7×106 2.6×10−4 1 2.8×105 4.8×10−3 

MAO/ZIF-67 4.8×10−10 0.9 1.5×105 2.8×10−7 0.4 2.6×106 5.1×10−5 0.9 4.6×105 2.2×10−3 
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Fig. 8 Comparison of surface morphologies of different specimens: (a−c) Morphologies of AZ31, MAO, and MAO/ 
ZIF-67 before hydrogen evolution experiment, respectively; (d−f) Corresponding specimens after hydrogen evolution 
experiment 
 

 
Fig. 9 HEV (a) and HER (b) of different specimens in 3.5 wt.% NaCl solution 
 
exhibits significantly more hydrogen evolution of 
8.60 mL/cm2 within 100 h of immersion, with an 
average HER of 0.50 mL/(cm2·h). The hydrogenation 
effect of the MAO coating and the MAO/ZIF-67 
composite coating is small. The HEV of MAO 
coating within 230 h is 4.64 mL/cm2, the HER    
is 0.22 mL/(cm2·h). The MAO/MOFs composite 
coating has lower HEV (3.82 mL/cm2) and HER 
(0.16 mL/(cm2·h)) within 300 h, further indicating 
that the coating has a good protective effect on the 

AZ31 substrate, proving that the coating provided 
good corrosion resistance. This is consistent with 
the EIS results. 
 
3.3 Scratch adhesion 

The adhesion strength between the metal 
matrix and coating is an important factor that 
determines the reliability and service life of coating. 
As an anticorrosion coating for metal substrates, 
since MAO coating has good adhesion, the 
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adhesion of the MAO/ZIF-67 coating is also 
expected to be good. The damage of the coating   
is mainly caused by plastic deformation [42]. 
According to the adhesion classification specified 
in ISO 2409:2013 [43], the ZIF-67 film has an 
adhesion grade of 1, with a small part falling off at 
higher load (Figs. 10(c, d)), but the edges at the 
intersection of the incisions are clear and smooth 
without obvious falling off (Figs. 10(a, b)). This can 
characterize the cohesive strength inside the coating, 
which also proves that the prepared MAO/ZIF-67 
composite coating can be used as a high-strength 
and good-quality anti-corrosion coating. 
 
3.4 Corrosion resistance mechanism 

Figure 11 depicts the schematic diagrams    
of the mechanism corrosion protection of the 
as-prepared MAO coating and MAO/ZIF-67 
composite coating with the AZ31 substrate as a 
comparison. The exposed AZ31 alloy can 
spontaneously undergo corrosion in a humid 
environment, forming an unstable oxide film [44], 
as shown in Fig. 11(a). The corrosive media (such 
as water, O2 and Cl−) can easily destroy this 
unstable oxide film and reach the surface of the 
alloy, thereby corroding the Mg alloy. In Fig. 11(b), 
the Mg alloy substrate is treated with MAO to form 
a MAO coating, which can provide corrosion 
protection for the substrate. However, the MAO 

coating has many defects such as micro-cracks and 
pores, and the corrosive medium can easily 
infiltrate into the metal interface through pores and 
cracks, and then corrode the MAO coating. For  
the MAO/ZIF-67 composite coating system, the 
anticorrosion mechanism may be the in-situ growth 
of a large number of ZIF-67 crystals on the MAO 
surface to fill the voids of MAO, form a dense 
coating, protect against penetration of corrosive 
media, and provide a protective effect for the  
AZ31 alloy [45,46], acting as a barrier layer and 
improving the barrier properties of the composite 
coating (Fig. 11(c)). In addition, the SEM results 
show that ZIF-67 is a rhombic dodecahedron, and 
the ZIF-67 coating formed by stacking increases the 
tortuous conduction path of corrosive media and 
endows the MAO/ZIF-67 composite coating with a 
labyrinth effect. When the MAO/ZIF-67 composite 
coating is damaged due to accidental scratching, 
corrosive medium such as Cl− can diffuse into the 
damaged coating, dissolve the matrix to form Mg2+, 
and generate a large amount of OH−. Mg2+, Co2+ 
and 2-methylimidazole molecules can chemically 
react with OH−. The reaction products are adsorbed 
in the anode area, again hindering the intrusion   
of the corrosive medium. In short, the MAO/ 
ZIF˗67 composite coating shows good anticorrosion 
properties, mainly due to the good growth of 
ZIF˗67 on the MAO coating. 

 

 
Fig. 10 Metallographic micrograph (a) and SEM images (b−d) of scratches on MAO/ZIF-67 composite coating 
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Fig. 11 Schematic diagrams of corrosion mechanism of 
different specimens: (a) AZ31 substrate; (b) MAO 
coating; (c) MAO/ZIF-67 composite coating 
 
4 Conclusions 
 

(1) The ZIF-67 nanoparticles synthesized from 
Co2+ and 2-methylimidazole have good crystallinity 
and a rhombic dodecahedron structure. 

(2) The ZIF-67 nanoparticles can effectively 
seal the micro-pores of the MAO coating, enabling 
the MAO/ZIF-67 composite coating to achieve  
the desired density. The dense composite coating 
significantly improves the corrosion resistance of 
Mg alloys in 3.5 wt.% NaCl solution. 

(3) MAO pretreatment increases the binding 
force between MOFs and the substrate. The good 
adhesion further ensures the effective sealing of the 

MAO micro-pores by the ZIF-67 particles, which 
makes the composite coating structure more 
compact, has better barrier properties to corrosive 
ions, effectively protects the magnesium matrix, 
and achieves high-quality anticorrosion. 

(4) The MAO pretreatment-assisted preparation 
method is universal and can realize the construction 
of MOFs coatings on various metal surfaces, 
expanding the application of MOFs materials in the 
field of metal corrosion protection. 
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摘  要：为了提高 AZ31 镁合金的耐蚀性和金属有机骨架 MOFs 涂层的结合力，通过在 AZ31 镁合金微弧氧化 

(MAO)涂层上原位生长，制备 MAO/ZIF-67(微弧氧化/钴基金属有机骨架)复合涂层。结果表明，具有菱形十二面

体的 ZIF-67 在 MAO 涂层表面均匀生长，与基体具有良好的附着力，这使得 MAO/ZIF-67 复合涂层具有良好的耐

蚀性。实验证明，ZIF-67 能有效封闭 MAO 涂层的孔隙，增加腐蚀介质侵入路径的曲折度，显著提高镁合金的耐

蚀性。此外，MAO 预处理使涂层具有强的附着力，这更有利于 ZIF-67 密封微孔。本研究对于降低 MOF 涂层在

所有金属基底上的应用限制具有重要意义。 

关键词：金属有机框架；ZIF-67；微弧氧化；防腐；涂层；Mg−Al−Zn 合金 

 (Edited by Wei-ping CHEN) 


