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The following study is conducted to improve the corrosion resistance of magnesium alloy. First, ZnAl
layered double hydroxide (ZnAl LDH) film was prepared on AZ61 magnesium alloy by using
hydrothermal method. Then, as-prepared ZnAl LDH was put into 2-methylimidazole (2-mIm) solution
to synthetize ZIF-8 film (ZIF-8/LDH). Finally, ZIF-8/LDH film synthesized ZIF-8-DMBIM film (ZIF-
8-DMBIM/LDHSs) via a shell-ligand-exchange-reaction in the methanol solution containing 5, 6-
dimethylbenzimidazole (DMBIM). The surface morphology, structure, and composition of the
composite film were observed and determined by scanning electronic microscopy, X-ray diffraction,
Fourier transform infrared spectroscopy, and energy-dispersive X-ray spectroscopy. The wettability of
composite film was measured by using a water contact angle meter, and the corrosion resistance of the
composite film was estimated by the polarization curve and electrochemical impedance spectroscopy
techniques. Results show that the prepared ZIF-8-DMBIM/LDH composite film has a dense hexagonal
plate morphology with a two-layer structure and a thickness of 3.5 pum. Compared with ZnAl LDH and
ZIF-8/LDH films, ZIF-8-DMBIM/LDH composite film has a high contact angle (115.7°), low corrosion
current density, and high corrosion potential and polarization resistance due to its near-smooth surface,
dense two-layer structure, and hydrophobic characters.

Keywords: Magnesium alloy; Corrosion resistance; Composite film; Metal organic framework; Layered
double hydroxide; Hydrophobicity

1. INTRODUCTION

Magnesium alloys have been widely applied in many industries, such as automotive, aerospace,
electronics, and medical equipment, due to their advantages of high strength and low specific gravity [1,
2]. However, the frequent occurrence of serious corrosion problems of magnesium alloys is due to their
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high reactivity and porous oxide/hydroxide layer formed by on magnesium alloys, thus considerably
limiting their application[3]. Many methods, such as the adjustment of microstructure and
composition[4], surface modification[5], surface coating[6], and mixed treatments [7], have been
proposed to improve the corrosion resistance of magnesium alloys. Compared with other surface
treatments, surface films and coatings on magnesium alloys have elicited extensive attention because of
their low cost and simple preparation process.

Layered double hydroxides (LDHSs), which are brucite-like lamellar anionic clays with the
general formula of [M?*1xM3**«(OH)2]** (A™)wn X MH20 (M?* and M3* are the divalent and trivalent
lamellar metal cations, respectively, and An- is the interlayer anion), are mainly employed in many
aspects, such as catalysis, adsorption, and drug delivery system, due to their adjustability of host lamellar
metal ions, exchangeability of interlayer anions, strong adsorption performance, and thermal stability[8,
9]. LDH films could also be applied as a protection film on magnesium alloys [10]. For example, Zhang
[11] fabricated LDH film on magnesium alloy by using the spin coating technique, which effectively
inhibited the corrosion of the underlying magnesium alloy. A dense Mg-Al LDH film was successfully
prepared on AZ31 alloys by in situ growth method and demonstrated a good protection effect to
magnesium alloy [12]. ZnAl LDH layer was first synthesized on magnesium alloys and then modified
by stearic acid. The experimental results showed that the as-prepared LDH film had a high corrosion
resistance and a superhydrophobic character [13].

Metal-organic frameworks (MOFs), a new type of film candidate, are hybrid porous crystalline
materials comprising a metal ion and an organic ligand by a coordination bond. Considering the
simplistic preparation, adjustable pore metrics, and easy functionalization of internal surfaces, various
MOF materials with demanding specific size, shape, and composition for gas storage[14, 15], separation
of small molecules[16, 17], heterogeneous catalysis[18, 19], and drug delivery[20], have been
synthesized during the past two decades. The anti-corrosion behavior of MOF composites has recently
received increasing attention. MOF/graphite oxide (GO) hybrid materials were fabricated and then added
in the epoxy coatings to enhance the anti-corrosion properties of carbon steel[21]. Meanwhile, ZIF-8
(zeolitic imidazolate framework-8), as the flagship of MOF with the chemical formula of CBH12N4Zn
(2-methylimidazolate zinc salt), was also widely applied to improve the corrosion resistance of organic
coatings due to its ultra-microporous character (with pore limiting diameter of 0.34 nm) and exceptional
thermal and chemical stability. For example, GO@ZIF-8[22] and salicylaldehyde@ZIF-8/GO (SZG)
[23] composites were respectively fabricated and added in the epoxy and PVB coatings. EIS results
proved that these ZIF-8 containing coatings had excellent corrosion protection for mild steel and
AA2024 aluminum alloy. However, reports on the in-situ preparation of ZIF-8 coating on magnesium
alloys are limited[24, 25].

ZIF-8-DMBIM/LDH composite film was synthesized on AZ61 magnesium alloy by using
hydrothermal and ligand exchange reaction methods. The surface and cross-section morphologies,
composition, structure, and wettability of composite films were observed and determined by scanning
electron microscopy, X-ray diffraction, Fourier transform infrared spectroscopy, energy-dispersive X-
ray spectroscopy, contact angle meter, and the corrosion behavior of composite films were investigated
by polarization curve and electrochemical impedance spectroscopy (EIS). The protection mechanism of
ZIF-8-DMBIM/LDH composite film was proposed and discussed on the basis of the experimental results.
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2. EXPERIMENTAL

2.1. Materials

AZ61 magnesium alloy used with the composition 5.92% Al, 0.49% Zn, 0.15% Mn, of about,
0.037%Si, 0.007% Fe were cut into samples with dimensions of 10 x 10 x 3 mm. Before the preparation
of surface films, AZ61 alloy substrate was mechanically grinded with SiC papers up to 2000 grit, rinsed
with deionized water, degreased by acetone and then dried with cold wind for use. Zn (NO3)2-6H.0, Al
(NO3)3-:9H,0, 2-methylimidazole (2-mim), 5, 6-dimethylbenzimidazole (DMBIM), triethylamine
(TEA) and NaOH were bought from Shanghai Aladdin Industrial Corporation. Methanol and Acetone
were purchased from Tianjin Kernel Chemical Company. All the chemical reagents used were in
analytical grade.

2.2. Preparation of ZnAl LDHs film

ZnAl LDHs film was prepared on AZ61 magnesium alloy by hydrothermal method. 2.97g Zn
(NOz3)2-:6H20 and 0.39g Al (NOz3)3-9H.0 were firstly dissolved in deionized water at room temperature
to form a homogeneous solution with the pH value of 10.0 which adjusted by adding 2 mol/L NaOH
solution. And then the pretreated AZ61 substrate was put into the obtained solution, transferred to a
Teflon-lined stainless-steel container and placed in an oven at 120 °C for 12 h. After reaction, the
resultant magnesium alloy was washed with deionized water and dried at room temperature, and then
ZnAI-NOs LDHs film was formed on magnesium alloy.

2.3. Preparation of ZIF-8/LDHs and ZIF-8-DMBIM/LDHs composite film

ZIF-8/LDHs film was synthesized on magnesium alloy as following process. Firstly, 1.00g 2-
mlIm was added in 50mL methanol to prepare the precursor solution, and then AZ61 substrate with ZnAl-
NO3 LDH film was vertically placed in the above precursor solution and transferred to Teflon-lined
stainless-steel vessel. After heated in the oven at 140 °C for 24 h, the vessel was taken out and cooled to
room temperature. The acquired samples were then washed with deionized water and dried in air, finally
ZIF-8/LDHs composite film was prepared on magnesium alloy. The above-synthesized ZIF-8/LDHs
composite film was then immersed in 50 mL methanol solution containing TEA (0.97mL) and DMBIM
(1.469), and transferred to a stainless-steel reactor. After reaction in the oven at 60 °C for 15 h, ZIF-8-
DMBIM/LDHs composite film was obtained by washing with methanol and drying at 60 °C.

2.4. Characterization

The surface morphology, cross section morphology and composition of composite film were
observed and determined by Hitachi S-4800 field emission scanning electron microscopy (FESEM)
equipped with an energy dispersive X-ray (EDX) spectroscopy detector. The crystal structure of
composite film was measured by X-ray Diffractometer (Rigaku D/MAX 2500x) at a scan speed of



Int. J. Electrochem. Sci., Vol. 15, 2020 12206

5° min—1 in the 26 range of 5-70° with Cu Ka radiation (40 kV, 40 mA, A = 0.154 nm). FTIR spectrum
of composite film was investigated by using FTIR-850 spectrophotometer in the 4000400 cm ™ region
via KBr tablet method.

The static contact angle of composite film was determined by using JC2000D optical contact
angle meter at ambient temperature with the water drop volume of 7 uL. The value of contact angle was
obtained by the average of five measurements on different positions of film surface.

2.5. Corrosion resistance

The corrosion behavior of AZ61 substrate with and without composite film was measured in
3.5% NaCl solution at room temperature by using polarization curve and electrochemical impedance
spectroscopy (EIS) techniques on Autolab 302 electrochemical workstation. Before measurement, when
the sample is immersed in a 3.5% NacCl solution for 0.5-1 h to reach stable open circuit potential. A
three-electrode system was applied with AZ61 substrate with and without composite film as work
electrode (1cm?), and a platinum plate and saturated calomel electrode (SCE) were applied as the counter
electrode and reference electrode respectively.

The polarization curves of samples were measured from -0.5V to 0.5V versus open circuit
potential (OCP) at the scan rate of 1.667 mV/s. And then the protection efficiency of composite film was
calculated by the following equations:

nm= *rc'urr_*ré'urr % 10004
feorr 1)

Where 71 is the protection efficiency by polarization curve; Icorr is the corrosion current density
of AZ61 substrate in 3.5% NaCl solution. I’corr is the corrosion current density of AZ61 substrate with
composite film in 3.5% NaCl solution.

EIS measurements of AZ61 substrate with and without composite film were conducted under the
open circuit potential (OCP) with the AC voltage amplitude of 10mV in the frequency range of 10° Hz
to 1072 Hz. After measurements, ZsimpWin software was applied to analyze the obtained EIS spectrum.
The protection efficiency of composite film was calculated by the following equation:

_ Rigtai—Rrotal
n2 = W X 100% 2)

Where Ruotal is the polarization resistance of AZ61 substrate in 3.5% NaCl solution, and R’totar 1S

the total polarization resistance of AZ61 samples with composite film in 3.5% NaCl solution.

3. RESULTS

3.1. Surface morphology

Figure 1 is the surface morphology and EDS spectrum of AZ61 magnesium alloy and ZnAl-NOs
LDHs film on AZ61 substrate. It can be seen that AZ61 magnesium alloy is in a rough surface (Figure
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1a) with the composition of Mg, Al and O elements (Figure 1b), which indicating that there is an oxide
or hydroxide film on magnesium substrate. After the formation of ZnAI-NO3z LDHs film, AZ61 alloy is
in a lamellar structure with a thickness of 40nm which vertically grown on the substrate (Figure 1c and
1d). In the EDS spectrum of ZnAl-NOz LDHs film (Figure 1e), the content of Mg element is reduced
from 80.09% to 9.44% whereas the content of Al and O elements is increased from 4.05% and 15.86%
to 18.21% and 43.49% respectively. Meanwhile Zn and N elements are appeared in the ZnAI-NO3z LDHs
film. All these results show that ZnAIl-NOz LDHs LDHs film was successfully formed on AZ61
substrate.

The surface morphology and EDS spectrum of ZIF-8/LDHs and ZIF-8-DMBIM/LDHs
composite film are shown in Figure 2. It can be observed that ZIF-8/LDHs composite film is in a
hexagonal plate morphology with microporous structures (Figure 2a and 2b). The content of Al and O
elements in ZIF-8/LDHs composite film is less than that of ZnAl-NO3z LDHs film, whereas the content
of N element is increased to 40.46% which is higher than that in ZnAl-NOs LDHSs film (Figure 2c).
These results indicate that ZIF-8 film was assembled on the ZnAIl-NOs LDHs film. Compared with ZIF-
8/LDHs film, ZIF-8-DMBIM/LDHs composite film has a near-smooth and dense hexagonal plate
morphology (Figure 2d and 2e). The content of Mg, Al and O elements in ZIF-8-DMBIM/LDHs is a
little bit less than that of ZIF-8/LDHs composite film, whereas the content of Zn and N elements is
slightly larger than that of ZIF-8/LLDHs composite film (Figure 2f), which is probably caused by the less
influence of AZ61 substrate and ZnAI-NOs LDHs film.
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Figure 1. Surface morphology and EDS spectrum of AZ61 substrate (a, b) and ZnAI-NO3z LDHs film
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Figure 2. Surface morphology and EDS spectrum of ZIF-8/LDHs (a, b, c¢) and ZIF-8-DMBIM/LDHs

film (d, e, f).

3.2. Cross section morphology

Figure 3 is the cross-sectional morphology and elements distribution of ZnAI-NO3z LDHSs, ZIF-
8/LDHs and ZIF-8-DMBIM/LDHs film. It can be seen that ZnAlI-NO3z LDHs film with the thickness of
1.7um and composition of Zn, Al and N elements is closely located on AZ61 substrate (Figure 3a and
3b). After the formation of ZIF-8 film on ZnAI-NO3z LDHSs, ZIF-8/LDHs composite film is in a double
layer structure, in which the inner layer is ZnAl-NOs LDHs and the outer layer is the newly formed ZIF-
8 film (Figure 3c). The inner ZnAl-NOz LDHs film in ZIF-8/LDHs has almost the same composition as
single ZnAI-NOs LDHs film but with a lower thickness (1.2pm) than that of single ZnAl-NOs LDHs
film, and the outer ZIF-8 film with the thickness of 1.7pm has a higher Zn and N content but a lower Al
content when compared with ZnAl-NOz LDHs film (Figure 3d), which indicating that ZIF-8 film is
formed by the reaction between 2-mIm in the solution and parts of ZnAl-NOs LDHs film. After the
exchange reaction in DMBIM solution, ZIF-8-DMBIM/LDHs film is also in a double layer structure
(Figure 3e), in which the inner layer is ZnAl-NO3z LDHs with the same composition and thickness as
that in ZIF-8/LDHs composite film and the outer layer has the higher N content and larger thickness (2.0
um) than that in ZIF-8/LDHs composite film (Figure 3f). These results mean that the exchange reaction
is occurred between DMBIM in the solution and 2-mIm on the top ZIF-8 layer, and thus the thickness
of outer layer is increased form 1.7um to 2.0um.
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Figure 3. Cross section morphology and elements distribution of ZnAI-NO3z LDHs film (a, b), ZIF-
8/LDHs film (c, d) and ZIF-8-DMBIM/LDHs film (e, f).
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film.
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3.3. Structure

Figure 4 is the XRD pattern of AZ61 substrate, ZnAl-NO3z LDHSs, ZIF-8/LDHs and ZIF-8-
DMBIM/LDHs film. In the spectrum of AZ61 substrate, the diffraction peaks are appeared at 32.2°, 34.4°
and 36.6°, which corresponding to (100), (002), and (101) crystal planes of a-Mg phase in magnesium
alloy [26]. After the formation of ZnAlI-NOs LDHs film, there are three diffraction peaks at 11.7,
23.5°and 34.6° existed in the pattern, which are indexed to (003), (006) and (012) planes of ZnAl LDHs
phase [27]. By calculation, the basal spacing of (003) plane is 0.799 nm, which means that ZnAl-NOs
LDHs film has been successfully prepared on AZ61 substrate[27]. In the XRD pattern of ZIF-8/LDHs,
the diffraction peaks at 7.3°, 10.3°, 12.7°, 14.7°,16.6°, 18.2° and 24.6° are observed, which are
corresponded to (011), (002), (112), (022), (013), (222) and (233) planes of crystalline ZIF-8 phase [28].
After the exchange reaction in DMBIM solution, the diffraction peaks of ZIF-8-DMBIM/LDHs film are
the same as that of ZIF-8/LDHs film, which means that the exchange reaction is mainly occurred in the
outermost layer of ZIF-8 crystals and thus the obtained ZIF-8-DMBIM film has the original ZIF-8 crystal
structure [29].

The FTIR spectrum of ZnAl-NOs LDHs, ZIF-8/LDHs and ZIF-8-DMBIM/LDHs film is shown
in Figure 5. For ZnAl-NO3 LDHs, the broad absorption peaks at 3436 cm and 3702 cm ™ are attributed
to the stretching vibration of hydroxyl groups of LDH layer and LDH interlayer water molecules [30].
And the absorption peak at 1384 cm™ is belonged to the stretching vibration of NOs", which indicating
the formation of LDH intercalated with NO3z™ on AZ61 substrate [31]. In the FTIR spectrum of ZIF-
8/LDHs, the peak at 3693cm ™ is ascribed to the stretching vibration of hydroxyl groups and interlayer
water of LDHs. The absorption peaks at 3134 cm™ and 2928 cm™ are attributed to the aromatic C-H
stretching and aliphatic C-H stretch of imidazole, and the absorption peaks at 1147 cm ™ and 1434 cm™
are associated with the absorption of C-N bonds and specific vibration transitions imidazole ring
respectively[32, 33]. Meanwhile, the peak appearing at 422cm™ is designated to the stretching vibration
of Zn-N[34]. All these results demonstrate that ZIF-8 film is successfully synthesized on magnesium
alloy. In the spectrum of the ZIF-8-DMBIM/LDHs film, apart from the above absorption peaks of ZIF-
8/LDHs, two absorption peaks at 805cm™* and 854 cm™* are observed, which are designated to the C-H
out-of-plane deformation vibrations in the phenyl rings of DMBIM[29]. These two absorption peaks
prove that the exchange reaction between DMBIM and 2-mlm is actually occurred during the formation
of ZIF-8-DMBIM/LDHs composite film.
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Figure 5. FTIR spectrum of ZnAl-NOz LDHs, ZIF-8/LDHs and ZIF-8-DMBIM/LDHs film.

3.4. Surface wettability

Figure 6 is the water drop morphology on AZ61 substrate, ZnAl-NOs LDHSs, ZIF-8/LDHs and
ZIF-8-DMBIM/LDHs film during the static contact angle measurement. By calculation, the static
contact angle of AZ61 substrate, ZnAl-NOs LDHSs, ZIF-8/LDHs and ZIF-8-DMBIM/LDHs film are 7.7°
(Figure 4a), 14.4° (Figure 4b), 45.0° (Figure 4c) and 115.7° (Figure 4d) respectively, which infers that
AZ61 substrate, ZnAl-NOsz LDHs, ZIF-8/LDHs film are in a hydrophilic state whereas ZIF-8-
DMBIM/LDHs film is in a hydrophobic state.

(a) AZ61 substrate (b) ZnAI-NOs LDHs
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(c) ZIF-8/LDHs (d) ZIF-8-DMBIM/LDHs

Figure 6. Water drop morphology on AZ61 substrate, ZnAl-NOz LDHSs, ZIF-8/LDHs and ZIF-8-
DMBIM/LDHs film during the static contact angle measurement.

3.5. Polarization curve

The polarization curve of AZ61 substrate, ZnAl-NOs LDHs, ZIF-8/LDHs and ZIF-8-
DMBIM/LDHs film in a 3.5% NaCl solution is shown in Figure 7, and the corrosion potential (Ecor),
current density (lcorr) and protection efficiency (1) were calculated and listed in Table 1. In 3.5% NaCl
solution, AZ61 magnesium alloy has a lower corrosion potential of -1.556V and a higher corrosion
density of 39.903 pA/cm? After the formation of ZnAI-NOs LDHs, ZIF-8/LDHs and ZIF-8-
DMBIM/LDHs film on AZ61 substrate, the corrosion potential of films is increased positively to -
1.431V, -0.596V and -0.165V respectively, and the corrosion current density of films is decreased to
26.363uA/cm?, 7.047 pA/cm? and 2.399uA/cm?. So, the protection efficiency of ZnAl-NOz LDHs, ZIF-
8/LDHs and ZIF-8-DMBIM/LDHs film to AZ61 substrate is improved from 33.93%, 82.34% to 93.99%,
which indicating that the prepared composite film especially the ZIF-8-DMBIM/LDHs film has a better
protection effect to AZ61 magnesium alloy.
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Figure 7. Polarization curves of AZ61 substrate, ZnAl-NOs LDHs, ZIF-8/LDHs and ZIF-8-
DMBIM/LDHs film in 3.5% NaCl solution.
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Table 1. Ecorr, lcorr and #1 0f AZ61 substrate, ZnAl-NOs LDHSs, ZIF-8/LDHs and ZIF-8-DMBIM/LDHSs
film in 3.5% NaCl solution.

Simple AZ61 ZnAl-NO3LDHs ZIF-8/LDHs ZIF-8-DMBIM/LDHs

Ecorr/VSCE -1.556 -1.431 -0.596 -0.165
lcor/HA-cm™2  39.90 26.36 7.05 2.40
n1/% 33.93 82.34 93.99

3.6. EIS spectrum

Figure 8 is the EIS spectrum of AZ61 substrate, ZnAl-NO3z LDHSs, ZIF-8/LDHs and ZIF-8-
DMBIM/LDHs film in 3.5% NaCl solution. It can be found form Figure 8 that in the EIS spectrum of
AZ61 substrate there is only one capacitive arc with the impedance modulus at 0.01 Hz of 1.70x10%
Q-cm?. After the formation of ZnAI-NOs LDHs film on AZ61 substrate, there are two capacitive arcs
founded with the impedance modulus of 4.70x10% Q-cm?, which is larger than that of AZ61 substrate.
In these two capacitive arcs, the capacitive arc at higher frequency is coming from the capacitance QLpHs
and resistance Riprs of ZnAI-NO3z LDHs film, whereas the capacitive arc at low frequency is resulting
from the double layer capacitance Qa and charge transfer resistance R¢t of AZ61 substrate. As the
formation of ZIF-8 and ZIF-8-DMBIM on ZnAl-NOs LDHs film, there are three capacitive arcs existed
with the impedance modulus at 0.01 Hz of 2.6x10° Q-cm? and 1.1x10® Q-cm?, which are originated
from the capacitance Qz. and resistance Rz of ZIF-8 film or ZIF-8-DMBIM film, capacitance QLpws
and resistance Ripns of ZnAI-NOs LDHs film and double layer capacitance Qq and charge transfer
resistance Ret of AZ61 substrate respectively. These results proved that ZIF-8/LDHs and ZIF-8-
DMBIM/LDHs composite film are in double layer structure and the corrosion resistance of AZ61
substrate is greatly improved by the composite film.
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Figure 8. EIS spectrum of AZ61 substrate, ZnAl-NO3z LDHSs, ZIF-8/LDHs and ZIF-8-DMBIM/LDHs
film in 3.5% NaCl solution in 3.5% NacCl solution.

R

(a) AZ61 substrate (b) ZnAl-NO3 LDHs (c) ZIF-8/LDHs and ZIF-8-DMBIM/LDHs

Figure 9. Equivalent circuits applied for AZ61 substrate, ZnAl-NOs LDHs, ZIF-8/LDHs and ZIF-8-
DMBIM/LDHs film in 3.5% NaCl solution.

By the above consideration, the equivalent circuits in Figure 9 were used to fit the obtained EIS
data, and the corresponding electrochemical parameters are listed in Table 2. In the equivalent circuits,
Rsol represents the solution resistance, Rz and Qz. represent the resistance and capacitance of the ZIF-
8 or ZIF-8-DMBIM film respectively, Rions and QLpws are the resistance and capacitance of the ZnAl-
NOz LDHs film, Qa and Rct represent the double layer capacitance and charge transfer resistance of
AZ61 substrate.

Table 2. Fitting electrochemical parameters and protection efficiency 7. of AZ61 substrate, ZnAl-NOs
LDHs, ZIF-8/LDHs and ZIF-8-DMBIM/LDHs film in 3.5% NaCl solution.

ZnAI-NO3 ZIF- ZIF-8-
Sample AZ61 LDHs 8/LDHs DMBIM/LDHs
Reol/(Q-cm?) 53.80 52.69 43.90 4550
QZ/L' o o —7 -9
Yo/(Q L-cm2-s") 1.56x10 8.12x10
nziL 0.89 0.81

RzL/(Q-cm?) 41.32 5201.00
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vs /(QQII-D;rzz-s“) 9.18x10°® 1.12x1077 2.29x1078
NLDHs - 0.81 0.86 0.82

RLprs/(Q-cm?) 1.08x10° 1.11x10° 3.74x10*

Qu-Yo/(Ql.cm™.s") 1.20x10*%  7.64x10°° 2.89x10°° 5.22x1077
Nal 0.86 0.80 0.83 0.87

Ret/(Q-cm?) 1.68x10° 3.98x10° 1.36x10* 1.21x10°

Riotal/(Q-cm?) 1.68x10° 5.06x10% 1.48x10% 1.25x10°
n2l% 66.80 88.65 99.87

From Table 2, it can be seen that the polarization resistance of AZ61 substrate in 3.5% NaCl
solution is 1.68x10° Q-cm?. After the formation of ZnAl-NOs LDHs, ZIF-8/LDHs and ZIF-8-
DMBIM/LDHs film on AZ61 substrate, the total polarization resistance is increased gradually from
5.06x103Q-cm?, 1.48x10* Q-cm? to 1.25x10° Q-cm?. Meanwhile the protection efficiency of ZnAl-NOs;
LDHs, ZIF-8/LDHs and ZIF-8-DMBIM/LDHs film is enhanced from 66.80%, 88.65% to 99.87%, which
is accorded with the protection efficiency by polarization curve in Table 1. It’s also noticed that with the
successive formation of ZnAl-NOz LDHs, ZIF-8/LDHs and ZIF-8-DMBIM/LDHs film on AZ61
substrate, the capacitance Qzu is reduced form 1.56x10 'pF-cm2 of ZIF-8/LDHs film to
8.12x10 °uF-cm™2 of ZIF-8-DMBIM/LDHs film, and the capacitance Qipws is decreased from
9.18x10 °uF-cm 2 (ZnAl-NO3 LDHs film), 1.12x10™'uF-cm 2 (ZIF-8/LDHs film) to 2.29x10 8uF-cm 2
(ZIF-8-DMBIM/LDHs film). These results suggest that the water absorption resistance is improved by
the formation of ZnAl-NOz LDHSs, ZIF-8/LDHs and ZIF-8-DMBIM/LDHs film[35], and thus the
corrosion resistance of magnesium alloy is enhanced gradually

4. DISCUSSION

The above experimental results reveal that the prepared ZIF-8-DMBIM/LDH composite film has
an excellent protection effect on the underneath AZ61 magnesium alloy. The high corrosion resistance
of the composite film is attributed to its near-smooth surface, dense double-layer structure, and
hydrophobic characteristic.

4.1. Formation of composite film

AZ61 magnesium alloy was first immersed in the solution containing Zn (NO3z)2 and Al (NO3)3
to improve the corrosion resistance. ZnAl-NOz LDH film with laminar structure was grown vertically
on magnesium alloy under the hydrothermal reaction (Figures 1c, 1d, 3a, and 10). This result is
remarkably consistent with the relevant literature [36]. Liu [37] proposed that the formation of the ZIF-
8 crystal nucleus follows a similar mechanism. Therefore, when the as-obtained ZnAI-NOsz LDHs film
was put in the 2-methylimidazole/methanol solution, zinc ions on the host lamellar plate of ZnAl-NO3
LDH film were then reacted with 2-methylimidazole in the solution to form the ZIF-8 crystal nucleus.
Finally, the ZIF-8 crystal film with hexagonal and microporous morphology was gradually formed on
the surface of the ZnAl-NOz LDH film (Figures 2a, 2b, and 10). This reaction occurred in the top layer



Int. J. Electrochem. Sci., Vol. 15, 2020 12217

of the ZnAI-NO3 LDH film. Thus, the formed ZIF-8/LDH composite film had a double-layer structure:
the outer layer comprised ZIF-8 with high contents of Zn and N elements, and the inner layer remained
as ZnAl-NOz LDHs with a thickness less than that of the original ZnAl-NO3z LDHs (Figures 3c and 3d),
which is consistent with previous reports[37,38].

Considering the modification of as-synthesized composite film, ZIF-8/LDH film was exposed in the 5,
6-dimethylbenzimidazole (DMBIM) methanol solution. After the ligand exchange reaction between
DMBIM and 2-mIm, the outermost shell of ZIF-8 film was converted into ZIF-8-DMBIM (Figure 10).
Thus, the ZIF-8-DMBIM/LDH composite film was prepared with a near-smooth surface, dense double-
layer structure (Figures 2d, 2e, 3e, and 10), and thickness larger than that of ZIF-8/LDH film (Figures
3c, 3e, and 10). The formation process of ZIF-8-DMBIM/LDH composite film on magnesium alloys
could be summarized in Figure 10.

N ZnAl-NO3 LDHs

r
2%

ZIF-8 Crystal

Q)Q~
- <
s
A Y
€ : 4
ZIF-8-DMBIM o€ L
Layer ¥

Figure 10. Growth mechanism of ZIF-8-DMBIM/LDHs composite film

4.2. Protection mechanism

The surface morphology and the formation process of composite films revealed that ZIF-8-
DMBIM/LDH composite film has a near-smooth surface (Figures 2d and 2e) and a hydrophobic
characteristic (Figure 6d). Penetration into the composite film by the corrosive ions and water molecules
in the solution is difficult when the magnesium alloy is immersed in the corrosive solution, thus
effectively protecting the magnesium alloy underneath. Considering the microporous morphology
(Figures 2a and 2b) and the hydrophilic characteristic (Figure 6c), which are consistent with the view
proposed by Liu [29], ZIF-8/LDH composite film has a lower corrosion resistance than that of ZIF-8-
DMBIM/LDH composite film.

The cross-section morphology revealed that ZIF-8-DMBIM/LDH composite film has a double-
layer structure (Figures 3e and 3f). Moreover, the EIS spectrum of the composite film in 3.5%NaCl
solution has three capacitive arcs (Figure 8) corresponding to the ZIF-8-DMBIM layer, ZnAl-NOz LDHs
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layer, and AZ61 substrate (Figure 9c). Compared with single ZnAl-NO3z LDHs film, ZIF-8/LDHs and
ZIF-8-DMBIM/LDHs composite films have long diffusion channels of chloride ions and water
molecules to the magnesium substrate because of the physical barrier effect of double-layer structures.
Meanwhile, penetration to the hydrophobic ZIF-8-DMBIM/LDH composite film by the corrosive ions
and water molecules in the solution is difficult to, as proven by the low capacitance of Qz. and QvpHs
(Table 2) [35]. Therefore, compared with the previous research literature [38,39], the prepared ZIF-8-
DMBIM/LDH composite film has a larger corrosion resistance than that of ZIF-8/LDH composite and
single ZnAI-NOz LDH films (Figures 7 and 8, respectively).

5. CONCLUSIONS

1. ZIF-8-DMBIM/LDHs composite film has been successfully synthesized by using
hydrothermal method and ligand exchange reaction. The synthesized ZIF-8-DMBIM/LDHs composite
film with the thickness of 3.2 um has a near-smooth surface, dense double layer structure and a
hydrophobic characteristic.

2. With the formation of ZnAl-NO3z LDHSs, ZIF-8/LDHs and ZIF-8-DMBIM/LDHs film on
AZ61 substrate, the protection efficiency of AZ61 magnesium alloy is increased from of from 66.80%,
88.65% to 99.87%. Compared with ZnAl-NO3z LDHs and ZIF-8/LDHs films, ZIF-8-DMBIM/LDHs
composite film has a higher contact angle (115.7°), higher corrosion potential and polarization resistance
due to its near-smooth surface, dense double layer structure and hydrophobic characteristic.

In summary, with the ligand exchange reaction concept, for the first time we have successfully
prepared anticorrosive ZIF-8-DMBIM/LDHs composite film on Mg alloy. Taking into consideration the
fact that hydrophobic MOFs from predesigned organic ligands can also be prepared. It is believed that
the stabilized MOF materials are expected to be suitable for anticorrosion applications under different
corrosive environment.
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